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General Introduction 1 

 

1. GENERAL INTRODUCTION 

 

‘There’s Plenty of Room at the Bottom ’ 

 

reads the title of a famous lecture given by FEYNMAN in 1959, in which he addresses the 

miniaturization of electronic circuits. This speech set the stage for a multitude of scientific endeavors 

that aim towards the application of single molecules as switches, wires or storage devices.[1] This 

bottom-up approach marks the beginning of molecular electronics by using the chemical properties 

of single molecules to enforce the self-organization or self-assembly to single molecules’ 

components. According to MOORE’s law dating back to the year of 1965, the number of transistors 

in a dense integrated circuit doubles approximately every year.[2] However, only ten years later, 

MOORE himself revised his prediction to a doubling every two years. After complying with this pledge 

for over five decades, the increasing demand for an even further miniaturization of electronic 

circuits nowadays creates difficulties. Downscaling of the circuit leads to an increase in current 

density, which results in a dramatical heat development. Moreover, the possibility to reduce the 

isolator thickness of the tracks is limited and electron tunneling can occur. Moreover, the necessity 

to further downsize the marks for the etching process requires the use of UV light of ever lower 

wavelengths and higher energies. These obstacles to downsizing electronic components with the 

well-established top-down approaches result in a slower rate of further increasing the number of 

transistors. Thus, a paradigm shift towards molecular electronics appears necessary.[3] Molecular 

electronics is based on single molecules or aggregates of single molecules mimicking nanoscale 

electronic buildings blocks. By this means, molecular rectifiers, transistors, switches and wires need 

to be fabricated and investigated. For establishing such components, the appropriate compounds 

have to be available in at least two configurations, which can be interconverted by external stimuli, 

such as by the application of a voltage or a laser pulse. LEHN described molecular wires in a 

comprehensive manner by the following statement:[4]  

 

‘A molecular wire is a one-dimensional molecule allowing a through-bridge  

exchange of an electron/hole between its remote ends/terminal groups,  

themselves able to exchange electrons with the outside world. ’ 
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According to this definition, a molecular wire has to fulfill three basic requirements. On the one 

hand, such a compound has to contain two redox-active end groups. On the other hand, 

communication between those two termini must be possible within the molecule. A third 

requirement is the possibility to link such individual molecular building blocks to the outside world. 

This can be achieved through the introduction of suitable anchor groups that immobilize them onto 

a macroscopic electrode.[5] These requirements are met by many -conjugated molecules with 

spatially separated donor- and acceptor entities, which allow for the transfer of charge carriers 

(electrons, holes). Thus, mixed-valent systems   ̶  systems containing redox-active entities in two 

distinct formal oxidation states   ̶ in which donor- and acceptor entities consist of the oxidized and, 

respectively, the reduced forms of the respective redox-system are of special interest.[6] Therefore, 

a brief introduction of the theoretical background of mixed-valent compounds is given in the 

following chapter.  

 

1.1. THEORETICAL BACKGROUND ON MIXED-VALENT COMPOUNDS 

The potential application of metal complexes in the field of molecular electronic circuits was only 

recognized by advances in the field of mixed-valent chemistry.[7] The combination of -conjugated, 

organic bridging ligands with terminally appended metal co-ligand entities   ̶  hereafter termed as 

metal entities   ̶  permits an astonishing level of adjustment of the electronic properties of such 

systems. Besides the choice of the metal ion, the introduction of suitable co-ligands enables a 

controlled manipulation and fine-tuning of the frontier molecular orbital (MO) energies 

compositions and of the redox potentials.  

Redox-active bridging ligands that actively participate in electron transfer processes usually 

enhance electronic communication in polynuclear transition metal complexes and increase the rate 

of intramolecular electron transfer. This behavior is known as “non-innocence”. The so called 

“innocence” of a ligand was first defined by JØRGENSEN in 1966.[8] His definition characterizes a ligand 

as innocent, if it ‘allows oxidation states of the central atoms to be defined’. By this means, innocent 

ligands simply mediate the charge transfer between the redox-active end groups, whereas “non-

innocent” ligands are themselves an integral part of the redox-active system. Thereby, “non-

innocent” behavior depends on both, the metal ion and the ligand (Figure 1). This behavior is 

achieved by strong mixing of the metal ion based d-orbitals and the ligand’s -orbitals, thus allowing 

for delocalization of charge throughout the system. 
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Figure 1. Schematic representation of mixed-valent compounds. 

In principle, there are two different ways to activate charge transport in metal-organic wires or 

mixed-valent compounds, namely thermally or photochemically.[9] Furthermore, incoherent 

hopping or direct superexchange provide two alternative mechanisms of charge transport 

(Figure 2). Charge transport strongly depends on the orbital energies of both the bridging-ligand and 

the redox-termini. If the -system’s frontier orbital energies and those of the end groups resemble 

one another, and if the symmetry of the relevant frontier MOs provides each subunit a non-

vanishing orbital overlap as depending on the orbital coefficients and the sign, a stepwise charge 

transfer between the termini can occur. In this case the migrating charge carrier is transferred from 

one terminus to the bridge (or one repeat unit of the bridge) before reaching the other end. This 

diabatic electron transfer is known as electron hopping. In order to obtain superexchange, the 

frontier orbitals of the donor and acceptor entities need both to be coupled such that a delocalized 

frontier MO, which extends over the entire metal-bridge-metal array, is created. This enables a one-

step electron transfer from one end group to the other.  

 

 

Figure 2. Schematic representation of electron transfer within mixed-valent systems. 
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After oxidation of one redox-active end group within complexes featuring of two identical redox 

units in the same valence state and one bridging ligand, the two redox-termini are formally present 

in two different oxidation states. In 1968, ROBIN and DAY developed a classification system to 

discriminate mixed-valent compounds based on the degree of charge (de)localization, see 

Figure 3.[10]  

 class I: no communication between the redox-units 

The charge is fully localized on only one redox unit with no communication 

between the redox-active termini over the bridging ligand. Thus, the bridge is 

completely insulating. The properties of the end groups are largely identical to 

those of the isolated units in the corresponding redox states. The individual 

potential hypersurfaces, which represent the oxidized and the reduced redox 

sites, are utterly uncoupled (Figure 4a). 

 class II:  time-dependent interaction between redox-centers  

The relevant frontier orbitals are located on the redox-termini as well as on the 

bridge, resulting in a partial charge and spin density delocalization. Intra-

molecular electron transfer can be induced thermally or optically, whereby the 

valence states of the redox-active subunits are permutated. The rate of electron 

transfer determines, whether the redox-termini are localized and therefore 

distinguishable, or delocalized and indistinguishable on the experimental 

timescale. Nevertheless, the redox sites remain electronically inequivalent in the 

electronic ground state and can be differentiated with respect to their charge 

states by at least one spectroscopic method. This situation represented by two 

degenerate minima at values +x and –x of the electron transfer coordinate on 

the potential hypersurface, which are separated by an energy barrier with a 

maximum height at x = 0 (Figure 4b).  

 class III: strong communication between redox-termini 

The charge is fully delocalized over both redox-units and the bridge. This requires 

strong electronic coupling between the redox sites and strong interactions 

between the local frontier orbitals of the redox termini and those of the bridge. 

If the redox-termini are chemically identical, it is not possible to differentiate 

them in terms of their valence states by any experimental technique. The 

corresponding ground state hypersurface is then represented by a single 

harmonic potential well with its minimum at x = 0 (Figure 4c). 
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Figure 3. Classification of mixed-valent systems by ROBIN, DAY and MEYER. 

In 2001, MEYER defined a new class of mixed-valent systems, the so called borderline II/III 

systems.[11] This class comprises of systems belonging to either class II or class III, depending on the 

solvent.  

Important for the designation of a mixed-valent compound as (partially) localized or delocalized is 

the timescale of the employed technique, as mentioned above. Whenever the charge transfer rate 

is faster than the inherent timescale of the applied spectroscopic technique, the system appears 

delocalized. On changing the applied technique to another one, operating on a shorter timescale, a 

mixed-valent compound, which was presumed to be fully delocalized, might possibly appear as a 

localized system. Generally, UV/Vis-spectroscopy operates on a timescale of ~10-14 s, IR/NIR-

spectroscopy on a timescale of 10-12 – 10-11 s, EPR-spectroscopy on one of 10-11 – 10-7 s, and NMR-

spectroscopy on one of 10-8 – 10-3 s. Therefore, by comparing the results obtained with different 

experimental techniques, it is possible to draw conclusions on the rate of intramolecular electron 

transfer within mixed-valent species. 

Another valuable tool to probe the electron transfer properties of class II and III compounds 

according to ROBIN and DAY is the examination of the so called intervalence charge-transfer (IVCT) 

or charge-resonance (CR) band, which typically appears in the (near) infrared region of the 

spectrum. This type of band can be interpreted with the help of MARCUS-theory.[12] The energy 

required to induce an intra-molecular electron transfer between redox-active termini depends on 

the reaction coordinate, which summarizes all relevant changes in the structure parameters during 

the electron transfer reaction (Figure 4). In case of a symmetric homo-dinuclear class I system, the 

potential hypersurfaces of the redox centers remain energetically unaffected. Due to the moderate 

neutral

-e-

class I borderline II/III 

solvent dependent

class II 

0 < X < 0.5

class III

0 +1 +(1-X) +X

+(1-X) +X +0.5 +0.5

bridge
redox-

unit

redox-

unit
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electronic coupling of the redox active termini, class II systems exhibit a splitting into a bonding and 

an antibonding potential hypersurface. 

 

 

Figure 4. Potential hypersurfaces of symmetric homo-dinuclear complexes depending on the reaction coordinate: class 
I (left), class II (middle) and class III (right). 

The localization of the electron at one of the redox-active termini (-x or x) is energetically favored. 

Nevertheless, the bonding potential hypersurface permits a thermally induced electron transfer, if 

Etherm ≥ G*, whereby G* describes the GIBBS energy of activation. Moreover, the IVCT transition 

can also occur by photoexcitation of the electron into the antibonding state. The energy of this band 

mirrors the sum of the inner and outer reorganization energies i + 0, which are due to the 

structural rearrangement at the individual redox centers and the surrounding solvent shells. The 

corresponding absorption leads to the so-called IVCT band. A mixed-valent system of class III is 

characterized by a symmetric ground state, where the charge and unpaired spin densities are evenly 

distributed over both redox sites. The same also holds true for the antibonding, excited state. The 

corresponding electronic transition does therefore not involve any charge transfer between the 

redox termini. It is termed charge-resonance band and involves a purely electronic transition 

between the molecular orbitals, which are delocalized over the whole system. HUSH extended 

MARCUS’s theory by defining an electronic coupling parameter Hab based on the harmonic potential 

approximation, which allows to quantify the strength of electronic communication. For compounds 

of class I, which show no interaction of both redox centers, or whose intramolecular charge transfer 

is symmetry or spin forbidden, Hab ≈ 0, and no IVCT band is obtained. For class II systems, Hab equals 

one fourth of the energy difference of the bonding and antibonding potential hypersurfaces, that is 

/4. For partially localized systems, Hab is smaller than the MARCUS reorganization energy .[13] 

 

𝐸 = ℎ𝑣 = 𝜆 =  𝜆𝑖 + 𝜆0      (1) 
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Experimentally, the electronic coupling parameter Hab can be calculated from the energy at the 

IVCT band maximum (𝜈𝑚𝑎𝑥, in cm-1), the full band-width at half height (Δ𝜈1/2, in cm-1), the extinction 

coefficient (𝜀𝑚𝑎𝑥, in L mol-1 cm-1), and the charge transfer distance between the redox centers (rab, 

in Å) according to Equation 2. 

 

𝐻𝑎𝑏 =
2.06∙10−2

𝑟𝑎𝑏
∙ √𝜀𝑚𝑎𝑥 ∙ 𝜈𝑚𝑎𝑥 ∙ 𝛥𝜈1/2     (2) 

 

A typical characteristic of bands of electronically strongly coupled class III systems is, that the band 

position does not shift with the change of solvent and its half-width Δ𝜈1/2 is smaller than for class II 

species. As the excitation does not transfer any charge density, no solvent dependency is observed. 

Here, the delocalization parameter Hab equals half the energy of the IVCT band maximum 

(Equation 3). 

 

𝐻𝑎𝑏 =
�̃�𝑚𝑎𝑥

2
       (3) 

 

For a more precise classification of a mixed-valent compound as belonging either to class II or 

class III, the  parameter was defined.[14] By use of the classification according to MEYER, the 

following values of  are characteristic for individual classes of mixed-valent systems:  

 0 < Γ < 0.1 weakly coupled, class II 

 0.1 < Γ < 0.5 moderately coupled, class II 

 Γ ≈ 0.5  borderline II/III 

 Γ > 0.5  class III  

 

The  parameter can be calculated from Equation 4: 

 

𝛤 = 1 −
Δ�̃�1/2(𝑒𝑥𝑝.)

Δ�̃�1/2(𝑡ℎ𝑒𝑜.)
       (4) 

with 

Δ𝜈1/2(𝑡ℎ𝑒𝑜.)  =  √16 ∙ 𝑅 ∙ 𝑇 ∙ ln (2) ∙ 𝜈𝑚𝑎𝑥  =  √2310 ∙ 𝜈𝑚𝑎𝑥    (5) 

 

In Equations 4 and 5, Δ𝜈1/2(𝑒𝑥𝑝.) represents the band-width at half maximum height of the 

experimentally observed IVCT band in cm-1, while Δ𝜈1/2(𝑡ℎ𝑒𝑜.) gives the theoretical band width in 

cm-1 based on Equation 5. R denotes the universal gas constant, and T the temperature in Kelvin. 
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By changing a mixed-valent system from a symmetric one into an asymmetric one with chemically 

different redox sites, or with an asymmetric bridging ligand, the situation becomes more difficult. 

This is graphically shown in Figure 5. The ground state potential hyersurfaces of the individual redox-

active termini differ energetically from one another. This energy difference has to be taken into 

account when applying MARKUS-HUSH theory to such systems.[15] 

 

 

Figure 5. Potential hypersurfaces of asymmetric mixed-valent compound depending on the reaction coordinate: class I 
(left), class II (middle), class III (right). 

The energy of the optical IVCT transition (𝜈𝑚𝑎𝑥) now equals of the sum of the reorganization 

energies  and the difference of the ground state energies G0.[16] 

 

𝜆 = 𝜈𝑚𝑎𝑥 −  Δ𝐺0     (6) 

 

With the aid of the difference of the redox potentials of the individual redox sites in an identical 

or very similar environment, the difference in the ground state energies can be determined 

according to Equation 7.  

 

 Δ𝐺0 = − 𝑅𝑇 𝑙𝑛(𝐾𝑐) = − 𝑛𝐹Δ(𝐸1/2)    (7) 

 

Here, n is the number of electrons, F denotes the Faraday’s constant and E1/2 the difference in 

the half-wave potentials of the individual redox sites. Furthermore, the electronic coupling 

parameter Hab can still be calculated in consideration of G0 by combining Equation 6 with Equations 

2 or 3.  

The spin density distribution in a mixed-valent system as well as the contributions of the redox-

active termini and the nominal bridge can be experimentally probed by means of electron 

paramagnetic resonance spectroscopy (EPR spectroscopy). The g-value and its deviation from the 
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LANDÉ g-factor of the free electron (ge) depend on the composition of the singly occupied molecular 

orbital (SOMO). Thus, metal centered radicals typically exhibit g-values which differ from the LANDÉ 

g-factor of the free electron ge of 2.0023, whereas g-values of strongly ligand centered radicals are 

close to ge. Moreover, a larger metal contribution to the SOMO causes a higher anisotropy of the g-

tensor as well as reduced signal intensities at room temperature (r.t.). EPR spectra of complexes 

with metal centered spin density are rarely observable at r.t. However, they are detectable at 

temperatures of liquid nitrogen or helium. If spectra are resolved into hyperfine lines, the 

magnitudes of the hyperfine spittings provide information about couplings to nearby nuclei with 

nuclear spin I ≠ 0, and hence about the spin density distribution within the molecule. 

Another tool to probe the bridging ligand’s contribution to the redox process is IR-spectroscopy. 

This method is particularly useful, if the mixed-valent compound in question has an IR-sensitive 

marker functionality (substituent, co-ligand) at either the terminal redox site, the bridge, or even 

both. Carbonyl ligands are particularly well-suited in this respect, because the characteristic CO 

stretching vibrations are located in the 2100 - 1800 cm-1 region of the electromagnetic spectrum, 

which is largely devoid of other characteristic absorptions of the molecule. Moreover, the synergistic 

nature of the metal-carbonyl bond allows one to monitor the changing electron density at the metal 

center, which accompanies a redox process. This synergistic metal-carbonyl band arises from a 

donator -bond (Figure 6, left), and an acceptor -backbond (Figure 6, right). Electron donation from 

the carbonyl’s highest occupied molecular orbital (HOMO) of the CO ligand, the sp-hybridized 5-

orbital, into an empty metal -orbital results in a ligand-to-metal -bond. In addition, overlap 

between a carbonyl -orbital with an empty -orbital of the metal can be observed. The resulting 

ligand-to-metal -bond is generally weak due to the large energy difference of the involved orbitals. 

Electron donation from an occupied d-orbital at the metal center to one of the doubly degenerate 

* orbitals (the lowest unoccupied molecular orbitals - LUMOs) of the carbonyl ligand results in 

metal-to-ligand -backbonding. Therefore, carbonyl ligands are characterized as -donor--

acceptor ligands. In most cases, -backbonding contributes equally to the coordinative bond 

between ligand and metal center as the -donor bond.[17] 

 

 

Figure 6. Bonding of the CO-ligand in metal-organic compounds (left: -bond, right: -backbonding). 
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On oxidation, the electron density at the metal center decreases, which results in reduced 

backbonding. Thus, the CO bond order is increased, which leads to a blue shift of the CO stretching 

frequency. The opposite holds true for the reduction of such complexes. From the resulting band 

shifts crucial information concerning the charge distribution within the molecule in its various 

oxidation states can be derived. Here, the energy difference 𝜈 of the CO vibration between two 

adjacent redox states measures the innocence or “non-innocence” of the bridging ligand (see 

Figure 7). For a metal centered one-electron oxidation of transition metal carbonyl complexes the 

blue shift is in the range of 100 – 150 cm-1, depending on the coordination number and geometry.[18] 

This shift decreases with an increasing ligand contribution to the frontier orbitals involved in the 

redox-process. 

 

 

Figure 7. Changes of the stretching frequency of the CO ligand in metal carbonyl complexes upon oxidation or reduction. 

Based on this effect, GEIGER and ATWOOD established a formalism to determine the charge density 

distribution in dinuclear mixed-valent metal carbonyl complexes of class II, by using the data 

obtained from IR-spectroscopy.[19] According to Equation 8, the charge density distribution 

parameter  can be calculated from the band positions for three consecutive redox states, 

including two isovalent and one mixed-valent state. 

 

Δ𝜌 =  
Δ𝜈𝑜𝑥 + Δ𝜈𝑟𝑒𝑑

2 ∙ (𝜈𝑜𝑥 − 𝜈𝑟𝑒𝑑)
=  

(𝜈𝑜𝑥 − 𝜈𝑜𝑥
′ ) + (𝜈𝑟𝑒𝑑

′ − 𝜈𝑟𝑒𝑑)

2 ∙ (𝜈𝑜𝑥 − 𝜈𝑟𝑒𝑑)
                                (𝟖) 

 

In Equation 8, 𝜈𝑜𝑥 and 𝜈𝑟𝑒𝑑 denote the energy of the CO stretching vibration of the isovalent, fully 

oxidized and fully reduced states, while Δ𝜈𝑜𝑥 and Δ𝜈𝑟𝑒𝑑 are the energy differences between the 

band positions of the fully oxidized species and the higher energy band of the mono-oxidized form, 

and the lower energy band of the mixed-valent state and that of the fully reduced species. The value 
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of the parameter can range between 0 and 0.5, where 0 results if 𝜈𝑟𝑒𝑑 = 𝜈𝑟𝑒𝑑
′ , 𝜈𝑜𝑥 = 𝜈𝑜𝑥

′  and 

Δ𝜈𝑟𝑒𝑑 = Δ𝜈𝑜𝑥 = 0. This specific case translates into a system, where one redox unit is fully oxidized, 

whereas the other remains unaffected. This denotes a class I system according to ROBIN and DAY. A 

-value of 0.3, respectively, means that 30 % of the charge loss has occurred on one redox center, 

whereas the remaining 70 % are from the second one. The other extreme of 0.5 arises from 

𝜈𝑟𝑒𝑑
′ = 𝜈𝑜𝑥

′ , which is typical for a class III system, where the charge is evenly distributed over the 

whole system. 

 

1.2. ALKENYL-RUTHENIUM COMPLEXES  

The stabilization and controlled manipulation of defined charge and spin states is one crucial 

aspect in the field of molecular electronics and in the investigation of resource-efficient energy 

usage. In pursuing this objective, our research group has focused on the examination of -alkenyl 

ruthenium complexes (Figure 8). These extensively studied systems combine several remarkable 

properties, qualifying them as appropriate model systems to investigate the mixed-valency of 

complexes carrying “non-innocent” ligands. 

 

Figure 8. Molecular structure of a -alkenyl ruthenium complex (left) and its calculated HOMO with R = iPr (right).[20] 

As depicted in Figure 8 (right), the HOMO of alkenyl ruthenium complexes is fully delocalized 

across the metal atom and the alkenyl ligand, which constitutes a strong electronic interaction 

between the metal fragment and the organic ligand. Due to the relatively low oxidation state at the 

metal center and the high donor capabilities of the PiPr3 and the -organyl ligands, -alkenyl 

ruthenium complexes exhibit a chemically and electrochemically reversible redox process at well 

accessible potentials. Hence, such organometallic redox-active complexes are excellent testbeds for 

studying the electron transfer properties of ligand-bridged dimetal complexes. Every 

{Ru(CO)Cl(CH=CH-)(PR3)2} redox terminus contributes one reversible redox process and is 

furthermore capable of stabilizing additional ligand-based oxidation processes. On the other hand, 
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the (bis)alkenyl unit presents a highly modifiable structural motif which allows the realization of 

tailor-made and fine-tuned electronic,[21,22] optical,[23] chemical,[24] or structural[22,25,26] properties of 

the designed complexes. The associated radical cations and higher oxidized forms exhibit strong 

absorption bands in the near infrared or in the low-energy region of the visible spectrum, as long as 

efficient conjugation between the ruthenium moieties and the parent organic -system is 

maintained.[22,27,28] 

Moreover, these outstanding properties can easily be monitored. For instance, as mentioned in 

the previous chapter, the stretching frequency of the carbonyl ligand can be traced by IR-

spectroscopy for the different redox states. This yields crucial information about the changes in 

electron density at the metal ions and, by inference, at the bridging ligand within the molecule. In a 

similar manner, the spin density distribution of paramagnetic, odd-electron states can be 

investigated via EPR spectroscopy by virtue of the g-values and resolved hyperfine patterns. Here, 

the 99/101Ru nuclei, 31P nuclei, or other EPR active nuclei within the system serve as EPR labels. As is 

usually found for electronically coupled mixed-valent species of polynuclear complexes, 

intervalence charge transfer or charge resonance bands can be detected by UV/Vis/NIR 

spectroscopy of the radical cations of ligand-bridged bis-alkenyl diruthenium complexes of this type. 

Scheme 1. Proposed mechanism of the hydroruthenation reaction on route to alkenyl ruthenium compounds. 

 

 

Alkenyl ruthenium complexes of the type [Ru(CO)Cl(CH=CH-R)(L)(PR3)2] (L = free coordination site 

or PR3) were first synthesized in 1986 by WERNER and TORRES.[29,30] These complexes can be obtained 

by the regio- and stereoselective insertion of a terminal alkyne into the Ru-H bond of the 

[HRu(CO)Cl(L)(PR3)2] precursor complex (Scheme 1).[31] WERNER already proposed a mechanism for 

this hydroruthenation in 1989. However, it took until 2001, when CAULTON and EISENSTEIN could 

confirm and refine this mechanism for the corresponding osmium analogue by a combination of 

detailed experimental and quantum chemical studies.[32] Furthermore, adjustment of the preferred 

coordination number is possible by appropriate choice of the phosphine co-ligands. One important 

factor is the steric demand, respectively the ligand cone angle [33], of the attached phosphine 

ligands. Small phosphines like PMe3 ( = 118°) lead solely to octahedral, hexa-coordinated 18 

valence electron (VE) complexes. For medium sized phosphine ligands like PPh3 ( = 145°), mixtures 

of five- and six-coordinated complexes, containing two or three phosphine ligands are obtained. 



 

 

 

General Introduction 13 

 

Using strongly electron-donating and sterically demanding phosphine ligands such as PiPr3 

( = 160°) exclusively yields square pyramidal, penta-coordinated 16 VE complexes. Despite their 

lower valence electron count, the alkenyl ruthenium complexes with PiPr3 ligands generally exhibit 

superior properties compared to 18 valence electron complexes with smaller PR3 units, such as 

higher stabilities, lower oxidation potentials, and more intense low-energy absorptions of their 

oxidized forms.[34] 

 

1.3. ARYL-RUTHENIUM COMPLEXES  

A closely related class of compounds to the previously described, well-established alkenyl 

ruthenium systems are -aryl ruthenium complexes. In these systems the aryl ligand is directly 

bonded to the metal ion, without an interspersed vinyl group. As a consequence, aryl ruthenium 

complexes exhibit more compressed, less delocalized MOs as compared to alkenyl ruthenium 

complexes (Figure 9).[35,36] Therefore, aryl ruthenium complexes should still show the outstanding 

electrochemical behavior of the alkenyl systems, but have a higher spin density on the ruthenium 

center, leading to a more metal-centered redox processes. 

 

Figure 9. Molecular structure of a -aryl ruthenium complex (left) and the calculated spin-density distribution of its 
associated radical cation with R = iPr (right). 

Moreover, aryl ruthenium complexes of the type Ru(CO)Cl(Aryl)(L)2 (with L = PCy3, PtBu2Me, PPh3, 

PiPr3) are selective olefin isomerization catalysts[37] and serve as precursors for hydrosilylation and 

hydroborylation catalysts.[35,38] Ru(CO)Cl(Ph)(PiPr3)2 was also identified as a decomposition product 

of generation I GRUBBs’ catalysts in the presence of benzylic alcohol.[39] Synthetically, -aryl 

ruthenium complexes are generated by reaction of the ruthenium precursor complexes 

RuHCl(CO)(PR3)n with organomercury[35,40–43] or organotin[44] compounds, with n = 2 or 3 depending 
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on the identity of the phosphine ligand, analogously to the alkenyl systems. This synthetic protocol 

gives access to -aryl ruthenium complexes in high yields (Scheme 2). Nevertheless, the 

organomercury and organotin compounds are highly nocuous, and two synthetic equivalents of the 

aryl substituent are required, if organomercury compounds are used.  

Scheme 2. Possible mechanism for the formation of -aryl ruthenium complexes via an organomercury precursor.[43] 

 

 

Another viable route starts from the precursor complex Ru(CO)Cl2(PtBu2Me)2, where substitution 

of a chlorido ligand by PhLi yields the corresponding phenyl complex.[35,45] For L = PiPr3, alternative 

synthetic protocols via coordinatively unsaturated, highly reactive 14 valence electron (VE) hydride 

species were developed. WERNER and coworkers reported the formation of a putative ruthenium 

monohydride dihydrogen species RuHCl(H2)(PiPr3)2 by heating RuCl2(cod) with PiPr3 in butan-2-ol 

under a hydrogen atmosphere. On treatment with Et2O, this species converts into the dihydride 

complex RuH2Cl2(PiPr3)2.[46] Starting from this dihydride precursor, CAULTON and coworkers 

generated the chlorido-bridged dimeric complex [RuH(PiPr3)2Cl]2, by elimination of hydrochloric acid 

with lithium 2,2,6,6-tetramethylpiperidide (Figure 10, left).[47] This synthetic pathway, however, 

requires the isolation of several highly reactive, unstable intermediates and the use of a hydrogen 

gas atmosphere, and is thus associated with high safety issues. 

 

Scheme 3. VAN DER SCHAAF’s synthetic protocol to the 14 VE intermediate giving access to -aryl ruthenium complexes. 

 

 

In 2000, VAN DER SCHAAF et al. elaborated a simplified one-pot synthesis of the 14 VE ruthenium 

hydride precursor, which avoids the isolation of these sensitive and highly reactive intermediates. 

RuCl2(cod) is reacted with PiPr3 and NEt3 in 2-propanol to directly generate the RuHCl(PiPr3)2 

complex. In this reaction three equivalents of acetone are formed. One equivalent results from the 

oxidation of 2-propanol with concomitant formation of the hydride ligand and of HCl. The other two 

equivalents originate from the reduction of cycloocta-1,5-diene (cod) to cyclooctane.[48] 

Surprisingly, the X-ray structure determination of the complex synthesized by this protocol does not 
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show a halide bridged dimer, but a mononuclear, tetracoordinated and square-planar 14 VE d6 

species with the bulky phosphine ligands in trans position to each other (Figure 10, right). The latter 

complex was found to react with benzaldehyde to provide the phenyl carbonyl complex 

Ru(CO)Cl(Ph)(PiPr3)2.[49] This process is initiated by oxidative addition of the aldehydic C-H bond, 

resulting in the (H2) acyl intermediate. This is followed by a deinsertion of CO. Subsequent reductive 

elimination of dihydrogen gives access to the desired -aryl ruthenium complex (Scheme 4). 

Scheme 4. Proposed mechanism for the formation of Ru(CO)Cl(Ph)(PiPr3)2 reported by COALTER et. al. 

 

 

The combination of these procedures offers a fast and easy access to -aryl ruthenium complexes, 

which avoids nocuous organomercury or –tin compounds (see Scheme 3). One aim of the present 

work was to apply this reaction to various substituted benzaldehydes and to explore the 

spectroscopic and electrochemical properties of this little-studied class of compounds as well as the 

spectroscopic signatures of their oxidized forms. 

  

Figure 10. X-ray crystallographic structures of ruthenium the hydride precursors [RuH(PiPr3)2Cl]n (n = 1, 2) obtained by 
CAULTON (left) and VAN DER SCHAAF (right); iPr-hydrogen atoms were omitted for reasons of clarity. 
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In analogy to the closely related alkenyl ruthenium complexes, the five-coordinated, electron-

deficient 16 VE ruthenium complexes offer a vacant coordination site opposite to the aryl ligand and 

can therefore coordinate additional 2 e- donors.[35,42,50–52] -Aryl ruthenium complexes exhibit a 

square pyramidal structure with the phenyl ligand at the apical site, in a plane perpendicular to the 

Ru-P bonds. However, the phenyl ligand shows clear signs of a slow rotation around the Ru-Cipso 

bond in NMR spectroscopic experiments.[41,49,53,54] This can be explained either by steric hindrance 

imposed by an interaction of the ortho-hydrogen atoms with the phosphine ligands, or by electronic 

factors. MAWBY proposed that the rotational energy barrier is not due to steric resons, but that the 

orientation of the aryl ligand perpendicular to the ruthenium-phosphorus bonds is favored owing to 

a maximized overlap of the metal d-orbital and the phenyl ligand’s-system.[41] 

In the following chapters, the spectroscopic and electrochemical properties of -aryl ruthenium 

complexes and their dependency on the substituent at the aryl ligands will be explored. Special 

emphasis was placed on the generation of the oxidized forms and their characterization via IR, 

UV/Vis/NIR and EPR spectroscopy. Moreover, the experimental findings were compared to results 

of ab-initio density functional theory (DFT) calculations. 
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2. SCOPE & OBJECTIVE 

The general objective of this work was the synthesis, characterization and investigation of 

mononuclear -aryl and of dinuclear arylene-bridged (di)ruthenium complexes of the general 

formula Ru(CO)Cl(-C6H4R)(PiPr3)2 and {Ru(CO)Cl(PiPr3)2}2(-arylene) with regard to their 

electrochemical and their spectroscopic properties in all accessible redox states, and to compare 

them to their well-known styryl and divinylarylene-bridged analogs. Accordingly, the results of this 

thesis are discussed in four separate chapters. 

A detailed examination of para-substituted -aryl ruthenium complexes of the type 

Ru(CO)Cl(Aryl)(PiPr3)2 comprises the main focus of Chapter 3. Comparison of these complexes to the 

well-known styryl ruthenium system, e.g. by means of the HAMMETT parameter  of the aryl 

substituents, should provide insight into the metal contribution to the redox process as well as the 

“non-innocent” character of the aryl ligand. To these ends, H, OMe, CH3, F and CF3 were employed 

as para substituents at the phenyl ring. The latter vary from electron donors (OMe, CH3) to electron 

acceptors (F, CF3), see Figure 11. 

 

 

Figure 11. para-Substituted -aryl complexes investigated in Chapter 3. 

The second part of this work (Chapter 4) deals with the dimerization of the oxidized forms of aryl 

ruthenium complexes. Here, the structural requirements as well as the mechanism of the 

dimerization were examined. Thus, the dimerization of para-H, para-D, meta-monosubstituted, and 

meta-disubstituted aryl ruthenium complexes was probed and investigated with respect to the 

electrochemical as well as optical properties of their neutral and oxidized forms. 

Chapter 5 focuses on mononuclear -aryl ruthenium complexes with extended -conjugated 

ligands. A deeper understanding of the redox behavior and the electronic properties of these 

complexes should be obtained by comparing complexes with -aryl ligands of different conjugation 

lengths, as well as constitutional isomers of the same aryl ligand.  
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Figure 12. Homo-bimetallic -aryl ruthenium complex (left) and hetero-bimetallic system (right). 

The final chapter (Chapter 6) deals with binuclear ruthenium complexes of a -arylene ligand. This 

chapter is divided in two sections. The first section is about homo-bimetallic systems compring of 

two equivalent ruthenium redox units (Figure 12, left). The second part discusses hetero-bimetallic 

complexes bearing one ruthenium- and one ferrocene entity as redox-active units. (Figure 12, right). 

In case of the ferrocene-containing -aryl ruthenium complexes, the five-coordinated 16 VE as well 

as six-coordinated 18 VE complexes were investigated to verify the hypothesis, that the co-ligand 

indeed exerts a remarkable effect on the electronic ground states of the oxidized, mixed-valent 

forms of these compounds. For both types of systems, the charge and spin density distributions in 

the one-electron oxidized, mixed-valent forms of the complexes were probed by detailed 

spectroscopic investigations and quantum chemical calculations.  
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3. SUBSTITUTED ARYL-RUTHENIUM COMPLEXES  

3.1. INTRODUCTION 

Besides the parent phenyl complex Ru(CO)Cl(C6H5)(PPh3)2, several representatives of complexes 

with ortho- and para-substituted -phenyl ligands have appeared in the literature. These studies 

addressed either the influence of the substituents on the propensity of the aryl ligand to undergo 

migratory insertion into a ruthenium carbonyl or ruthenium nitrile bond, ultimately providing the 

corresponding acyl or iminoacyl complexes, or the impact of the ortho-substituent onto their 

structures.[40,42,50,55] Thus, 2-halo, 2-formyl or 2-nitro substituents serve as additional 2 e- donors, 

which can occupy the vacant coordination site at the ruthenium center and thereby increase the 

valence electron count at the otherwise electron-deficient 16 VE ruthenium ion to 18.[35,42,43,50–52] As 

described in the previous chapter, the structures of these complexes change accordingly from 

square pyramidal to distorted octahedral with the ortho-substituted aryl ligand in a chelating 

bridging mode (Figure 13). 

   

Figure 13. X-ray crystallographic structures of ortho-CH3 (left) and para-CH3 (middle) substituted 16 VE ruthenium 
complexes as well as a ortho-formyl substituted 18 VE ruthenium species (right); protons are omitted for reasons of 
clarity.[43,56] 

A comprehensive account on the impact of these substituents on the physical properties of these 

complexes is, however, still lacking. This strongly opposes the situation in closely related styryl 

ruthenium complexes, where a profound influence of the para-substituents at the phenyl ring onto 

the half-wave potentials E  1/2
0/+  for the oxidation was extensively investigated.[30,57–60] This influence 

of the substituted phenyl ligand is due to the highly “non-innocent” character of the styryl ligand in 

these coordination environments. Compelling evidence for the large contributions of the styryl 

ligand to the HOMO of these complexes and the SOMO of their associated radical cations is provided 

by the relatively small CO band shifts of 40 to 70 cm-1 upon oxidation.[59,61] The observation of EPR 
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resonance signals of the corresponding radical cations in fluid solution at r.t. provides further 

evidence for large contributions of the styryl ligand to the HOMO of these complexes and the SOMO 

of their associated radical cations. These resonance signals often feature well-resolved hyperfine 

structures originating from hyperfine coupling to the 99/101Ru and 31P nuclei, as well as moderate 

deviations of the giso values from the LANDÉ factor of the free electron ge. These results were 

supported by quantum chemical calculations of the PMe3 analogues.[57,60,61] The close relationship 

between -styryl and -phenyl complexes prompted us to extend the previous investigations on 

styryl complexes to the less well-studied phenyl congeners. 

This first chapter is concerned with the impact of the para-substituents at the -bonded phenyl 

ligand on the electronic and spectroscopic properties of -aryl ruthenium complexes. To these ends, 

a series of mono-nuclear -aryl ruthenium complexes was synthesized and analyzed with respect to 

their electrochemical and spectroscopic properties. Cyclic voltammetry, IR- and UV/Vis/NIR-

spectroelectrochemistry as well as EPR spectroscopy were performed and were augmented by 

quantum chemical calculations. 
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3.2. SYNTHESIS & CHARACTERIZATION 

Following the procedures of VAN DER SCHAAF[48] and CAULTON[49], we prepared five mononuclear -

phenyl ruthenium complexes bearing different substituents in para-position, ranging from the 

strongly electron donating methoxy group to the highly electron accepting trifluoromethyl group, 

by reaction of the in situ generated 14 VE complex RuHCl(PiPr3)2 with the corresponding 

benzaldehydes. The targeted mononuclear, para-substituted -phenyl ruthenium complexes are 

displayed in Figure 14. 

 

 

Figure 14. Target para-substituted -phenyl ruthenium complexes. 

The established pathway involves coordination of the substituted benzaldehyde to the electron 

deficient ruthenium ion. Formation of the corresponding acyl dihydrogen complex 

RuCl(C=OPh)(H2)(PiPr3)2 can either occur through oxidative addition of the aldehyde C-H bond or by 

1,2-hydrogen shift to a hydroxyvinylidene intermediate with subsequent H atom transfer from the 

hydroxyl substituent to the hydride ligand. CO deinsertion and loss of molecular dihydrogen then 

produce the final product.[49] This sequence of events is accompanied by a color change from red 

brown to purplish brown. The pure carmine-colored aryl ruthenium complexes were obtained in 

moderate yields of 41 % - 55 % after a simple purification process. 
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Scheme 5. Synthesis of the target aryl ruthenium complexes. 

 

All complexes were characterized by multinuclear 1H, 31P{1H}, 13C{1H} and, in case of RuPhF and 

RuPhCF3, 19F{1H} NMR spectroscopy. Systematic effects of the para-substituents on the chemical 

shifts are particularly evident for the ipso, para and meta carbon atoms of the substituted phenyl 

rings. In particular, with increasing electron withdrawing properties of the para-substituent, the 

resonance signal of the ipso carbon atom shifts to lower field in the order 

RuPhOMe < RuPhF < RuPhCH3 < RuPh < RuPhCF3 ( = 25 ppm) as shown in Table 1. An identical 

ordering is obtained for the resonance signals of the protons in meta ( = 0.44 ppm) and ortho 

( = 0.24 ppm) positions of the phenyl ligand with respect to the ruthenium ion as well as the 

31P{1H} resonance ( = 0.8 ppm). 

Table 1. Selected 1H, 13C and 31P{1H} NMR data for all complexes measured in C6D6. 

complex 
 in ppm (J in Hz) 

Cipso Hmeta Hortho 31P{1H} 

RuPh 156.2 (9.7) 6.83 (8.0) 7.96 35.28 

RuPhOMe 140.5 (10.1) 6.60 (9.1, 1.6) 7.77 34.81 

RuPhCH3 149.8 (9.7) 6.72 (8.0) 7.84 35.22 

RuPhF 145.9 (9.9, 1.9) 6.63 (9.2, 1.7) 7.74 34.97 

RuPhCF3 165.3 (9.8) 7.04 (8.4) 7.98 35.62 

All chemical shifts  in ppm, coupling constants J in Hz. 

 

As it was previously observed for similar five- and six-coordinated aryl ruthenium complexes 

including RuPh, the NMR spectra show clear signs of slow rotation of the aryl ligand around the 
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Ru-Cipso bond.[41,49,53,54] Thus, their 13C NMR spectra feature two separate resonance signals for the 

ortho carbon atoms neighboring the Ru-Cipso bond. Moreover, the 1H NMR spectra exhibit a broad 

singlet resonance for the attached ortho-protons with a half-peak width of 60-90 Hz. In the case of 

RuPhCH3, two separate 13C resonances were also observed for the meta carbon resonances. The 

observations that replacement of the trans-disposed carbonyl ligand in cis,cis,cis-

RuCl(Ph)(CO)2(PMe2Ph)2 by a nitrile ligand and an increasing electron accepting ability of the 

substituent in para-position of the phenyl ligand in complexes mer-RuCl(Ph-p-R)(CO){P(OMe3)}3 

increase the energy barrier for aryl rotation provide compelling evidence that the latter is of 

electronic rather than steric origin.[41] Indeed, the preferred orientation of the phenyl ligand parallel 

to the Cl-Ru-CO plane maximizes the overlap between the ruthenium d orbital, which is not 

involved in back-donation to the -accepting carbonyl ligand, and the * orbital of the phenyl ligand. 

In order to probe substituent effects in the present series of complexes we performed 

temperature-dependent 1H NMR measurements on RuPhOMe, RuPhF and RuPhCF3. A 

decoalescence of the protons ortho to the Ru-Cipso bond into two doublets at ~8.1 and ~7.4 ppm 

with a (de)coalescence temperature of 280 K for RuPhOMe and RuPhF, or of 290 K for RuPhCF3 was 

observed. Based on these experiments a line shape analysis was performed to derive the GIBBS 

energy(G). This required to determine the spin-spin relaxation time (T2), leading to a line width of 

approximately 4 Hz for RuPhOMe, RuPhF and RuPhCF3. On the basis of these values, the exchange 

rate (k) was simulated via line shape analysis to calculate the GIBBS energies by use of an EYRING 

analysis. Details of the procedure and the results are given in Chapter 9.3. Thus, G values of 

54.3 kJmol-1 for RuPhCF3, 55.6 kJmol-1 for RuPhOMe and 56.4 kJmol-1 for RuPhF were obtained at r.t. 

These values agree well with the reported value of 52.6 kJmol-1 for RuPh by ESTRUELAS.[54] They 

moreover reveal that the para substituents exert an only minor effect on G   
≠  for aryl rotation. 

 

3.3. CYCLIC VOLTAMMETRY 

In their cyclic voltammograms (CVs), RuPh, RuPhOMe, RuPhCH3 and RuPhF undergo one chemically 

and electrochemically reversible one-electron oxidation as shown in Figure 15. The half-wave 

potentials range from 210 to 620 mV versus the Cp2Fe0/+ redox standard (Table 2). They increase in 

the order RuPhOMe < RuPhCH3 < RuPh ≈ RuPhF < RuPhCF3 and largely follow the inductive effects of 

the para-substituents. For RuPhCF3 the oxidation process is still chemically reversible. However, it 

seems to suffer from sluggish electron transfer kinetics as shown by the large peak potential splitting 

Ep of 185 mV at  = 100 mV/s between the reverse and forward waves and even larger splittings 

at higher sweep rates. 
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Figure 15. Cyclic voltammograms of complexes RuPhOMe (top, left), RuPhCH3 (top, right), RuPhF (bottom, left), and 
RuPhCF3 (bottom, right) in CH2Cl2 at r.t. with 0.1 M NBu4

+ PF6
- as the supporting electrolyte. 

Considering the large contributions of the aryl ligands to the HOMO / SOMO of these complexes 

(vide infra), one can speculate that, after oxidation, the particularly electron-poor para-

trifluoromethyl ligand constitutes an even stronger -acceptor than the CO ligand. This might trigger 

structural rearrangement to another isomer, where the electron-poor aryl ligand has displaced the 

CO ligand from the basal site opposite the -donating chlorido ligand to the apical site. For 

RuPhOMe, which is the most electron-rich complex of this series, a second wave corresponding to 

the further oxidation of the radical cation to the dication was observed at 960 mV. This process is, 

however, associated with only poor chemical reversibility. A similar observation has been made for 

the related para-methoxystyryl complex.[58] 
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Table 2. Electrochemical data for all complexes. 

complex E1/2 Ep ipa/ipc 

RuPh 410 52 0.96 

RuPhOMe 210/960a) 54 0.99/0.3 

RuPhCH3 320 62 0.97 

RuPhF 420 66 0.99 

RuPhCF3 620 185 0.91 

All potentials in mV in CH2Cl2 at r.t. relative to the Cp2Fe0/+ couple (E1/2 = 0.00 mV); supporting electrolyte NBu4
+ PF6

- 
(0.1 M). a) Half-wave potential of second, irreversible oxidation process. 

 

The impact of the para-substituent at the aryl ligand on the electrochemical properties of these 

complexes is best probed by plotting their half-wave potentials against the HAMMETT electronic 

substituent parameter . This parameter quantifies the electronic impact of a substituent on the 

rate of a chemical model reaction and is based on a linear free-energy relationship developed and 

published by HAMMETT. As such, the HAMMETT parameter can be used to probe the sensitivity of a 

property of a compound to the electronic property of a substituent.[62] Figure 16 demonstrates the 

close adherence to a linear relation and compares the data set of the present complexes to that of 

the corresponding or of similar styryl complexes with the same Ru(CO)Cl(PiPr3)2 metal co-ligand 

entity.[58,59] Similar results have also been reported for styryl complexes with the mer-

Ru(CO)Cl(PMe3)3 fragment.[30] Remarkable differences between representatives of the two closely 

related families of complexes are the intrinsically higher half-wave potentials of the -aryl 

complexes and the approx. 60 % steeper slope of the linear best-fit of the -aryl complexes 

compared to their styryl congeners. Both these differences are obviously rooted in the smaller 

extension of the conjugated metal-organic -system in the present -aryl complex series. As we will 

discuss in the following, the effect of the smaller -system even overrides the counterbalancing 

effect of a smaller -aryl ligand and concomitantly larger Ru(CO)Cl(PiPR3)2 contribution to the redox 

orbital. 
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Figure 16. Comparison of half-wave potentials of ruthenium aryl complexes with those of the corresponding or similar 
styryl analogs. 

 

3.4. IR SPECTROELECTROCHEMISTRY 

As described above, in metal carbonyl (M-CO) complexes, the ordinary CO ligandmetal -donor 

bond is augmented by back-donation of electron density from occupied d-orbitals of the metal ion 

into the CO antibonding *-orbitals of the carbonyl ligand(s). This synergistic nature of a M-CO bond 

renders the energy of the CO stretching vibration a sensitve indicator of the electronic properties of 

the metal-coligand entity. The latter has found extensive use to determine the electronic properties 

of vast series of phosphane or carbene ligands, e.g. through the TOLMAN electronic parameter 

TEP.[33,63] Comparing the (CO) values of complexes in two adjacent redox states also provides 

insight into the metal versus ligand character of the redox orbital, i.e. the molecular orbital where 

the electron is extracted from or added to. A metal-centered oxidation usually causes a shift �̃�(CO) 

of 120 – 150 cm-1 to higher energy as exemplarily shown by the trans-Ru(CO)3(PR3)2 (R = Ph, benzyl, 

4-tolyl, cyclohexyl) family of complexes.[18] Much smaller shifts are, however, to be expected in the 

case of ligand-centered redox chemistry. The complexes {Ru(CO)Cl(EPh3)2}2(µ-1,4-dioxido-9,10-

anthraquinone) (E = P, As; �̃�(CO) = 25 cm-1) provide recent examples of such a situation in 

complexes with a similar Ru-coligand environment.[64] 

The members of the present series of complexes reveal a noticeable dependence of �̃�(CO) on the 

electronic properties of the para-substituted phenyl ligand. Thus, �̃�(CO) increases from 1903 cm-1 
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in RuPhCH3 to 1915 cm-1 in the RuPhCF3 congener. We resorted to IR spectro-electrochemistry to 

generate and spectroscopically characterize the corresponding radical cations of these complexes. 

A graphical representation of the experimental findings can be found in Figure 17 for the RuPhOMe 

complex. RuPh constitutes a special case that will be discussed separately in the following Chapter 4. 

 

Figure 17. �̃�(CO) and C=C ring stretching IR frequencies in the neutral and mono-oxidized states of ruthenium aryl 
complex RuPhOMe. 

On the one hand, we observed that the difference of �̃�(CO) between the individual complexes 

increases from 12 cm-1 for the neutral complexes to 20 cm-1 for their radical cations. On the other 

hand, one can recognize that the oxidation-induced CO band shifts of 65 to 78 cm-1 are distinctly 

smaller than those expected for a strictly metal-centered oxidation, thereby confirming strong 

contributions of the -aryl ligand to the redox orbital (Table 3). The present complexes thus 

resemble their styryl complex relatives, for which strongly redox “non-innocent” ligand behavior[8,65] 

was previously established.[57,59,61,66] 

Table 3. Selected IR data for all complexes. 

complex neutral cation �̃� �̃�C-C 

RuPh 1905 1979 74 1564 (s) 

RuPhOMe 1908 1973 65 1566 (wvs) 

RuPhCH3 1903 1974 71 1554 (wvs) 

RuPhF 1911 1985 74 1556 (wvs) 

RuPhCF3 1915 1993 78 1590 (sw) 

All stretching vibrations in cm-1 in CH2Cl2 at r.t.; supporting electrolyte NBu4
+ PF6

- (0.1 M). 
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As was observed for their electrochemical properties, the slope of the best-fit lines obtained from 

plotting �̃�(CO) versus the HAMMETT parameter  (see Figure 18) are significantly steeper for the -

phenyl complexes than for their styryl relatives, irrespective of the oxidation state. Moreover, 

oxidation-induced CO bandshifts �̃�(CO) are consistently larger for the phenyl complexes (c.f. 

65 cm-1 for RuPhOMe/RuPhOMe+ versus 57 cm-1 for the para-methoxystryl complex; 74 cm-1 for 

RuPh/RuPh+ versus 65 cm-1 for the corresponding styryl complex; 78 cm-1 for RuPhCF3/RuPhCF3
+ 

versus 67 cm-1 for the styryl analog).[57,59] This provides additional evidence for a larger 

Ru(CO)Cl(PiPR3)2 contribution and a smaller -organyl ligand contribution to the HOMO of the 

neutral, respectively the SOMO of the oxidized complexes when compared to their styryl congeners. 

 

 

Figure 18. Comparison of �̃�(CO) IR frequencies in the neutral and mono-oxidized states of ruthenium aryl complexes 
with those of ruthenium styryl species. 

The IR spectra of the aryl complexes feature another prominent band near 1550 cm-1, which is 

attributed to the C=C stretching/CH bending vibration of the mono- or 1,4-disubstitued phenyl 

ligand. This band also shows distinct changes on one-electron oxidation, though much more in terms 

of intensity than in terms of position (Figure 17, Table 3). For RuPh, RuPhOMe, RuPhCH3 and RuPhF, 

this band is rather weak in the neutral state but strongly gains in intensity during oxidation. The 

opposite holds true for acceptor-substituted RuPhCF3. This parallels the behavior in the related 

series of styryl complexes, where a similar dependence of the intensity of this vibrational mode from 

the polarization of the conjugated metal-organic -system was observed.[59] With an increasing 

polarization of the 1,4-disubstituted aromatic system a more intense band is observed. The present 

complexes possess a more intense band for the oxidized state, if the aryl moiety is donor 
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functionalized. If, however, the para-position is acceptor-substituted, the neutral species exhibits 

the more intense ring-stretching band, and its intensity decreases during the redox process.  

 

3.5. EPR SPECTROSCOPY 

EPR spectroscopy on the radical cations was executed on the chemically oxidized complexes, 

which were prepared using 1,1’-diacetylferrocenium-hexafluoroantimonate for RuPh, RuPhOMe, 

RuPhCH3 as well as RuPhF, and tris(4-bromophenyl)aminium-hexafluoroantimonate for RuPhCF3 as 

the oxidizing agent in order to obtain complementary information on the spin density distributions. 

Like their styryl complex congeners, and in agreement with a strong ligand character of the SOMO 

rather than a genuine Ru(III) formulation, the oxidized forms of the present complexes exhibit 

isotropic EPR signals in fluid solution with resolved hyperfine coupling constants A to the 31P and 

99/101Ru nuclei. Figure 19 exemplarily shows the spectra of radical cations RuPhOMe•+ and RuPhF•+.  

  

Figure 19. Stacked experimental (top black curve) and simulated (bottom blue curve) EPR spectra of the radical cations 
RuPhOMe•+ (left) and RuPhF•+ (right) in CH2Cl2 solution at r. t. 

Relevant data from these studies were extracted by digital simulation of the EPR spectra and are 

presented in Table 4. In accordance with the observed larger metal/smaller ligand contributions to 

the SOMOs, the giso, A(31P) and A(99/101Ru) values of the present phenyl complexes are all larger than 

those of their styryl congeners (c. f. giso = 2.0448, A(31P) = 21. 5 G for the parent styryl complex, and 

giso = 2.038, A(31P) = 18. 4, A(99/101Ru) = 9.6 G for the radical cation of the para-S-acyl derivative).[57,67] 

Our data also indicate a strong influence of the para-substituent on the spin density distribution and 

a monotonous increase of the giso and A(31P) values with decreasing donor capabilities.  
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Table 4. EPR parameters for the chemically oxidized complexes. 

complex giso A(31P) A(99/101Ru) A(19F) 

RuPh•+ 2.0661 42.3 16.8  

RuPhOMe•+ 2.0446 32.2 16.8  

RuPhCH3
•+ 2.0583 38.0 16.8  

RuPhF•+ 2.0637 42.8 14.4 18.7 

RuPhCF3
•+ 2.0743 55.3 21.6  

All hyperfine coupling constants in G; measured in CH2Cl2 at r.t., X-band. 

 

At low temperature (123 K, X-band), the EPR signals of the complex radical cations RuPhOMe•+, 

RuPhCH3
•+ as well as RuPhF•+ become anisotropic with observable splittings in two tensor 

components. Therefore, additional EPR spectra were recorded at Q-band frequencies, at T = 50 K. 

The spectra are considerably broadened compared to the corresponding X-band spectra. This is 

attributed to a g-tensor anisotropy of the axial or rhombic type, as suggested by spectral simulations 

(Figure 20). Thus, simulations of Q-band EPR spectra were performed in order to establish the type 

of signal and the individual g-tensor components from a comparison with the corresponding 

experimental spectra.  
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Figure 20. Experimental Q-band EPR spectra of all complexes (top, left). Experimental Q-band spectrum of RuPhOMe•+ 
(top, right), RuPhCH3

•+ (bottom, left), and RuPhF•+ (bottom, right) recorded at T = 50 K (black) with corresponding spectral 
simulations performed with axial (blue) and rhombic (dashed gray) g-tensors.  

The isotropic hyperfine parameter determined in X-band (see Table 4) was kept fixed while the 

components of anisotropic (axial and rhombic) g-tensors were varied during the simulations. For 

RuPhOMe•+ and RuPhCH3
•+, simulations with rhombic g-tensors and two identical g-tensor 

components converged to best fits. Very similar results were obtained by performing the simulation 

with axial g-tensors (see Table 5 and Figure 20). In the case of RuPhF•+, a spectral simulation with a 

rhombic g-tensor with distinct values for all three g-tensor components gave a better match with 

the experimental data than an axial g-tensor. 
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Table 5. Q-band EPR parameters for the chemically oxidized complexes at low temperatures, in a frozen glass. 

complex g1 g2 g3 linewidth 

RuPhOMe•+ axial 2.0947 2.0349 15.6 

RuPhOMe•+ rhombic 2.0932 2.0351 2.0351 18.3 

RuPhCH3
•+ axial 2.0866 2.0193 18.3 

RuPhCH3
•+ rhombic 2.0867 2.0193 2.0193 17.1 

RuPhF•+ axial 2.06696 2.04259 8.7 

RuPhF•+ rhombic 2.11992 2.05324 2.02725 8.7 

Linewidth in G; measured in CH2Cl2 at T = 50( 3) K, Q-band. 

 

3.6. QUANTUM CHEMICAL CALCULATIONS 

Quantum chemical calculations based on density functional theory (DFT) were conducted on 

complexes RuPhOMe, RuPhCH3 and RuPhCF3 in order to provide additional insight into the 

composition of the frontier MOs as well as the impact of the phenyl substituents. Figure 21 provides 

contour plots of the HOMO-1, HOMO and the LUMO of the complex RuPhOMe and the HOSO and 

LUSO of the - as well as the LUSO and LUSO+1 of the -manifold of the one-electron radical cation 

(HOSO/LUSO =  highest occupied/lowest unoccupied spin orbital). Figure 22 displays fragment 

contributions in percent of the crucial frontier MOs for the neutral complexes RuPhOMe and 

RuPhCF3 as the two extreme cases in terms of electron-donating/electron-withdrawing properties 

of the para-substituent and their associated radical cations. One immediately notes that the HOMO 

constitutes a strongly mixed orbital with sizable contributions of the Ru(PiPr3)2 fragment and the 

phenyl ligand (Figure 21). The HOMO is the antibonding pendant of a lower lying MO, which 

represents back donation from the metal-diphosphine entity into the *-orbital of the phenyl ligand 

(the latter appears as the HOMO-4 in these complexes).  
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Figure 21. Selected molecular orbitals of RuPhOMe in its neutral and oxidized state. 

In agreement with our experimental results, the contribution of the phenyl ligand to the HOMO 

increases from 39 % in RuPhCF3 to 49 % in RuPhCH3 and 59 % in RuPhOMe with a concomitant 

decrease of Ru/PiPr3 contributions from 45 %/16 % to 39 %/12 % and 31 %/10 %. Respective values 

for their styryl congeners are 74 %/62 % ligand and 26 %/38 % combined Ru/diphoshphine 

contributions for the methoxy/CF3 substituted complexes. These trends fully confirm our 

experimental results, including the higher sensitivity of NMR shifts, IR stretching frequencies and 

A(31P), A(99/101Ru) hyperfine splittings to the identity of the para-substituents in the present phenyl 

complexes. 
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Figure 22. Calculated compositions of selected MOs for the full models of complexes RuPhOMe (top) and RuPhCF3 
(bottom) and their associated radical cations. 

Our calculations also indicate that the SOMO of the corresponding radical cations strongly 

resembles the HOMO of the neutral complexes. This pertains to the spin densities as well as the 

charge distribution as derived from natural bond orbital (NBO) analysis. Figure 23 provides a 

graphical account for the former observation. In keeping with the previous trends, complex 

RuPhCF3
•+ has 79 % of its charge on the metal entity and 21 % on the aryl ligand, while the computed 

ratio is 57 %/43 % for the donor substituted complex RuPhOMe•+. Spin densities run closely parallel 

with a 78 %/22 % Ru(CO)Cl(PiPR3)2/phenyl ligand distribution for complex RuPhCF3
+, and a 53 %/47 % 

distribution for complex RuPhOMe +. Taken together, our results clearly justify the denotation of the 

-aryl ligands as “non-innocent” in this particular coordination environment. 

Furthermore, the computed energies of the (CO) bands match the experimental data 

qualitatively well. Computed oxidation-induced CO band shifts of RuPhOMe and RuPhCH3 

underestimate �̃�(CO) by 9 and 7 cm-1, respectively. A larger discrepancy of 14 cm-1 was obtained 

for the RuPhCF3/RuPhCF3
+ pair of complexes. Consideration of the alternative isomer, where the CO 

ligand occupies the apical site and the para-CF3-substituted aryl radical ligand is in the basal plane, 
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opposite to the Cl donor ligand, reduces the discrepancy to 6 cm-1. We nevertheless note that the 

latter isomer was computed to be 25 kJ/mol higher in energy. 

 

Figure 23. Calculated spin densities for the radical cations RuPhOMe•+ (left), RuPhCH3
•+ (middle), and RuPhCF3

•+ (right). 

The HOMO of these complexes is delocalized over the entire complex, while the LUMOs are 

essentially ruthenium centered. The electronic transition at lowest energy is thus assigned as a 

ligand-to-metal charge transfer (LMCT). This assignment is verified by time-dependent DFT (TD-DFT) 

calculations. Identical behavior was noted for five-coordinated alkenyl and, in particular, styryl 

ruthenium complexes. The higher energy transitions show distinctive * character. This will be 

discussed in further detail within the next section. 

3.7. UV/VIS/NIR SPECTROELECTROCHEMISTRY 

The electronic spectra of the neutral aryl ruthenium complexes feature a moderately intense band 

in the visible (Vis) region and a somewhat stronger absorption in the near UV. TD-DFT calculations 

attribute the former to the excitation of an electron from the metal-aryl delocalized HOMO into the 

Ru(CO)Cl(PiPr3)2-based LUMO. In agreement with its associated ligand-to-metal charge-transfer 

(LMCT) character, this band shifts to the red with increasing electron donating capacity of the para-

substituent, i.e. with increasing destabilization of the HOMO and a concomitant decrease of the 

HOMO-LUMO gap (Table 6). The second band corresponds to the HOMO-2LUMO excitation. The 

near invariance of its energy with changing the para-substituent at the phenyl ligand agrees with 

our computational data, which indicate that both MOs are strongly dominated by the 

Ru(CO)Cl(PiPr3)2 entity and exhibit only very minor contributions of the phenyl ligand. 
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Table 6. UV/Vis/NIR data for all complexes. 

complex max (max) 

RuPh 499 (2460), 386 (7490), 275 (4330) 

RuPh+ 1130 (-), 554 (-), 283 (-), 277 (-) 

RuPhOMe 521 (2750), 387 (8910), 306 (25950) 

RuPhOMe+ 896 (4540), 630 (36400), 339 (55600), 313 (54700) 

RuPhCH3 508 (940), 385 (3300), 282 (11400) 

RuPhCH3
+ 1011 (1125), 568 (10200), 328 (18500) 

RuPhF 506 (1690), 388 (4780), 296 (15900) 

RuPhF+ 1044 (1345), 562 (7900), 376 (11800), 299 (23900) 

RuPhCF3 482 (2365), 384 (7400), 284 (68400) 

RuPhCF3
+ 1148 (930), 512 (5970) 

All wavelengths in nm; extinction coefficients in M-1cm-1 in CH2Cl2 at r.t.; supporting electrolyte NBu4
+ PF6

- (0.1 M). 

 

Oxidation of the aryl ruthenium complexes to the corresponding radical cations induces the 

growth of a strong absorption band in the visible and of a less intense absorption in the near infrared 

(NIR). A representative set of superimposed spectra recorded during electrolysis of complexes 

RuPhOMe, RuPhCH3, RuPhF and RuPhCF3 in an optically transparent thin-layer electrochemical 

(OTTLE) cell[68] are displayed in Figure 24.  
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Figure 24. Spectroscopic changes in the UV/Vis/NIR-SEC during electrochemical oxidation of complex RuPhOMe (top, 
left), RuPhCH3 (top, right), RuPhF (bottom, left) and RuPhCF3 (bottom, right); CH2Cl2 / 0.1 M NBu4PF6, r. t. 

Both transitions exhibit a strong positional dependence on the electronic properties of the para-

substituent on the phenyl ligand, but in opposite directions. Thus, with increasing 

acceptor/decreasing donor capabilities of that substituent, the Vis band experiences a blueshift 

whereas the NIR band is displaced to the red. Obviously, both transitions have sizable CT 

contributions, but in opposite directions.  
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Table 7. Characteristic computed vertical excitation energies for complexes RuPhOMe, RuPhOMe+, RuPhCH3, 
RuPhCH3

+, RuPhCF3 and RuPhCF3
+. 

complex 
exp. 

trans. 
calc. 

trans. 
Major contribution 

osc. 
strength 

abbr. 

RuPhOMe 

521 542 HOMO  LUMO (90 %) 0.01  

387 380 HOMO-2  LUMO (94 %) 0.03  

306 299 
HOMO-4  LUMO (71 %) 

HOMO-5  LUMO (17 %) 
0.03  

RuPhOMe+ 

896 891 HOSO ()  LUSO () (89 %) 0.01 OMe  𝒂
+  

630 597 HOSO-2 ()  LUSO () (88 %) 0.2 OMe  𝒃
+  

339 335 
HOSO-11 ()  LUSO () (51 %) 

HOSO-8 ()  LUSO () (22 %) 

HOSO ()  LUSO+1 () (15 %) 

0.1 OMe  𝒄
+  

313 315 
HOSO ()  LUSO+2 () (28 %) 

HOSO ()  LUSO+3 () (13 %) 

HOSO-4 ()  LUSO+2 () (12 %) 

0.1 OMe  𝒅
+  

RuPhCH3 

508 506 HOMO  LUMO (88 %) 0.01  

385 377 HOMO-2  LUMO (94 %) 0.03  

282 291 HOMO-4  LUMO (80 %) 0.02  

RuPhCH3
+ 

1011 1009 HOSO ()  LUSO () (88 %) 0.01 CH3  𝐚
+  

568 564 
HOSO-3 ()  LUSO () (49 %) 

HOSO-4 ()  LUSO () (41 %) 
0.1 CH3  𝐛

+  

328 323 HOSO ()  LUSO+1 () (62 %) 0.04 CH3  𝒄
+  

300 303 
HOSO-3 ()  LUSO+1 () (33 %) 

HOSO-4 ()  LUSO+1 () (15 %) 

HOSO-4 ()  LUSO () (17 %) 

0.01 CH3  𝐝
+  

RuPhCF3 

482 480 HOMO  LUMO (91 %) 0.01  

384 377 HOMO-2  LUMO (94 %) 0.02  

284 290 
HOMO-4  LUMO (69 %) 

HOMO-3  LUMO (19 %) 
0.02  

RuPhCF3
+ 

1148 1184 HOSO ()  LUSO () (89 %) 0.01 CF3  𝐚
+  

512 497 HOSO ()  LUSO () (89 %) 0.01 CF3  𝐛
+  

378 402 
HOSO-1 ()  LUSO () (57 %) 

HOSO ()  LUSO+1 () (32 %) 
0.01 CF3  𝒄

+  

All wavelengths in nm. 
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According to our TD-DFT calculations, the NIR band is associated with a MLCT, reflecting the 

excitation of an electron from the ruthenium/co-ligand based -HOSO, which closely resembles the 

HOMO-1 of the neutral complex, to the mixed metal-aryl delocalized -LUSO (the former HOMO). 

In contrast, the prominent Vis band seems to change its character from a * type transition 

within the conjugated metal-organic -system in the donor-substituted complexes to a more LMCT-

type transition in acceptor substituted RuPhCF3
+ as inferred from Table 7 as well as Figure 22 and 

illustrated by the electron density difference maps of Figure 25. Quite interestingly, the intensity of 

this band seems to decrease with a higher LMCT and less pronounced * character. 
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OMe  𝒂
+  OMe  𝒃

+  OMe  𝒄
+  

OMe  𝒅
+  CH3  𝐚

+  CH3  𝐛
+  

CH3  𝒄
+  CH3  𝐝

+  CF3  𝐚
+  

 
 

CF3  𝐛
+  CF3  𝒄

+  

Figure 25. Calculated electron density difference maps for individual excitations of complexes RuPhOMe+, RuPhCH3
+ and 

RuPhCF3
+ (red: decreasing charge density, blue: increasing charge density). 
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3.8. SUMMARY 

We have prepared and studied a series of mononuclear -aryl ruthenium complexes with different 

para-substituents in their neutral and mono-oxidized states and compared them to their styryl 

ruthenium congeners. Our studies point out that simple aryl ligands are also “non-innocent” when 

coordinated to the Ru(CO)Cl(PiPr3)2 entity, albeit to a lesser extent as their styryl analogues. The 

degree of aryl contribution to the HOMO is even more sensitive to the para-substituent than in the 

styryl case and increases with better electron donating capabilities of the latter. The larger influence 

of the para-substituent is a direct consequence of the less extended -system. 

All complexes show a reversible one-electron oxidation at a 140 to 220 mV more anodic potential 

compared to their styryl congeners. The larger oxidation-induced blue-shifts of the Ru(CO) band as 

well as the higher g-values and 31P hyperfine coupling constants A(31P) are clear tokens of the higher 

metal/lower ligand contribution to the HOMO of the neutral complexes and the SOMO of their one-

electron oxidized forms when compared to their styryl congeners. As a consequence of a lower 

ligand contribution to the SOMO, the unpaired spin density and surplus charge of the radical cations 

are less delocalized. The radical cation of the parent phenyl complex RuPh constitutes a special case, 

which will be discussed in further detail in the following Chapter 4.  

  



 

 

42 Dimerization of Oxidized Aryl-Ruthenium Complexes 

4. DIMERIZATION OF OXIDIZED ARYL-RUTHENIUM COMPLEXES 

4.1. INTRODUCTION  

Oxidatively induced dehydrodimerization reactions of complexes with carbon-rich ligands have 

been described on several occasions.[69] Such selective formation of a C-C bond is especially 

characteristic for complexes in which - or -bonded organyl ligands do not fully exploit their 

potential denticity for metal binding. Examples are the couplings of vinylidene complexes to ethenyl-

bridged bis-carbyne or bis-vinylidene dimetal complexes. An early example for such a reaction was 

reported by IYER and SELEGUE in 1987.[70] In this case, the vinylidene complex 

[Cp(dppe)Fe(=C=CHMe)]+ was oxidized to the respective radical dication, which then converted into 

the radical cation by heterolytic cleavage of the C-H bond. Thus the formed radical subsequently 

dimerizes to the bis-vinylidene complex [Cp(dppe)Fe=C=C(Me)C(Me)=C=Fe(dppe)Cp]2+. Another 

prominent example is the oxidation-induced dehydrodimerization of Cp(CO)2Mn(=C=CHPh) to the 

ethenyl-bridged bis-carbyne complex [Cp(CO)2MnCC(Ph)=C(Ph)CMn(CO)2Cp]2+.[71] The 

oxidized complex undergoes a homolytic cleavage of the C-H bond at the vinyl ligand, which results 

in a paramagnetic manganese alkynyl cation (see Scheme 6). The latter dimerizes to a binuclear 2,3-

diphenyl-2-butene-1,4-divinylidyne dication. This species then undergoes a two-electron reduction 

to the final bisvinylidene complex Z/E-Cp(CO)2Mn=C=C(Ph)C(Ph)=C=Mn(CO)2Cp (see Scheme 6). 

The entire process, albeit rather complex, is fast on the CV timescale. 

 

Scheme 6. Dehydrodimerization of [Cp(CO)2Mn(=C=CHPh)]+ to the dicationic ethenyl-bridged bis-carbyne complex and 
subsequent reaction to the corresponding di-vinylidene. 

 

In case the of Mn(CO)2Cp* and Mn(CO)(PPh3)Cp vinylidene complexes, the dehydrodimerization 

proceeds through the direct C-C coupling of the radical cations to butanediylidyne dimers. The 

latter undergo a two electron reduction to the dinuclear biradicals and finally double C-H homolysis 

to form the bis-vinylidene products (Scheme 7). However, the last stage is slow on the CV timescale. 
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Scheme 7. Dehydrodimerization of Mn(CO)2Cp* and Mn(CO)(PPh3)Cp vinylidenes to the corresponding di-vinylidenes. 

 

Related dehydrodimerizations of complexes [{M}CCH]+ to butadiynediyl-bridged dimetal 

complexes {M}CCCC{M} have been reported on the dual actions of an oxidant and a base for 

{M} = Cp(dppe)Fe or trans-Mn(dmpe)2(CCSiMe3) (dppe = 1,2-bis(diphenylphosphanyl)ethane and 

dmpe = 1,2-bis(dimethylphosphanyl)ethane).[70,72] Even closer analogies to the dimerization of -

aryl ruthenium complexes to be discussed in the following exist, however, to triarylamines with at 

least one unsubstituted phenyl ring. Such amines couple oxidatively to tetraarylbenzidines with 

concomitant proton or H atom loss.[73] 

The coupling of para-unsubstituted -aryl ruthenium complexes to biphenyl-bridged dimers 

contrasts to the behavior of their styryl congener RuCH=CH-C6H5, where no such reactivity 

following oxidation was noted. This difference is probably rooted in a higher spin density, 

respectively a higher positive charge, at the most reactive para-position of the phenyl complex 

compared to its more delocalized styryl congener. In order to explore this reactivity in more detail, 

a variety of para-unsubstituted / meta-substituted -aryl ruthenium complexes were synthesized 

and investigated with respect to their capabilities to undergo oxidatively induced 

dehydrodimerization reactions (Scheme 8). 
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Scheme 8. Oxidation-induced dehydrodimerization of RuPh as well as the targeted meta-substituted -aryl ruthenium 
complexes.  

 

 

4.2. THE FATE OF THE RADICAL CATION RuPh+ 

As already mentioned in Chapter 3, the radical cation of the parent phenyl complex RuPh 

constitutes a special case and warrants a separate discussion. At initial stages during the oxidation 

inside the OTTLE cell, the spectra show clear signs that the associated radical cation RuPh+ is formed. 

Characteristic fingerprints are the Ru(CO) band at 1979 cm-1 and Vis/NIR bands at 1130 and 554 nm. 

After approx. 40 % conversion of the neutral form, however, a secondary process commences as 

indicated by the growth of a new, structured Ru(CO) band with a main peak at 1921 cm-1 and a 

concomitant, gradual red shift of the original Ru(CO) band of RuPh+ to 1974 cm-1. This is 

accompanied by the appearance of new electronic bands at ca. 1500, 1240, 700 and 460 nm. The 

former can be observed in the IR/NIR as well as UV/Vis/NIR spectra. During the final stages of the 

electrolysis the Ru(CO) band at 1920 cm-1 as well as the 1500 nm and 500 nm bands bleach out, 

while the asymmetric Ru(CO) band at 1974 cm-1 and the broad, structured Vis/NIR band near 700 

nm continue to grow. Representative sets of spectra documenting the sequence of events described 

above are shown as Figure 26. 
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Figure 26. Changes in the �̃�(CO) region during initial (top) and later (middle, left and right) stages of in situ oxidation of 
complex RuPh. Bottom: Spectroscopic changes in the UV/Vis/NIR during electrochemical oxidation during the initial (left) 
and later stages (right) inside an OTTLE cell; CH2Cl2/0.1 M NBu4PF6, r. t. 

Even more revealing are the spectroscopic changes upon reduction of the electrogenerated, 

oxidized species. IR-and UV/Vis/NIR spectroelectrochemistry both indicate that the reduction occurs 

as two separate, consecutive processes. During the first step, the Ru(CO) band at 1974 cm-1 is 
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gradually replaced by a pair of bands with a weaker absorption at 1943 cm-1 and a very intense one 

at 1921 cm-1. This is paralleled by the bleach of the strong Vis band at 700 nm and the growth of the 

characteristic NIR features at 1490 nm and 1242 nm as well as a Vis band at 464 nm. The main 

features in the IR and Vis/NIR spectra are obviously identical to those observed at intermediate 

stages during the oxidation of RuPh. On further reduction at less positive potential, these bands are 

completely bleached. Representative spectra are displayed as Figure 27. The spectra resulting from 

exhaustive reduction closely resemble those of neutral RuPh, but with slight shifts of the UV/Vis 

bands. Reoxidation regenerates the (CO) bands at 1943 cm-1 and 1921 cm-1 as well as the NIR 

absorptions and the Vis band at 464 nm, thus establishing that a new, stable product, which 

possesses three interconvertible redox states, has formed. 

 
 

  

Figure 27. Spectroscopic changes in the �̃�(CO) region (top) and the UV/Vis/NIR-SEC (bottom) during electrochemical 
reduction of the in situ formed dimer dication to its monocationic species (left) and of the monocationic to the neutral 
dimer (right). 
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The two-step redox sequences, the low energy electronic transitions of the singly and doubly 

oxidized species and the pattern of two separate Ru(CO) bands for the singly oxidized form are all 

highly reminiscent of divinyldiarylene-bridged diruthenium complexes such as the divinylbiphenyl-, 

divinylbipyridine-, or distyrylethene-derivatives.[24,28] This led us to the assumption, that radical 

cation RuPh•+, formed during the initial stages of the electrolysis, couples to ultimately provide the 

biphenyl-bridged diruthenium complex Ru2biphenyln+ in its respective oxidation states, as governed 

by the applied electrode potential. Further support for this hypothesis was obtained from EPR 

spectroscopic experiments after oxidation of RuPh with substoichiometric amounts of 1,1’-

diacetylferrocenium as the oxidant. As shown in Figure 28, these spectra show an additional five-

line resonance signal in addition to the three-line pattern of RuPh•+. With time and at higher 

temperatures the intensity of the initial triplet signal diminishes at the expense of the five-line 

spectrum. The latter signal is characterized by a lower giso value of 2.0341 and considerably smaller 

A(31P) and A(99/101Ru) hyperfine coupling constants than those observed for RuPh•+. Both these 

observations are readily reconciled with a higher organic character of the radical cation and 

diminished spin density at the Ru(CO)Cl(PiPR3)2 sites. 

   

Figure 28. Experimental (top black curve) and simulated (bottom blue curve) EPR spectra of complex cations RuPh•+ and 
Ru2biphenyl•+ obtained at different times (left, early-; right, late state of oxidation) after chemical oxidation of RuPh with 
ca. 0.5 eq. of 1,1’-diacetylferrocenium-hexafluoroantimonate in CH2Cl2 at r. t. 

To probe the hypothesis of a dimerization and to unequivocally identify the product, RuPh was 

chemically oxidized, and electrospray ionization mass spectrometry (ESI-MS) was performed. A main 

peak for M+ was clearly observed at a mass to charge (m/z) ratio of 1122.4, providing conclusive 

evidence for a dimerized species with the loss of two H atoms. Nevertheless, the exact structure of 

this dimer was not entirely clear. Therefore, the para-deuterated -phenyl ruthenium complex 

RuPhD was synthesized. Upon dimerization of this isotopically labeled phenyl complex, products of 

different masses should be obtained, depending on the position of H-atom cleavage and 

dimerization (Figure 29). 
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Figure 29. Possible products obtained dimerization of RuPhD•+ through the para-para (top), para-meta (bottom, left) 
and meta-meta (bottom, right) positions. Note that the products have different masses. 

In the case of a para-para coupled product, the m/z ratio remains unaffected, because of a formal 

loss of D2. Respectively, a para-meta coupled product would shift the m/z ratio by one to a higher 

value, and a meta-meta product would lead to a M+ peak of m/z = 1124.4. The ortho-position is 

sterically hindered by the phosphine groups, thus no dimerization can occur in this position. The M+ 

peak after chemical oxidation of RuPhD was found at m/z = 1122.4 and the experimental spectrum 

provides an excellent match with the simulated isotope pattern. This indicates exclusive 

dehydrodimerization at the para positions (see Figure 30). 

 

Figure 30. ESI-MS spectra after chemical oxidation of complexes RuPh (top black curve) and RuPhD (bottom blue curve) 
after oxidation with ca. 0.8 eq. of 1,1’-diacetylferrocenium-hexafluoroantimonate in CH2Cl2 at r. t. 
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In order to ultimately prove the above hypothesis, we deliberately prepared diruthenium complex 

Ru2biphenyl from the reaction of in situ generated RuClH(PiPr3)2 with 4,4’-biphenyldicarbaldehyde. 

Consistent with our observations after electrochemically induced conversion of RuPh•+, pristine 

Ru2biphenyl is oxidized in two consecutive, reversible one-electron steps at half-wave potentials of 

120 and 415 mV. It is worth noting, that the half-wave potential splitting of 295 mV is even slightly 

larger than that in the divinylphenylene-bridged diruthenium complex (E1/2 = 250 mV)[21] or that in 

the 4,4´-divinylbiphenylene-bridged congener (E1/2 = 99 mV).[24] Moreover, the results of 

spectroelectrochemical measurements on Ru2biphenyl fully agree with the spectra obtained after 

oxidatively induced conversion of radical cation RuPh•+. Finally, the EPR spectrum of radical cation 

Ru2biphenyl•+ is superimposable to the five-line EPR spectrum observed in addition to that of RuPh•+ 

after treatment of RuPh with substoichiometric amounts of a suitable oxidant. The nearly identical 

half-wave potential of the second oxidation of Ru2biphenyl (E1/2 = 415 mV) to that of the first 

oxidation of RuPh (E1/2 = 410 mV) also explains the complex behavior observed in the IR and 

UV/Vis/NIR spectroelectrochemical experiments. Thus RuPh, RuPh•+, Ru2biphenyl•+ and 

Ru2biphenyl2+ coexist in solution until RuPh is fully consumed.  

 

4.3. MECHANISM OF THE DEHYDRODIMERIZATION OF RuPh•+ 

The observation of the dehydrodimerization of RuPh•+ raises the question about the exact 

mechanism of this process. Thus, the first question to answer is, whether the formed radical cation 

attacks a neutral complex, forming a monocationic transition state (Dim•+), or if it combines with 

another radical cation, resulting in a dicationic species Dim2+ (Scheme 9). 

 

Scheme 9. Dimerization of two radical cations (top) or of a radical cation and a neutral species (bottom) starting from 
RuPh. 

 

To answer this question, RuPh was chemically oxidized with varying amounts of the tris(4-

bromophenyl)aminium-hexafluoroantimonate oxidant. Oxidation with 1 eq. of the oxidant results 
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in a mixture of the monocationic dimer Ru2biphenyl•+ and the dicationic dimer Ru2biphenyl2+ as 

displayed in Figure 31, while no neutral RuPh was left in the reaction mixture. Since redox reactions 

are usually more rapid than second order dimerization, one can assume that radical cations RuPh•+ 

are able to couple directly to a dimeric species Dim2+, where Dim denotes the initially formed dimeric 

species prior to the loss of hydrogen atoms or protons. Moreover, oxidation with 0.5 eq. of the 

oxidant led to a mixture of the of neutral dimer Ru2biphenyl and of unreacted neutral monomer 

RuPh. This argues against a direct coupling of the radical cation with the neutral starting complex 

for the following reason: If the reaction of RuPh•+ with RuPh would occur at a faster rate than the 

dimerization of two equivalents of RuPh•+, one would expect complete consumption of RuPh and 

exculsive formation of a dimeric species in that experiment. 

For a further discussion of the mechanism underlying the formal loss of dihydrogen, consideration 

of the oxidation potentials of the different species is required. Hence, the RuPh/RuPh•+ couple 

exhibits a half-wave potential of 410 mV, the Ru2biphenyl/Ru2biphenyl•+ couple one of 120 mV, and 

Ru2biphenyl•+ is oxidized to Ru2biphenyl2+ at a half-wave potential of 415 mV. Taking these results in 

consideration, RuPh•+ and Ru2biphenyl•+ equilibrate with Ru2biphenyl2+ and RuPh, with an 

equilibrium constant close to unity.  

 

  

Figure 31. Spectroscopic changes in the �̃�(CO) region (left) and the EPR spectrum (right) during initial (black) and later 
(blue) stages after chemical oxidation of RuPh with 1 eq. of tris(4-bromophenyl)amminium-hexafluoroanitmonate in 
CH2Cl2 at r.t. 

The further conversion of Dim2+ to the final product may occur via three different pathways, which 

will consecutively be discussed in further detail. The first mechanistic alternative is the loss of H2, 

resulting in the dicationic species Ru2biphenyl2+ (see Scheme 10 ). 
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Scheme 10. Suggested reaction of Dim2+ via the loss of dihydrogen resulting in formation of Ru2biphenyl2+. 

 

If this was the case, oxidation of RuPh with 1 eq. of the oxidant should provide the dicationic 

species Ru2biphenyl2+ as the only observable product. However, large amounts of the monocationic 

form of the dimer, i.e. Ru2biphenyl•+, were observed (see Figure 31). Consequently, the elimination 

of H2 can be excluded. Another possible pathway is the elimination of two protons, yielding the 

neutral compound Ru2biphenyl (Scheme 11). 

 

Scheme 11. Suggested reaction sequence of Dim2+ via the elimination of 2 eq. of H+, resulting in formation of 
Ru2biphenyl. 

 

In the case of the “two proton elimination” pathway, oxidation of RuPh with 1 eq. of the oxidant 

should exclusively lead to neutral dimer (Ru2biphenyl), if the rate of dimerization is sufficiently fast. 

In case of a slow dimerization process, the following reaction should occur: 

RuPh•+ + RuPh-PhRu  RuPh + Ru2biphenyl•+     (9) 

RuPh•+ + RuPh-PhRu•+  RuPh + Ru2biphenyl2+   (10) 

In this case, the reaction should follow the net equations or 

3 RuPh•+   Ru2biphenyl•+ + 2H+ + RuPh   (11) 

hence, at best yield 67 % of the mono-oxidized dimer, and 33 % of the neutral, unreacted RuPh. 

Nevertheless, it should not be possible to obtain the dicationic species Ru2biphenyl2•+, because it 

equilibrates with neutral RuPh to the corresponding radical cation, which subsequently dimerizes 

irreversibly. This removes any Ru2biphenyl2+ from the equilibrium. Moreover, substantial amounts 

of the neutral monomer RuPh (up to 33 % in the limit of slow dimerization) should remain. The 

corresponding CO band was, however, not detected to appreciable amounts after longer reaction 

times (see Figure 31). 

The third possibility for the reaction of Dim2+ to the dehydrogenated dimer is the subsequent 

elimination of one H atom H• and one proton H+. This would result in the radical cation of dimer 

Ru2biphenyl•+ (see Scheme 12). 
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Scheme 12. Suggested reaction of Dim2+ via the subsequent loss of H• and H+, resulting in the formation of 
Ru2biphenyl•+. 

 

For this pathway, the quantitative formation of a radical cationic, dimeric species (Ru2biphenyl•+) 

is expected on oxidation with 1 eq. oxidant. In fact, the recorded EPR spectrum shows the respective 

quintet structure and the absorption bands at 1943 cm-1 and 1921 cm-1 observed by IR 

spectroscopy. Nevertheless, small amounts of the neutral monomer are observed in the absorption 

spectra and, after a long reaction time, some amounts of the dicationic dimer (Ru2biphenyl2•+) are 

also present. This observation can be explained by the equilibrium between Ru2biphenyl•+ and 

RuPh•+ with Ru2biphenyl2•+ and RuPh shown in Scheme 13, due to their similar oxidation potentials 

of 415 respectively 410 mV. 

 

Scheme 13. Equilibrium between Ru2biphenyl•+ and RuPh•+ with Ru2biphenyl2•+ and RuPh. 

 

To summarize this section, the dehydrodimerization of RuPh•+ to the biphenyl-bridged 

diruthenium complex occurs via the direct coupling of two equivalents of RuPh•+ to the intermediate 

dihydro-dication Dim2+ and the subsequent loss of one hydrogen atom and one proton to provide 

the radical cation Ru2biphenyl•+. 
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4.4. INFLUENCE OF META-SUBSTITUTION ONTO THE DEHYDRODIMERIZATION 

4.4.1. SYNTHESIS & CHARACTERIZATION 

As reported in the previous chapter, the meta-substituted -phenyl ruthenium complexes were 

synthesized according to the modified procedures of VAN DER SCHAAF[48] and CAULTON[49] by the 

reaction of the in situ generated 14 VE ruthenium complex RuHCl(PiPR3)2 with the corresponding 

benzaldehydes to give access to the target complexes. The pure carmine-colored aryl ruthenium 

complexes were obtained in moderate yields of 43 - 57 % after a simple workup.  

All complexes were characterized by multinuclear 1H, 31P{1H}, 13C{1H} and, in the case of RuPh-m-F 

and RuPh-(m-F)2, by 19F{1H} NMR spectroscopy. Systematic effects on the chemical shifts are 

particularly evident for the ipso and para carbon atoms of the meta-substituted phenyl rings (see 

Table 8).  

Table 8. Selected 1H, 13C and 31P{1H} NMR data for all complexes in C6D6. 

complex 
 in ppm (J in Hz) 

Cipso Cpara Hpara 31P{1H} 

RuPh 156.2 (9.7) 121.7 6.74 (6.9) 35.28 

RuPh-m-F a) 158.3 106.9 (21.0) 6.33 (8.3, 2.4) 34.86 

RuPh-m-CH3 156.0 (9.7) 122.5 6.57 (7.2, 0.8) 35.27 

RuPh-(m-F)2
 b)

 160.9 (10.9, 6.0) 97.8 (25.6) 6.28 (9.1, 2.3) 34.95 

RuPh-(m-CH3)2 155.5 (9.5) 122.3 6.21 34.76 

All chemical shifts  in ppm, coupling constants J in Hz. a) 19F{1H} = -113.1 ppm b) 19F{1H} = -109.0 ppm 

 

Here, opposite effects are observed for Ru-Cpara and Ru-Cipso. The resonance signal of the para 

carbon atom is shifted to lower field in the order RuPh-(m-F)2 < RuPh-m-F < RuPh < RuPh-m-CH3 ≈ 

RuPh-(m-CH3)2, while the shift of the resonance signal for the ipso carbon follows exactly the 

opposite ordering of RuPh-(m-CH3)2 < RuPh-m-CH3 < RuPh < RuPh-m-F < RuPh-(m-F)2. The observed 

inverse shifts of the ipso and para carbon atoms are in complete accordance with values found in 

the literature for 1,3-disubstituted benzenes and can be explained by the positive mesomeric effect 

(+M) of the fluorine substituent. 

Moreover, the low temperature (230 K) spectra of RuPh-m-F exhibit a double set of signals. These 

sets of signals can be assigned to isomers, in which the fluorine substituent is disposed cis or trans 
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towards the carbonyl ligand. A discrimination between these two isomers would be possible by 

performing NOE (Nuclear-Overhauser-Effect) spectra and recording the spin-spin coupling between 

the carbonyl carbon and the fluorine atoms at 230 K. Unfortunately, this experiment would require 

exorbitant acquisition time, due to the low intensity 13C resonance signal of the carbonyl ligand 

attached to the ruthenium center. Therefore, further investigations with regard to a detailed 

assignment were not performed. 

Furthermore, we were able to grow red plates of the complex RuPh-(m-CH3)2 as single crystals 

suitable for an X-ray diffraction experiment by slow evaporation of a saturated solution in CH2Cl2. 

Figure 32 depicts the molecular structure of the first reported penta-coordinated -aryl ruthenium 

complex carrying PiPr3 ligands as derived from that experiment.  

 

  

Figure 32. Top view (left) and side view (right) of the molecule structure of RuPh-(m-CH3)2 (solvent free form) as 
determined by X-ray crystallography. Hydrogen atoms are omitted for reasons of clarity; ellipsoids are shown at a 50  % 
probability level. 

The central ruthenium atom is coordinated in a slightly distorted square pyramidal geometry with 

angles between 163° and 168° between trans-disposed basal ligands. The phenyl ligand is located 

at the apical site, adopting a nearly perpendicular orientation (88.4°) with respect to the P-Ru-P 

vector. Furthermore, a mutual trans arrangement of the bulky phosphine ligands and of the - and 

-donating chlorido and -accepting carbonyl ligands can be observed. 
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Table 9. Selected crystallographic data for complexes RuPh-(m-Me)2, Ru(CO)Cl(o-MePh)(PPh3)2 a) and 
Ru(CO)Cl(p-MePh)(PPh3)2

 a). All distances are given in Å. 

 

 RuPh-(m-Me)2 Ru(o-MePh)(PPh3)2 Ru(p-MePh)(PPh3)2 

∡Cl-Ru-CO 163.35(8)° 126.1(1)° 167.0(1)° 

∡Cl-Ru-Ph 108.54(6)° 140.1(8)° 96.5(4)° 

∡CO-Ru-Ph 88.10(10)° 93.8(1)° 97.0(1)° 

∡P-Ru-P 168.34(2)° 178.4(3)° 173.0(1)° 

dRu-CO 1.806(2) 1.76(4) 1.628(3) 

dRu-Ph 2.038(2) 2.04(3) 2.056(3) 

dRu-Cl 2.425(5) 2.438(8) 2.522(9) 

dRu-P1 
dRu-P2 

2.395(6) 
2.412(6) 

2.385(6) 
2.391(6) 

2.363(4) 
2.399(4) 

∡Plane: Ph/CO-Ru-Cl 6.2° 2.5° 29.3° 

∡Plane: Ph/P-Ru-P 88.4° 72.5° 89.0° 

a) Data from ref.[43] 

 
 

On comparing the structural parameters to those of related literature-known penta-coordinated 

-aryl ruthenium complexes, one notes that the ruthenium center of the meta-substituted complex 

is coordinated like in the para-methylated PPh3 complex. However, RuPh-(m-Me)2 exhibits a much 

smaller torsion of the plane defined by the atoms O, C, Ru, Cl against that of the phenyl ligand. 

Introducing the substituent in ortho-position leads to a more acute Cl-Ru-CO angle, due to agostic 

interaction of a methyl hydrogen atom and the ruthenium ion. 
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Figure 33. Packing of individual molecules in the crystal and their association through hydrogen-bonding (short OH 
contacts are indicated by broken, blue lines; irrelevant hydrogen atoms and iPr groups are omitted for reasons of clarity). 

Even more fascinating than the structure of the individual molecules is their arrangement within 

the crystal. Thus, the packing of individual molecules in the crystal is stabilized by hydrogen bonds 

between the CO oxygen atom and two methyl protons of the PiPr3 ligands (2.66 Å and 2.71 Å) and 

one hydrogen atom attached to the methyl group of the aryl system (2.69 Å) (see Figure 33). All 

these hydrogen bonds are only slightly shorter than the sum of the van der Waals radii.[109,110] 

Specifically, only the methyl group cis to the chlorido ligand is involved in hydrogen bond formation. 

 

 

 

Figure 34. Packing of individual molecules in the RuPh-(m-CH3)2 crystal (left) with schematic depiction of the zig-zag 
layers (right) generated by the phenyl planes. 
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As shown in Figure 34, the hydrogen bonds between the carbonyl oxygen atoms and the PiPr3 

protons arrange individual molecules into strands with alternating orientations of the phenyl 

ligands. These strands are interconnected by the hydrogen bonds of RuCO to a methyl proton at the 

phenyl ligand. This generates a wavy layer structure as depicted in Figure 34, where molecules 

belonging to the same layer have a common orientation of the phenyl ligand to the same side in a 

zig-zag type of arrangement. 

 

4.4.2. CYCLIC VOLTAMMETRY 

The cyclic voltammograms of RuPh, RuPh-m-F, RuPh-m-CH3, RuPh-(m-F)2 and RuPh-(m-CH3)2 

exhibit one electrochemically reversible one-electron oxidation as shown in Figure 35. No secondary 

processes were observed in all cases. 

  

  

Figure 35. Cyclic voltammograms of complexes RuPh-m-F (top, left), RuPh-m-CH3 (top, right), RuPh-(m-F)2 (bottom, left), 
and RuPh-(m-CH3)2 (bottom, right) in CH2Cl2 at T = 293 K with 0.1 M NBu4

+ PF6
- supporting electrolyte. 
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The half-wave potentials range from 355 to 690 mV versus the Cp2Fe0/+ redox standard (Table 10). 

They increase in the order, RuPh-(m-CH3)2<RuPh-m-CH3<RuPh<RuPh-m-F<RuPh-(m-F)2 and thus 

largely follow the inductive effects of the meta-substituents. For the CH3 substituted derivatives the 

oxidation process seems to suffer from sluggish electron transfer kinetics as shown by the large peak 

potential difference Ep of 158, respectively 117 mV between the reverse and forward waves at 

 = 100 mV/s and even larger peak potential differences at higher sweep rates. 

Table 10. Electrochemical data for all complexes. 

complex E1/2 Ep ipa/ipc 

RuPh 410 52 0.96 

RuPh-m-F 540 64 0.95 

RuPh-m-CH3 385 158 0.85 

RuPh-(m-F)2  690 52 0.97 

RuPh-(m-CH3)2 355 117 0.88 

All potentials in mV in CH2Cl2 at r.t. relative to the Cp2Fe0/+ couple (E1/2 = 0.00 mV); supporting electrolyte NBu4
+ PF6

- 
(0.1 M). 

 

Compared to the para-substituted congeners, the meta-substituted -aryl ruthenium complexes 

show higher intrinsic half-wave potentials of 65 mV for the methyl-substituted complex, or 120 mV 

for RuPh-m-F. Moreover, RuPh-m-CH3 shows a 30 mV higher potential than RuPh-(m-CH3)2 because 

of the +I-effect of the methyl groups leads to a cathodic shift. In the same vein, RuPh-m-F exhibits a 

150 mV lower potential than RuPh-(m-F)2 due to the strong -I effect of the fluorine substituent and 

the negligible +M effect of a meta-substituent. 

4.4.3. EPR SPECTROSCOPY 

EPR spectroscopy on the radical cations was executed on the chemically oxidized meta-

substituted aryl ruthenium complexes in order to obtain complementary information on the spin 

density distributions and the long-term evolution of their initially formed radical cations. 1,1’-

Diacetylferrocenium-hexafluoroantimonate was used as the oxidizing agent in each case. Like the 

previously discussed para-substituted -aryl ruthenium complexes, the oxidized forms of the 

present complexes exhibit isotropic EPR signals in fluid solution with resolved hyperfine coupling 

constants A to the 31P and 99/101Ru nuclei as well as, in case of RuPh-m-F and RuPh-(m-F)2, to the 19F 

nuclei. The corresponding spectra of these compounds are depicted in Figure 36. 
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Figure 36. Comparison of experimental (top black curve) and simulated (bottom blue curve) EPR spectra of the radical 
cations RuPh-m-F•+ (top, left), RuPh-m-CH3

•+ (top, right), RuPh-(m-F)2
•+ (bottom, left) and RuPh-(m-CH3)2

•+ (bottom, right) 
in CH2Cl2 solution at r. t. 

The spectra of the mono-substituted complexes RuPh-m-F•+ and RuPh-m-CH3
•+ show, like the 

unsubstituted RuPh•+ analogue, an additional five-line resonance in addition to the three-line 

pattern. The obtained quintet signal is attributed to dimerized species and characterized by a lower 

giso value of 2.0169 to 2.0375 and considerably smaller A(31P) and A(99/101Ru) hyperfine coupling 

constants than those observed for the mononuclear complexes. Both of these observations, the 

shifted giso value as well as the smaller hyperfine coupling constants, point to a higher organic 

parentage of the dimer radical cation and diminished spin density at the Ru(CO)Cl(PiPR3)2 sites. No 

dimerization could, however, be observed for the 3,5-substituted complexes RuPh-(m-F)2
•+ and 

RuPh-(m-CH3)2
•+, possibly due to electrostatic repulsion of the fluoro substituents and steric 

hindrance in case of the dimethyl-substituted species.  
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Table 11. EPR parameters for the chemically oxidized complexes. 

complex giso A(31P) A(99/101Ru) A(19F) 

RuPh•+ 2.0661 / 2.0341 a) 42.3 / 13.9 16.8 / 9.6  

RuPh-m-F•+ 2.0617 / 2.0169 a) 48.6 / 14.9 29.3 / 9.6 5.3 / 2.4 

RuPh-m-CH3
•+ 2.0580 / 2.0375 a) 40.9 / 14.9 31.2 / 7.2  

RuPh-(m-F)2
•+ 2.0663 48.1 32.7 5.3 

RuPh-(m-CH3)2
•+ 2.0563 38.4 15.6  

All hyperfine coupling constants in G; measured in CH2Cl2 at r.t., X-band. a) 2nd set of signals due to dimerization. 

 

4.5. SUMMARY 

We were able to elucidate the mechanism of the oxidation-induced dehydrodimerization reaction 

of RuPh•+ to Ru2biphenyln+. Two radical cations combine to the dicationic complex Dim2+, which then 

undergoes a subsequent elimination of H• and H+ to form the dehydrogenated, radical cationic 

dimer Ru2biphenyl•+ (see Scheme 14). The latter species equilibrates with RuPh•+ to provide the 

dicationic form of the dimer and the neutral monomer. 

Scheme 14. Underlying mechanism for the oxidation induced dydrodimerization reaction of RuPh to Ru2biphenyl. 

 

  



 

 

 

Dimerization of Oxidized Aryl-Ruthenium 
Complexes 

61 

 

Moreover, we were able to prepare and investigate a series of meta-substituted -aryl ruthenium 

complexes. All studied complexes exhibit one reversible one-electron oxidation at half-wave 

potentials ranging from 355 to 690 mV. RuPh-m-F•+ and RuPh-m-CH3
•+ show, like the unsubstituted 

analogue RuPh•+, an additional five-line resonance in their EPR spectra, which indicates oxidatively 

induced dehydrodimerization to the radical cations of the corresponding biphenyl-bridged 

complexes. No such signal could, however, be observed for RuPh-(m-F)2
•+ as well as RuPh-(m-CH3)2

•+. 

In the last two cases, the dehydrodimerization reaction is probably inhibited due to electrostatic 

repulsion of the fluoro substituents or steric hindrance in case of the methylated species. 
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5. MONONUCLEAR ARYL-RUTHENIUM COMPLEXES WITH EXTENDED ARYL 

LIGANDS 

5.1. INTRODUCTION 

In 2005, SIMPSON and coworkers reported the structural and spectroscopic properties of a series 

of dyads composed of a ferrocene donor and a -perimeter of variable extension, which are 

interlinked via an ethenyl or ethynyl bridge (see Figure 37). All synthesized compounds display a 

one-electron oxidation corresponding to the Fc0/+ redox couple, whose half-wave potential is almost 

independent on the attached aryl substituent. For the ethynyl-linked dyads, the half-wave potential 

ranges from 560 to 570 mV, while it is at 440 ± 10 mV for the ethenyl congeners. These findings are 

compared with the values of 170 mV for the unsubstituted ethynylferrocene, and of 10 mV for 

ethenylferrocene. Moreover, the oxidized forms of these complexes exhibit a solvatochromic low 

energy band of weak intensity in the NIR region of the spectrum. This band wass assigned to a LMCT 

transition. The energy of this LMCT band shows a strong dependence on the aryl end-group. Thus, 

this transition is observed at 900 nm for phenyl substituted ethenylferrocene, while it is shifted to 

1110 nm for the pyrenyl substituted analog.[74]  

 

 

Figure 37. Selected polyaromatic ethenylferrocene compounds prepared by SIMPSON and coworkers with ferrocene 
(blue), linker (gray) and polycyclic aromatic hydrocarbon moiety (black).[74] 

Furthermore, MAURER et al. described a series of ethenyl ruthenium complexes of the type 

Ru(CO)Cl(alkenyl)(PiPr3)2 in which, inter alia, the size of the alkenyl ligand was varied from phenyl to 

pyrenyl. In this case, increasing the size of the alkenyl -system is accompanied by a profound 

decrease of the half-wave potentials from 280 mV from the styryl ruthenium complex to 155 mV for 
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the vinylpyrenyl system. Additionally, the difference between the carbonyl stretching frequencies 

of the neutral and the oxidized species decreases from 𝜈 = 65 cm-1 for the styryl to 48 cm-1 for the 

vinylpyrenyl ruthenium compound. This behavior indicates that the charge on the ligand increases 

with a larger extension of the -system. These findings are supported by EPR spectroscopy, where 

giso values of 2.0448 for the styryl, respectively 2.0032 for the pyrenyl complexes were obtained. 

This shows that, parallel to the charge density, also the spin density of the -organyl ligand increases 

with a larger extension of its -system.[57] 

A comprehensive account on the impact of the extension of the -system on the physical 

properties of the corresponding aryl complexes is, however, lacking. This prompted us to extend the 

studies of the alkenyl ruthenium complexes to their less well-studied aryl congeners. Therefore, a 

series of different polyaromatic hydrocarbons was introduced as a -ligand into the coordination 

sphere of a common Ru(CO)Cl(PiPr3)2 template. The resulting ruthenium complexes were analyzed 

with respect to their electrochemical and spectroscopic properties. Cyclic voltammetry, IR- and 

UV/Vis/NIR-spectroelectrochemistry as well as EPR spectroscopic studies were performed on their 

neutral and/or oxidized forms and are complemented by quantum chemical calculations. 

 

5.2. SYNTHESIS & CHARACTERIZATION 

The successfully prepared and investigated -aryl ruthenium complexes with more extended -

perimeters are summarized in Figure 38 together with the simple phenyl complex RuPh. All these 

complexes were synthesized according to the slightly modified procedures of VAN DER SCHAAF[48] and 

CAULTON[49] by the reaction of in situ generated 14 VE ruthenium complex RuHCl(PiPR3)2 with the 

corresponding aromatic aldehydes. The required aldehydes were obtained by the BOUVEAULT 

reaction. The BOUVEAULT reaction comprises two steps, namely transformation of the aryl halide to 

the corresponding organolithium reagent by metal halogen exchange and subsequent reaction with 

N,N-dimethylformamide (DMF). The pure carmine-colored -aryl ruthenium complexes were 

obtained in moderate yields of 20 - 55 % after a simple purification process.  
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Figure 38. Synthesized and characterized -aryl ruthenium complexes with extended -perimeters. 

All complexes were characterized by multinuclear 1H, 31P{1H} and 13C{1H} NMR spectroscopy. As 

already reported for the substituted -aryl ruthenium complexes, the NMR spectra exhibit a slow 

rotation of the attached aryl ligand around the ruthenium-carbon bond. This phenomenon can be 

detected in the 1H, 13C, as well as 31P NMR spectra, which is exemplarily depicted for RuAnt. Thus, a 

broad singlet resonance for the ortho-protons is observed at room temperature. Upon cooling, this 

singlet resonance decoalesces into two separate 1H resonance signals. The same holds true for the 

corresponding 13C and the 31P resonances (see Figure 39). 
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Figure 39. Coalescence of the aryl rotation for RuAnt observed in 1H- (top) and 31P-NMR (bottom). 

The activation energy for rotation of the aryl ligand around the ruthenium-carbon bond was 

exemplarily calculated via a line scan analysis performed for the complex RuAnt. During aryl rotation, 

the orientation of the aryl ligand changes from its preferred orientation parallel to the OC-Ru-Cl 

vector to parallel to the P-Ru-P axis. This structure constitutes the transition state during aryl 

rotation. Due to the kinked structure of the -aryl ligands, there are two different rotamers where 

the -aryl ligand is aligned parallel to the Cl-Ru-CO vector, one where that ligand is oriented to the 

carbonyl ligand, and one where it points towards the Cl ligand. The former rotamer is calculated to 

be 8 kJ/mol lower in energy than the latter, and should thus be the dominant conformation with a 

population of 96 %. This provides a good qualitative match with the relative intensities of 9:1 for the 

singlet resonances of the two conformers at 240 K (Figure 39). 
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Figure 40. Calculated activation energy of aryl rotation for RuAnt and its dependence on the sense of rotation. 

Quite interestingly, the activation energy for the aryl rotation seems to depend on the sense of 

aryl rotation (see Figure 40). The discrepancy in the activation energies arises from slightly different 

bond angles at the ruthenium atom as well as different interplanar angles between the planes of 

the -aryl ligand and the Cl-Ru-CO vector (88.79° vs. 75.67°). Thus, activation energies of 72 kJ/mol 

and 66 kJ/mol were obtained.  

 

5.3. CYCLIC VOLTAMMETRY 

As can be seen from the cyclic voltammograms of RuPh, RuNaph, RuAnt, Ru-2-Phn, Ru-3-Phn and 

RuCry, all complexes display one chemically and electrochemically reversible one-electron oxidation 

process (see Figure 41). The half-wave potentials range from 255 to 410 mV versus the Cp2Fe0/+ 

redox standard (Table 12). 
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Figure 41. Cyclic voltammograms of complexes RuPh (top, left), RuNaph (top, right), RuAnt (middle, left), Ru-2-Phn 
(middle, right), Ru-3-Phn (bottom, left) and RuCry (bottom, right) in CH2Cl2 at r.t. with 0.1 M NBu4

+ PF6
- supporting 

electrolyte. 

Along the series RuPh < Ru-2-Phn < RuCry < RuNaph < Ru-3-Phn < RuAnt, the half-wave potentials 

of the oxidation process are increasingly shifted to more cathodic values. Contrary to expectations, 

this ordering does not follow the extension of the -system of the -bonded aryl ligand (Table 12). 

It is remarkable, that the linear polycyclic aromatic systems follow the expected trend of decreasing 
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half-wave potentials with increasing -extension of the -aryl ligand with decreasing E1/2 in the order 

RuPh > RuNaph > RuAnt. This indicates that the corresponding HOMO is destabilized by 

enlargement of the -conjugated system. The non-linear polyaromatic systems, however, do not 

follow this trend. Thus, the oxidation potential of Ru-2-Phn of 405 mV is very close to that of 410 mV 

observed for RuPh, meaning that the extension of the phenyl ring to a rigidified, -conjugated 

biphenyl system has hardly any effect on the HOMO energy. Likewise, further extension of the 

-system to chrysenyl in RuCry has only a minor effect, as indicated by its E1/2 value of 385 mV. On 

the other hand, the 3-isomer of the phenanthrenyl complex, Ru-3-Phn, is considerably easier to 

oxidize than its 2-isomer and is closer to RuAnt. The behavior of Ru-2-Phn and RuCry can be 

explained by the fact that the arene -system tends to localize at the outer phenyl rings with little 

conjugation over the extra double bond located in the ring of the phenanthrene -system. 

 

Table 12. Electrochemical data for all complexes. 

complex E1/2 Ep ipa/ipc 

RuPh 410 80 0.96 

RuNaph 365 60 0.99 

RuAnt 255 65 1.00 

Ru-2-Phn 405 55 0.98 

Ru-3-Phn 306 60 0.99 

RuCry 385 59 0.99 

All potentials in mV in CH2Cl2 at r.t. relative to the Cp2Fe0/+ couple (E1/2 = 0.00 mV); supporting electrolyte NBu4
+ PF6

- 
(0.1 M). 

 

The calculated HOMO energies, however, do not mirror the experimentally obtained trend in the 

half-wave potentials. The quantum chemically calculated HOMO energies indicate a destalization of 

the HOMO in the series Ru-2-Phn > RuCry> Ru-3-Phn > RuNaph > RuPh > RuAnt. Thus, the HOMO 

energy of RuPh of -5.38 eV was drastically overestimated, compared to the -5.39 eV of RuNaph 

and -5.13 eV of RuAnt. The fact, that the 3-isomer of the phenanthrenyl complex Ru-3-Phn 

(-5.41 eV), is considerably easier to oxidize than RuCry (-5.47 eV) and its 2-isomer Ru-2-Phn 

(-5.49 eV) is, however, represented by our quantum chemical data. 
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5.4. IR SPECTROELECTROCHEMISTRY 

To generate and spectroscopically characterize the radical cations of the -aryl ruthenium 

complexes, IR spectroelectrochemical investigations were performed. Spectroscopic changes during 

continuous electrolysis are graphically depicted in Figure 42. One important finding of this study is, 

that the members of the present complex series reveal a noticeable dependence of the oxidation-

induced CO band shift �̃�(CO) on the size of the -conjugated -aryl ligand. For the neutral 

complexes �̃�(CO) falls in a very narrow region from 1905 to 1907 cm-1. In contrast, the �̃�(CO) values 

of the oxidized forms differ by more than 20 cm-1 and range from 1958 cm-1 for RuAnt•+ to 1979 cm-1 

for RuPh•+ (Table 13). The magnitude of the hypsochromic shift of �̃�(CO) mirrors the electron loss 

from the ruthenium co-ligand entity on oxidation.  

 

  

  

Figure 42. �̃�(CO) in the neutral (blue) and mono-oxidized states (red) of the complexes RuNaph (top, left), RuAnt (top, 
right), Ru-3-Phn (bottom, left) and RuCry (bottom, right) in CH2Cl2 at r.t. with 0.1 M NBu4

+ PF6
- as the supporting electrolyte. 
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For the series RuPh > RuNaph > RuAnt, �̃�(CO) decreases significantly with increasing extension of 

the -system. This ordering parallels the trend in redox potentials and indicates a more ligand 

centered oxidation and decreasing metal contribution to the SOMO. These results are in agreement 

with the non-innocent behavior of the -conjugated ligand. The non-linear congeners, however, 

exhibit a nearly constant shift of the carbonyl stretching frequency of approx. 63 cm-1, from 

1906 cm-1 respectively 1907 cm-1 to 1970 cm-1. In particular, the results do not explain the 

differences in redox potentials between Ru-2-Phn and Ru-3-Phn. 

Table 13. Electrochemical data for all complexes. 

complex neutral cation �̃� 

RuPh 1905 1979 74 

RuNaph 1906 1973 67 

RuAnt 1907 1958 51 

Ru-2-Phn 1907 1970 63 

Ru-3-Phn 1906 1970 64 

RuCry 1907 1970 63 

All energies in cm-1 in CH2Cl2 at r.t.; supporting electrolyte NBu4
+ PF6

- (0.1 M). 

 

In addition to the CO band shifts, C=C ring stretching IR modes of the aryl ligand were detected in 

the region of 1600 cm-1 to 1500 cm-1 (see Figure 43). Moreover, the radical cations also absorb 

strongly in the near infrared. The low-energy realms of these bands are clearly seen in the NIR part 

of the spectra. These bands and their origins are discussed in Section 5.7 of this chapter. 
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Figure 43. C=C ring stretching IR modes in the neutral (blue) and mono-oxidized states (red) of the complexes Ru-2-Phn 
(left) and Ru-3-Phn (right) in CH2Cl2 at r.t. with 0.1 M NBu4

+ PF6
- as the supporting electrolyte. 

 

5.5. EPR SPECTROSCOPY 

EPR spectroscopic studies on the radical cations were performed on the chemically oxidized 

ruthenium complexes, which were obtained by treating the neutral complexes with 1,1´-

diacetylferrocenium-hexafluoroantimonate as oxidizing agent. As was observed for previously 

discussed complexes, the oxidized species exhibit isotropic EPR signals in fluid solution with resolved 

hyperfine couplings to the 31P as well as the 99/101Ru nuclei. The corresponding spectra are depicted 

in Figure 44. 

  



 

 

72 Mononuclear Aryl-Ruthenium Complexes with Extended Aryl Ligands 

  

  

  

Figure 44. Comparison of experimental (top black curve) and simulated (bottom blue curve) EPR spectra of the radical 
cations RuPh•+ (top, left), RuNaph•+ (top, right), RuAnt•+ (middle, left), Ru-2-Phn•+ (middle, right), Ru-3-Phn•+ (bottom, left) 
and RuCry•+ (bottom, right) in CH2Cl2 at r.t. *) EPR signal of Ru2biphenyl•+, see Chapter 4. 

The recorded spectra show an isotropic triplet signal with a giso value in the range of 2.0271 to 

2.0661. Moreover, coupling of the electron spin to two phosphorus nuclei as well as to one 

ruthenium nucleus are visible. In case of RuAnt•+ hyperfine-coupling to one hydrogen atom can be 

observed, which results in a further splitting of the EPR signal into a doublet of triplets (see Table 14).  



 

 

 

Mononuclear Aryl-Ruthenium Complexes 
with Extended Aryl Ligands 

73 

 

 

Table 14. EPR parameters for the chemically oxidized complexes. 

complex giso A(31P) A(99/101Ru) 

RuPh•+ 2.0661 44.7 16.8 

RuNaph•+ 2.0461 37.5 14.8 

RuAnt•+ a) 2.0271 27.6 11.8 

Ru-2-Phn•+ 2.0485 35.3 15.4 

Ru-3-Phn•+ 2.0425 31.7 14.9 

RuCry•+ 2.0452 32.2 14.9 

All hyperfine coupling constants in G; measured in CH2Cl2 at r.t., X-band. a) A(1H) = 7.4 G 

 

By comparing the EPR data of different conjugated -aryl ruthenium complexes, it is noticeable, 

that an increasing -conjugation is accompanied by a decreasing metal contribution of the SOMO. 

Thus, on increasing the expansion of the conjugated ligand system the giso values become closer to 

the g value of the free electron (ge), indicating a more organic-centered unpaired spin. Furthermore, 

the hyperfine coupling to the 31P as well as 99/101Ru nuclei increases in the order 

RuAnt•+<RuNaph•+<RuPh•+, also suggesting an increasing metal contribution. These effects are 

particularly pronounced for the complexes with linear -aryl ligands. For the anthracenyl-

substituted compound, the conjugated system becomes sufficiently large to show additional 

hyperfine coupling to one proton, which is due to the increased spin density on the -aryl ligand. 

The non-linear complexes Ru-2-Phn•+, Ru-3-Phn•+ and RuCry•+ show giso values as well as hyperfine 

coupling constants to 31P and 99/101Ru nuclei close to the ones of RuNaph•+. Quite interestingly, the 

data for Ru-3-Phn•+ differ from those of Ru-2-Phn•+ and indicate a higher spin density on the -aryl 

ligand for the 3-isomer. This contrasts with the uniform CO band shift of 63 cm-1/64 cm-1 for both 

isomers observed in the IR spectroelectrochemical experiment. 
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5.6. QUANTUM CHEMICAL CALCULATIONS 

Quantum chemical calculations based on density functional theory of all complexes of this chapter 

were performed in order to provide insights into the composition of the frontier MOs as well as the 

influence of the extended -aryl ligand, and to possibly explain the experimental trends as well as 

the differences between the 2- and 3-isomers of the phenanthrenyl complexes. 

The HOMO of all reported complexes constitutes a mixed orbital with considerable contributions 

of the Ru(CO)Cl(PiPr3)2 fragment and the corresponding aryl ligand (Figure 45). The percentage 

fragment contributions of the crucial frontier MOs are represented in Figure 46 to enable a more 

detailed discussion. 

 

 

Figure 45. Selected molecular orbitals of RuNaph in its neutral and monooxidized states. 
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According to these calculations, the HOMO of every neutral compound is mainly localized on the 

-aryl ligand, with a contribution of 46 % in RuPh, of 60 % in RuNaph, of 78 % in RuAnt, as well as of 

63 % for RuCry. The increase of -aryl ligand contribution is paralleled by a decrease of that of the 

ruthenium atom from 42 % in RuPh, 29 % in RuNaph, 28 % in RuCry, to only 16 % in RuAnt. The 

corresponding LUMO is mostly ruthenium centered (60 %) with only small contribution of the -aryl 

ligand (13-14 %). RuAnt, however, constitutes a special case, where the LUMO is mainly centered on 

the aryl ligand (97%). Thus, within the series of complexes with a linear -aryl ligand, an increasing 

extension of its -system from RuPh over RuNaph to RuAnt results in an increasing ligand 

contribution to the HOMO, which is accompanied by a decreasing metal contribution. The MOs of 

the complexes carrying non-linear -aryl ligands, however, only differ slightly from each other and 

show similar ligand and metal contributions as RuNaph. A notable difference between the 2- and 3-

isomers of the phenanthrenyl complexes is a stronger bias of the HOMO to the -aryl ligand and of 

the LUMO to the Ru(CO)Cl(PiPr3)2 moiety in the 3-isomer. 
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Figure 46. Calculated compositions of selected MOs for the full models of complexes RuPh, RuNaph, RuAnt, Ru-2-Phn, 
Ru-3-Phn and RuCry as well as their associated radical cations. 

These results can be transferred to the corresponding radical cations. The charge distribution as 

well as the spin density derived from NBO analysis are in accordance with the previously reported 

trends (Figure 47). Thus, RuPh•+ has 72 % of its charge on the ruthenium moiety, while it decreases 

to 61 % for RuNaph•+ and to only to 42 % in RuAnt•+. The complexes Ru-2-Phn•+, Ru-3-Phn•+ as well as 

RuCry•+, however, have between 58 % and 63 % of their charge on the ruthenium entity, which is 

similar to the value obtained for RuNaph•+. This also matches with the similar CO band shifts on 

oxidation observed in the IR spectroelectrochemical experiments as well as the EPR signatures. The 

spin density distributions run closely parallel. 
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Figure 47. Spin densities and charge distributions derived from natural bond orbital analysis of RuPh, RuNaph, RuAnt, 
Ru-2-Phn, Ru-3-Phn and RuCry as well as their associated radical cations. 

 

5.7. UV/VIS/NIR SPECTROELECTROCHEMISTRY 

The electronic spectra of the neutral -aryl ruthenium complexes feature a moderately intense 

band in the Vis and a stronger absorption in the near UV region. The wavelengths and extinction 

coefficients of the individual absorptions are compiled in Table 15. TD-DFT calculations assign the 

lowest energy band to an excitation of an electron from the ruthenium-aryl delocalized HOMO into 

the LUMO, such that this excitation is associated with ligand-to-metal charge transfer. This applies 

for all complexes except for RuAnt, where the LUMO is ligand-based. The wavelengths of the 

HOMO  LUMO transition is nearly invariant to the identity of the aryl ligand, indicating that the 

extension and shape of the corresponding aryl ligand affect energies of both frontier MOs in a largely 

identical fashion. Moreover, the extinction coefficients also show little variation with the extension 

of the -system. 
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Table 15. UV/Vis/NIR data for all complexes. 

complex max (max) 

RuPh 499 (2460), 386 (7490), 275 (4330) 

RuPh+ 1130 (-), 554 (-), 283 (-), 277 (-) 

RuNaph 492 (1700), 397 (6100), 353 (16800), 316 (18900) 

RuNaph+ 932 (11000), 585 (28600), 424 (13700), 382 (16400) 

RuAnt 509 (2000), 427 (9700), 398 (29800), 366 (7700), 345 (31800), 319 (68400) 

RuAnt+ 
1281 (25600), 1085 (17200), 654 (17200), 615 (31200), 554 (47100), 492 

(1600), 388 (72500), 354 (68185), 324 (82000) 

Ru-2-Phn 500 (870), 372 (4870), 326 (29620) 

Ru-2-Phn+ 950 (3080), 702 (17590), 530 (2130), 409 (20830), 392 (18760), 358 (22410) 

Ru-3-Phn 505 (3900), 335 (136000), 302 (81790) 

Ru-3-Phn+ 837 (49680), 495 (23580), 450 (82690), 425 (77290), 400 (62330) 

RuCry 500 (738), 388 (3185), 343 (16960), 305 (52950) 

RuCry+ 1040 (2245), 731 (7965), 442 (5980), 421 (6220), 367 (12130), 285 (32945) 

All wavelengths in nm; extinction coefficients in M-1cm-1 in CH2Cl2 at r.t.; supporting electrolyte NBu4
+ PF6

- (0.1 M). 

 

Oxidation of these complexes to the corresponding radical cations induces the growth of intense 

absorption bands in the near UV, the visible region and in the NIR region of the spectrum. 

Representative sets of spectra recorded during electrolysis of the complexes RuNaph, RuAnt, 

Ru-2-Phn, Ru-3-Phn and RuCry in an OTTLE cell are shown in Figure 48. 
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Figure 48. Spectroscopic changes in the UV/Vis/NIR-spectra during electrochemical oxidation of the complexes RuNaph 
(top, left), RuAnt (top, right), Ru-2-Phn (middle, left), Ru-3-Phn (middle, right), and RuCry (bottom); CH2Cl2 / 0.1 M NBu4PF6, 
r. t. 

According to our quantum chemical calculations, the NIR band corresponds in each case to the -

HOSO to -LUSO transition. As follows from the compilation of fragment contributions to these 

orbitals in Figure 46, both MOs of the -manifold are delocalized over the Ru(CO)Cl(PiPr3)2 moiety 

and the aryl ligand. As a consequence, the underlying excitation is associated with only little charge-
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transfer between them. This also follows from the charge-density differences compiled in Figure 49. 

Exceptions are the radical cation of the parent phenyl complex, where the -HOSO is almost 

exclusively centered on the Ru(CO)Cl(PiPr3)2 fragment, and the 2-phenanthrenyl and the chrysenyl 

complexes, where the -HOSO is strongly dominated by the aryl ligand. Contrary to what was 

observed for the parent neutral complexes, the lowest energy absorption band red-shifts for 

complexes with a similar character of the donor and acceptor orbitals with increasing extension of 

the -aryl -system, i.e. in the order Ru-3-Phn•+ > RuNaph•+ > RuAnt•+ for complexes, where the 

-HOSO and -LUSO are both strongly mixed, and Ru-2-Phn•+ > RuCry•+, for complexes, where the 

NIR band has LMCT character. 
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Table 16. Characteristic computed vertical excitation energies for complexes RuPh, RuPh•+, RuNaph, RuNaph•+, 
RuAnt and RuAnt•+. 

complex 
exp. 

trans. 
calc. 

trans. 
Major contribution osc. strength 

RuPh 

499 498 HOMO  LUMO (92 %) 0.01 

386 377 HOMO-2  LUMO (94 %) 0.03 

275 270 
HOMO-1  LUMO+1 (78 %) 

HOMO-4  LUMO+1 (12 %) 
0.10 

RuPh•+ 

1130 1079 HOSO()  LUSO() (88 %) 0.01 

554 495 HOSO-4()  LUSO() (87 %) 0.11 

283 277 
HOSO()  LUSO+2() (38 %) 

HOSO-1()  LUSO+1() (37 %) 
0.10 

RuNaph 

492 515 HOMO  LUMO (86 %) 0.01 

397 379 HOMO-3  LUMO (94 %) 0.02 

353 322 HOMO  LUMO+1 (93 %) 0.06 

RuNaph•+ 

932 879 HOSO()  LUSO() (95 %) 0.08 

585 561 
HOSO-3()  LUSO() (65 %) 

HOSO-4()  LUSO() (27 %) 
0.05 

382 366 
HOSO-3()  LUSO() (49 %) 

HOSO-2()  LUSO+1() (40 %) 
0.03 

RuAnt 

509 539 
HOMO  LUMO+1 (76 %) 

HOMO-1  LUMO+1 (17 %) 
0.01 

427 413 HOMO  LUMO (97 %) 0.06 

319 332 
HOMO-1  LUMO (74 %) 

HOMO  LUMO+3 (21 %) 
0.07 

RuAnt•+ 

1281 1102 HOSO()  LUSO() (94 %) 0.19 

615 583 
HOSO-3()  LUSO() (54 %) 

HOSO()  LUSO() (27 %) 
0.13 

388 369 
HOSO-3()  LUSO+1() (42 %) 

HOSO-2()  LUSO+1() (37 %) 
0.02 

All wavelengths in nm. 
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Table 17. Characteristic computed vertical excitation energies for complexes Ru-2-Phn, Ru-2-Phn•+, Ru-3-Phn, 
Ru-3-Phn•+, RuCry and RuCry•+. 

complex 
exp. 

trans. 
calc. 

trans. 
Major contribution osc. strength 

Ru-2-Phn 
500 495 HOMO  LUMO (87 %) 0.01 

372 375 HOMO-3  LUMO (94 %) 0.04 

Ru-2-Phn•+ 

950 1225 
HOSO()  LUSO() (83 %) 

HOSO-1()  LUSO() (12 %) 
0.01 

750 703 
HOSO-2()  LUSO() (72 %) 

HOSO-1()  LUSO() (19 %) 
0.26 

358 366 
HOSO-3()  LUSO() (50 %) 

HOSO-3()  LUSO+1() (40 %) 
0.03 

Ru-3-Phn 

505 501 
HOMO  LUMO (84 %) 

HOMO-4  LUMO (10 %) 
0.01 

335 377 HOMO-3  LUMO (93 %) 0.03 

302 319 HOMO  LUMO+1 (95 %) 0.34 

Ru-3-Phn•+ 

837 823 
HOSO-1()  LUSO() (55 %) 

HOSO()  LUSO() (34 %) 
0.19 

450 474 HOSO-5()  LUSO() (85 %) 0.03 

425 426 
HOSO()  LUSO+1() (33 %) 

HOSO()  LUSO+2() (15 %) 

HOSO-1()  LUSO+3() (11 %) 

0.07 

RuCry 

500 494 HOMO  LUMO (81 %) 0.01 

343 346 HOMO  LUMO+1 (82 %) 0.04 

305 297 
HOMO  LUMO+2 (52 %) 

HOMO-1  LUMO+1 (39 %) 
1.75 

RuCry•+ 

1040 1433 HOSO()  LUSO() (91 %) 0.04 

731 737 
HOSO-1()  LUSO() (58 %) 

HOSO-2()  LUSO() (33 %) 
0.34 

421 431 
HOSO-7()  LUSO() (44 %) 

HOSO-6()  LUSO() (39 %) 
0.02 

367 368 
HOSO-5()  LUSO() (50 %) 

HOSO-4()  LUSO+1() (40 %) 
0.03 

All wavelengths in nm. 
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RuPh•+ RuNaph•+ 

 

 

RuAnt•+ Ru-2-Phn•+ 

  

Ru-3-Phn•+ RuCry•+ 

Figure 49. Calculated electron density difference maps for the NIR excitation of complexes RuPh•+, RuNaph•+, RuAnt•+, 
Ru-2-Phn•+, Ru-3-Phn•+ and RuCry•+ (red: increasing charge density; blue: decreasing charge density). 
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5.8. SUMMARY 

We were able to successfully synthesize and characterize a series of -aryl ruthenium complexes 

with -extended, condensed -aryl ligands in their neutral and mono-oxidized states. Their 

(spectro-)electrochemical properties were analyzed with respect to their dependency on the 

extension of the -conjugated, condensed aryl ligand as well as the -conjugation length and the 

different position of the ruthenium attachment in case of the phenanthrenyl complexes. 

All present complexes display a reversible one-electron oxidation, whose potential ranges from 

255 mV to 410 mV. In complexes with linearly annellated aryl ligands, a larger extension of the -

conjugated ligand leads to a significant cathodic shift of the oxidation potential and an increasing 

destabilization of the corresponding HOMO. The red-shift of the Ru(CO) band of their associated 

radical cations upon linear extension of the -system as well as the lower g-values, 31P and 99/101Ru 

hyperfine coupling constants are clear tokens of the lower metal/higher ligand contribution to the 

HOMO of the neutral complexes and the SOMO of their mono-oxidized forms. The non-linear 

graphene-like ligands phenanthrene and chrysene do, however, not follow the trends obtained for 

their linear congeners. Significant differences are found for the 2- and the 3-isomers of the 

phenanthryl complexes, which relate to the larger bias of the HOMO for the Ru(CO)Cl(PiPr3)2 and a 

larger ligand contribution to the HOMO-1 for the 2-isomer. 
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6. BINUCLEAR RUTHENIUM COMPLEXES 

6.1. HOMOBIMETALLIC ARYL-RUTHENIUM COMPLEXES 

6.1.1. INTRODUCTION 

The probably oldest and best known representative of a fully -conjugated, purely organic 

compound with two conjoined redox termini is WURSTER’s blue. In 1879, WURSTER observed the 

characteristic blue-violet color of the radical cation of N,N,N’,N’-tetramethyl-p-phenylenediamine 

(TMPD).[75] This light rose p-phenylenediamine derivative is easily oxidized in two consecutive one-

electron steps via the deep blue radical cation to the colorless dication, qualifying TMPD as redox 

indicator. Over the last decades, a variety of related organic mixed-valent compounds with many 

different, conjugated arylene bridges were investigated. Their redox termini range from arylamine 

or trityl derivatives to modified hydrazine end groups.[76]  

In the context of studying the electronic coupling between two redox active termini within one 

molecule, the CREUTZ-TAUBE ion, [(NH3)5Ru(pyrazine)Ru(NH3)5]5+, is the prototype of mixed-valent 

systems.[77] Following this initial complex, a diversity of bridged binuclear metal complexes with 

d5/d6 electron configuration were investigated.[78a,79,78b] In most cases, the two redox active termini 

are bridged via conventional WERNER-type heteroatom ligands. In contrast, there are fewer 

examples where the bridging ligands are connected to the redox active termini through covalent 

bonds. Examples are arylene-bridged biferrocenes.[80] Nevertheless, only rare examples are known, 

where a bridging ligand binds two terminal ruthenium moieties via direct Ru--aryl linkages.  
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Figure 50. Cyclometalated bis-ruthenium complexes reported by ZHONG, YAO and coworkers.[81–85] 

For instance, ZHONG, YAO and coworkers reported on cyclometalated diruthenium complexes, 

where the bridging ligand is attached through covalent Ru-C bonds. Hereby, the ruthenium centers 

are octahedrally coordinated by a terpyridine ligand (black) and another pincer ligand, which 

consists of an aryl system (blue) with additional appended pyridyl or triazole donors (gray) as shown 

in Figure 50.[81–85] All these complexes show two reversible one-electron oxidations at well-

accessible potentials with E1/2 in the range of from 170 to 430 mV. Moreover, anisotropic EPR 

signals were obtained for the mixed-valent tricationic species with isotropic g factors <g>of 2.109 

to 2.203, and total g anisotropies g of 0.256 to 0.612. When using triscatecholatoruthenium(III) 

with a metal-centered spin and a <g> value of 2.476 and a g of 0.833[86] and typical organic radicals 

with g ≈ ge, g = 0 as points of comparison, it becomes clear that the present complexes have 

SOMOs with a mixed metal/ligand character. Furthermore, the electronic coupling between the 

ruthenium centers can be probed by analyzing the intervalence charge transfer (IVCT) band in the 

NIR region. From these characteristic IVCT bands, the electronic coupling parameter Hab was 

extracted. Based on the results of these studies, the pyrene bridged bis-ruthenium complexes were 

assigned as class II systems according to ROBIN and DAY. The biphenyl bridged congener was found 

to be a class II/III borderline system, and only the phenyl bridged complex was concluded to 

represent a class III system.[81–85] In the latter two cases, the position of the corresponding IVCT 

transitions are solvent independent, which allows to specify these bands as charge resonance bands. 

Despite the fact that the bridging ligands are redox non-innocent, ZHONG, YAO and coworkers 

assumed that rab, which describes the distance between the two redox centers, equals the Ru-Ru 

distance in order to calculate the electronic coupling parameter Hab. This grossly underestimates 

the electronic coupling. 
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The interesting electronic properties of these complexes prompted us to transfer the structural 

motif of a -arylene bridging ligand from the reported cyclometalated diruthenium complexes to 

the well-established Ru(CO)Cl(PiPr3)2 moiety. This variation should lead to more ligand centered 

oxidations and offer isotropic EPR signals with possibly resolved 31P hyperfine splittings at room 

temperature. Moreover, IR spectroelectrochemistry can be employed and should provide detailed 

insight into the electron density distribution within the complexes due to the characteristic CO 

stretching vibrations. 

To this end, a series of homometallic, dinuclear -aryl ruthenium complexes were synthesized and 

analyzed with respect to their electrochemical and spectroscopic properties. Cyclic voltammetry, 

IR- and UV/Vis/NIR-spectroelectrochemistry as well as EPR spectroscopy were performed and 

supplemented by quantum chemical calculations. 

 

6.1.2. SYNTHESIS & CHARACTERIZATION 

The penta-coordinated homo-bimetallic -phenyl ruthenium complexes Ru2ViPh, Ru2biphenyl and 

Ru2Naph of Figure 51 were synthesized according to the modified procedures of VAN DER SCHAAF[48] 

and CAULTON.[49] Reaction of the in situ generated 14 VE ruthenium complex RuHCl(PiPR3)2 with 1,1´-

biphenyl-4,4´-dicarbaldehyde or naphthalene-2,6-dicarbaldehyde gives access to the target 

symmetric complexes Ru2biphenyl and Ru2Naph. To generate the asymmetric complex Ru2ViPh, first 

the corresponding 4-formyl-substituted styryl ruthenium complex was synthesized and then reacted 

with the in situ generated 14 VE ruthenium complex RuHCl(PiPR3)2. The purple-colored complexes 

were obtained in moderate yields of 21 - 32 % after a facile purification process. All complexes were 

characterized by multinuclear 1H, 31P{1H} as well as 13C{1H} NMR spectroscopy.  
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Figure 51. Synthesized and characterized hetero-bimetallic -aryl ruthenium complexes. 

Unfortunatally, attempts to obtain a pyrenyl bridged diruthenium complex failed. In this case, only 

small amounts of contaminated product RuPyrOH (see Scheme 15) and unreacted starting material 

were isolated. Our failure to obtain the target pyrenyl complex may be due to the very poor solubility 

of the pyrene-2,7-dicarbaldehyde and of the mono-formylpyrene ruthenium complex in the 

reaction solvent iso-propanol. It is well known that a ruthenium-catalyzed hydrogen-transfer 

reaction can occur under basic conditions in the presence of dihydrogen.[87] Thus, the isolated 

RuPyrOH reveals that this competitive reaction takes place. Hereby, the ruthenium hydride 

precursor triggers reduction of the corresponding aldehyde to the alcohol, while iso-propanol is 

oxidized to acetone (Scheme 15).  

Scheme 15. Proposed ruthenium catalyzed hydrogen-transfer reaction yielding RuPyrOH. 

 

 

The identity of the competitively formed side product RuPyrOH was verified via NMR spectroscopy 

as well as by a single-crystal X-ray diffraction measurement (see Figure 52). The C-O distance of 

1.384(13) Å is in the typical range of a phenolic C-O bond (1.365±0.015 Å). [88]Accordingyl, the 1H 

NMR spectrum displays a singlet resonance at 1.98 ppm for the OH group, and a singlet resonance 

at 5.05 ppm for the methylene protons, which is coupled to a carbon resonance signal at 65.8 ppm, 

indicating the presence of a CH2OH functionality. 
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Figure 52. X-ray crystallographic structure of RuPyrOH (solvent free form) viewed along (left) and perpendicular to the 
pyrene ligand (right). Hydrogen atoms are omitted for reasons of clarity; ellipsoids are shown at a 50 % probability level. 

In addition, it was possible to grow single crystals suitable for a X-ray diffraction measurement of 

the CH2Cl2 disolvate of Ru2biphenyl by slow evaporation of a saturated solution of this complex in 

CH2Cl2. Figure 53 depicts the molecular structure derived from the single crystal X-ray diffraction 

experiment of the first penta-coordinated -aryl bridged diruthenium complex with PiPr3 ligands. 

 

  

Figure 53. X-ray crystallographic structure of Ru2biphenyl (solvent free form) viewed along the biphenyl system (left) 
and perpendicular to the biphenyl system (right). Hydrogen atoms are omitted for reasons of clarity; ellipsoids are shown 
at a 50 % probability level. 

As in closely related styryl ruthenium and previously characterized, five-coordinated phenyl 

ruthenium complexes, the central ruthenium ions adopt a slightly distorted square pyramidal 

coordination geometry with the aryl ligand at the apical site and the bulky phosphane and the CO 

and Cl ligands in mutual trans-positions at the basal sites. This ligand arrangement places the ligand 

with the strongest  trans-influence opposite the vacant coordination site, while preserving the 

favorable trans-arrangement of the Cl -donor and the CO -acceptor ligands. As usual, the Ru atom 

is displaced out of the basal plane towards the apical ligand. The Ru⋯Ru distance of 11.27 Å is 

slightly shorter than that of 11.50 Å in the 1,4-divinylphenylene-bridged diruthenium complex.[89] 

The central biphenyl bridge is strictly planar and both phenyl rings are in the same common plane. 
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Also of note is the roughly coplanar arrangement of the planes defined by the Cl, Ru and CO atoms 

or the biphenyl ligand, displaying an interplanar angle of 5.9° (see Table 18). However, this value is 

somewhat compromised by a rather large amplitude of ring libration, as indicated by the shapes of 

the thermal ellipsoids. 

 

Table 18. Selected crystallographic data for complexes Ru2biphenyl and Ru2ViPhVi a). All distances are given in Å. 

 Ru2biphenyl Ru2ViPhVi 

∡Cl-Ru-CO 165.9(2)° 171.90(8)° 

∡Cl-Ru-Ph 104.86(19)° 98.09(8)° 

∡CO-Ru-Ph 89.3(3)° 90.00(11)° 

∡P-Ru-P 169.03(6)° 171.30(2)° 

dRu-CO 1.811(8) 1.791(3) 

dRu-Ph 2.022(7) 1.973(2) 

dRu-Cl 2.4626(18) 2.4168(9) 

dRu-Ru 11.27 11.50 

dRu-P1 
dRu-P2 

2.413(2) 
2.411(2) 

2.3805(10) 
2.3804(11) 

∡Plane: Ph/CO-Ru-Cl 5.90 6.49 

∡Plane: Ph/P-Ru-P 85.16 84.30 

a) Data from ref.[89] 

 
 

In the crystal, individual molecules of Ru2biphenyl arrange to one-dimensional strands via 

hydrogen bonds to two crystallographically identical CH2Cl2 molecules, one positioned above and 

one below the bridged complex molecules. At 2.622 and 2.634 Å, these H⋯Cl contacts are by 0.328 

and 0.309 Å shorter than the sum of the van der Waals radii. Moreover, two additional short 

contacts are formed per dimeric structure by hydrogen-bonding of a Cl atom the CH2Cl2 molecules 

and a methyl proton of the PiPr3 ligand. 
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Figure 54. Packing of individual molecules in the crystal and their association through hydrogen-bonding (short ClH 
contacts are indicated by broken, blue lines; irrelevant hydrogen atoms are omitted for reasons of clarity). 

 

6.1.3. CYCLIC VOLTAMMETRY 

The electrochemical properties of the complexes were probed by cyclic voltammetry. In their 

cyclic voltammograms, Ru2ViPh, Ru2biphenyl and Ru2Naph undergo two consecutive, chemically and 

electrochemically reversible one-electron oxidations as shown in Figure 55. Both oxidation waves 

exhibit close to ideal parameters in terms of the peak current ratios ipa/ipc and peak potential 

differences Ep.  
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Figure 55. Cyclic voltammograms of complexes Ru2ViPh (top, left), Ru2biphenyl (top, right) and Ru2Naph (bottom) in 
CH2Cl2 at r.t. with 0.1 M NBu4

+ PF6
- supporting electrolyte. 

Some revealing trends are seen on comparing the data in Table 19. In contrast to the 

divinylphenylene-bridged diruthenium analogue, the half-wave potentials of the -aryl substituted 

species are shifted to more positive (anodic) potentials.[21,90] Considering that the oxidation 

processes mainly involve the bridging ligand, the redox potentials constitute an only indirect probe 

for the electron densities at the metal ions. Rather, they report the electron releasing properties of 

the Ru(CO)Cl(PiPr3)2 entities towards the bridging ligand and the HOMO energies of the bridging 

ligand themselves. For complexes of the general structure Ru-bridge-Ru, the difference in the half-

wave potentials E1/2 is considered to reflect the electronic interaction (electronic communication) 

between the remote redox sites. Larger half-wave potential splittings are expected as the intermetal 

interaction increases. This rule-of-thumb, however, has to be handled with care. Systems, where 

the bridging ligand actively participates in the redox processes, tend to show no correlation between 

half-wave potential splittings and the degree of ground-state delocalization in the mixed-valent 

state.[91] Thus, any conclusions about the electronic interaction based exclusively on E1/2 within 
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such systems are inadequate. In addition, one should note that, contrary to the other complexes, 

Ru2ViPh features two chemically different redox sites, such that the difference of the intrinsic redox 

potentials of the corresponding ruthenium phenyl and ruthenium styryl complexes of 125 mV might 

also contribute to the E1/2 of this complex. Ru2Naph displays a substantially larger half-wave 

potential splitting of 500 mV compared to 295 mV for the Ru2biphenyl and 190 mV for the mixed 

ethenylphenyl complex Ru2ViPh. We also note that all -aryl bridged diruthenium complexes exhibit 

slightly larger half-wave potential splittings than their divinylphenylene- and divinylbiphenylene-

bridged congeners. 

Table 19. Electrochemical data for all complexes and some related compounds. 

complex 
E1/2 Ep ipa/ipc E1/2 Ep ipa/ipc 

E1/2 
(0/+) (0/+) (0/+) (+/2+) (+/2+) (+/2+) 

Ru2ViPh 130 61 92 320 65 89 190 

Ru2biphenyl 120 59 90 415 62 78 295 

Ru2Naph -30 65 95 470 66 90 500 

Ru2ViPhVi a) -75   175   250 

Ru2ViPh2Vi b) 126   225   99 

All potentials in mV in CH2Cl2 at r.t. relative to the Cp2Fe0/+ couple (E1/2 = 0.00 mV); supporting electrolyte NBu4
+ PF6

- 
(0.1 M). a) Data from ref.[21] b) Data from ref.[24] 

 
 

It was now of interest to analyze the mixed-valent, one-electron oxidized forms of these 

complexes with respect to the electronic coupling and the charge and spin density distributions in 

order to investigate, whether half-wave potential splittings and electronic coupling go in parallel in 

these complexes. It was also interesting to compare the congeners with identical molecule halves 

to Ru2ViPh•+ with its built-in asymmetry. The results of these investigations are detailed in the 

following section of this chapter. 

6.1.4. IR SPECTROELECTROCHEMISTRY 

In order to gain deeper insights into the nature of the observed redox processes (vide supra) and 

to determine the degree of electronic coupling between the individual ruthenium entities, IR 

spectroelectrochemical experiments were conducted on the three homo-bimetallic -aryl 

ruthenium complexes.  
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Figure 56. Spectroscopic changes in the �̃�(CO) region during the first (left) and second oxidation step (right) of complex 
Ru2ViPh (top), Ru2biphenyl (middle), and Ru2Naph (bottom) inside an OTTLE cell; CH2Cl2/0.1 M NBu4PF6, r. t. 

For the neutral complexes, the energy of the CO stretch of the ruthenium-bonded carbonyl ligands 

varies only little between 1903 cm-1 and 1905 cm-1. Moreover, there is no difference in (CO) for 

the chemically different ruthenium entities of complex Ru2ViPh. On oxidation to the corresponding 

mixed-valent monocationic species, a moderate blueshift of 28-33 cm-1 based on the average value 
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of the (CO) bands as well as a splitting into two bands occurred. Oxidation of the monocationic 

species to the corresponding dications is accompanied by a further blueshift of the carbonyl 

stretching vibration. The hypsochromic shift during the second oxidation is somewhat larger than 

that observed for the first one (see Figure 56 and Table 20). This suggests a disproportionate charge 

loss from the ruthenium entities and a larger contribution to the second oxidation, while that of the 

bridging ligand concomitantly decreases. 

Table 20. Selected IR data for all complexes. 

complex neutral cation dication �̃�  a) �̃�  a)  b) 

Ru2ViPh 1905 1930/1948 1975 34 36 0.37 

Ru2biphenyl 1904 1921/1943 1969 28 37 0.33 

Ru2Naph 1903 1927/1944 1976 33 40 0.38 

All stretching vibrations reported in cm-1 in CH2Cl2 at r.t.; supporting electrolyte NBu4
+ PF6

- (0.1 M) a) shift based on 
the average value of the (CO) bands. b) calculated according to Equation 8. 

 

Of note are the distinctly different intensities of the two Ru(CO) bands with a very intense band 

at lower as well as a less intense one at higher energy. It is therefore not entirely clear, whether the 

two-band pattern arises from an electronic inequivalence of the two ruthenium entities or a lifting 

of the degeneracy of the more intense symmetrical and the less intense antisymmetrical 

combinations of the local CO stretches.[25,92] This kind of behavior has been observed for similar 

divinylarylene-bridged diruthenium complexes on earlier occasions, including the 1,4-

divinylphenylene-bridged analog.[21,90] If the former case applies, the relative shifts of the CO bands 

and their splitting can be used to derive the charge density distribution parameter as defined in 

Equation 8. The parameter is expected to increase with increasing electronic interactions 

between the metal entities in the mixed-valent state, assuming a value of 0.5 for completely 

delocalized class III systems, and a value of 0.0 in the completely localized class I limit. The obtained 

parameters of 0.33-0.38 correspond to moderately coupled class II systems. For such class II 

behavior, the two carbonyl bands of the mono-oxidized species should, however, exhibit similar 

oscillator strengths, which is clearly not the case here. Should the CO band splitting arise from the 

symmetric and antisymmetric combinations of the (CO) stretches, this band pattern would even 

be in agreement with ROBIN and DAY class III systems.[25,92]  

Moreover, all spectra of the radical cations exhibit besides the characteristic carbonyl vibration an 

intense band in the NIR region which will be discussed in detail in Chapter 6.1.7. 
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6.1.5. EPR SPECTROSCOPY 

To gain deeper insight into the spin density distributions, EPR spectroscopy on the radical cations 

was performed on the chemically oxidized complexes Ru2ViPh•+, Ru2biphenyl•+ as well as Ru2Naph•+. 

The latter were generated by using acetylferrocenium-hexafluoroantimonate as the oxidizing agent. 

Like the previously discussed mononuclear ruthenium -aryl complexes, the monooxidized species 

of the present complexes exhibit isotropic EPR signals in fluid solution with resolved hyperfine 

coupling constants to the 31P as well as 99/101Ru nuclei. This finding and the rather close proximity of 

the giso values to the free-electron value ge (see Table 21) already indicate a strong ligand character 

of the SOMO. Figure 57 displays the experimental and simulated spectra of the radical cations of all 

complexes. 

  

 

Figure 57. Comparison of experimental (top black curve) and simulated (bottom blue curve) EPR spectra of the radical 
cations Ru2ViPh•+ (top, left), Ru2Naph•+ (top, right), and Ru2biphenyl•+ (bottom) in CH2Cl2 at r.t. 

Relevant data from these experiments were extracted by simulation of the corresponding EPR 

spectra and are summarized in Table 21. Thus, the recorded spectra exhibit an isotropic quintet 

signal at giso values ranging from 2.0234 to 2.0278. Compared to the mononuclear -aryl ruthenium 
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complexes, the considerably smaller giso values of the homo-bimetallic complexes point to a higher 

spin density on the organic bridging ligand. This indicates that the larger extension of the conjugated 

-system of the bridging ligand overcompensates the effect of attaching a second Ru(CO)Cl(PiPr3)2 

moiety. Furthermore, the complexes Ru2biphenyl•+ and Ru2Naph•+ reveal coupling of the unpaired 

spin to four equivalent phosphorus nuclei as well as two equivalent ruthenium nuclei, while 

Ru2ViPh•+ exhibits coupling to two slightly different Ru(PiPr3)2 moieties, namely the styryl and the 

phenyl ruthenium ones. Thus, there are two different sets of 31P and 99/101Ru couplings. Each 

corresponds to the coupling of the unpaired electron spin to two equivalent phosphorous nuclei. In 

addition, one additional hyperfine splitting to the -vinyl proton has to be added to obtain a 

satisfactory match of the experimental and the simulated spectra. 

Table 21. EPR parameters for the chemically oxidized complexes. 

complex giso A(31P) A(99/101Ru) 

Ru2ViPh•+ a) 2.0234 15.4/14.9 9.6/8.7 

Ru2biphenyl•+ 2.0341 13.8 9.1 

Ru2Naph•+ 2.0278 15.0 9.1 

All hyperfine coupling constants in G; measured in CH2Cl2 at r.t., X-band. a) A(1H) = 4.8 G. 

 

6.1.6. QUANTUM CHEMICAL CALCULATIONS 

Quantum chemical calculations based on density function theory were performed in order to 

provide additional insight into the composition of the frontier MOs of Ru2ViPh, Ru2biphenyl as well 

as Ru2Naph and the extent of delocalization in the one-electron oxidized radical cations. The HOMOs 

of these complexes are strongly mixed in character with sizable contributions of the ruthenium 

entities as well as the bridging ligand (Figure 58). 

 

 

Figure 58. The HOMOs of Ru2ViPh, Ru2biphenyl, and Ru2Naph in their neutral states. 



 

 

98 Binuclear Ruthenium complexes 

Fragment contributions to the individual MOs are graphically displayed in Figure 59 to allow a 

more profound discussion of the latter. Thus, the HOMO of the neutral complexes is mainly located 

on the bridging ligand with contributions of approx. 60 %. The combined ruthenium entity 

contributions thus add to approx. 40 % with strictly equal contributions for both in Ru2biphenyl and 

Ru2Naph and slightly larger contributions of the vinyl-bonded Ru(CO)Cl(PiPr3)2 moiety in Ru2ViPh. In 

contrast, the corresponding LUMOs are mostly ruthenium centered, with each ruthenium co-ligand 

moiety contributing 43-44 % for Ru2biphenyl and Ru2Naph. In the asymmetric complex Ru2ViPh, the 

LUMO displays a strong vinyl ruthenium character (77 %) with only minor participation of the aryl 

ruthenium entity (8 %) as well as the bridging ligand (15 %). 

 

Figure 59. Calculated compositions of selected MOs for the full models of complexes Ru2ViPh (top), Ru2biphenyl (middle) 
and Ru2Naph (bottom) and their associated monocations and dications. RuVi, RuPh as well as Ru1, Ru2 represent the 
Ru(CO)Cl(PiPr3)2 moieties. 
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The charge distributions as well as the spin densities derived from NBO analysis match with the 

previously reported trends (Figure 60). Thus, Ru2ViPh•+ has 44 % of its charge on the bridging ligand, 

while 32 % are located at the ruthenium co-ligand moiety attached to the vinyl side of the bridging 

ligand and 24 % at the ruthenium co-ligand entity attached to the arylene-bridge. Upon oxidation to 

the dicationic species, the charge is shifted more to the ruthenium entities, leaving 23% of the 

charge at the bridging ligand and 33 % at the vinyl ruthenium, respectively 44 % at the aryl ruthenium 

entity. For the radical cation Ru2biphenyl•+, 42 % of the charge are located on the biphenylene 

bridge, while 29 % are associated with every ruthenium entity. After the second oxidation the 

situation changes insofar as only 24 % of the second charge are hosted by the bridging ligand, while 

every ruthenium moiety accounts for 38 % of the total charge loss. In Ru2Naph•+, 40 % of the charge 

are distributed over the bridging ligand, while every ruthenium entity carries 30 % of the charge. 

Thus, annelating the two phenyl rings of the bridge has rather little influence on the compositions 

of the frontier MOs and their changes during the stepwise oxidations. After the second redox 

process to the corresponding dication, 20 % of the second charge are hosted by the naphthalene 

ligand, while every ruthenium moiety accounts for 40 % of the charge loss. The spin density 

distribution exhibits a similar behavior. 
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Figure 60. Spin densities and charge distributions derived from natural bond orbital analysis of Ru2ViPhn+, Ru2biphenyln+ 
as well as Ru2Naphn+ (n = 0,1,2). 

 

The calculated Ru(CO) bands run closely parallel to the experimentally observed ones. In the 

neutral as well as in the dicationic complexes, only one (CO) band is observed, due to the small 

splitting of the energies of the CO stretches (1-4 cm-1). Moreover, the the two band pattern of 

carbonyl bands in the mono-oxidzed forms is predicted to arise from the splitting of the CO stretches 

into a symmetrical and an asymmetrical mode as observed for similar divinylarylene-bridged 

diruthenium complexes (see Table 22). 
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Table 22. Characteristic experimental and calculated (CO) bands for complexes Ru2ViPh, Ru2ViPh+, Ru2ViPh2+, 
Ru2biphenyl, Ru2biphenyl+, Ru2biphenyl2+, Ru2Naph, Ru2Naphl+ and Ru2Naph2+. 

complex exp. �̃�(CO) calc. �̃�(CO)symm. calc. �̃�(CO)antisymm. 

Ru2ViPh 1905 1902 1903 

Ru2ViPh+ 1930/1948 1915 1933 

Ru2ViPh2+ 1975 1968 1971 

Ru2biphenyl 1904 1894 1898 

Ru2biphenyl+ 1921/1943 1920 1940 

Ru2biphenyl2+ 1969 1973 1976 

Ru2Naph 1903 1900 1901 

Ru2Naph+ 1927/1944 1921 1936 

Ru2Naph2+ 1969 1971 1974 

All stretching vibrations reported in cm-1. 

 

6.1.7. UV/VIS/NIR SPECTROELECTROCHEMISTRY 

The electronic spectra of the neutral homo-bimetallic -aryl ruthenium complexes feature a 

moderately intense band in the Vis and a stronger absorption in the near UV region. Oxidation of 

these complexes to the corresponding radical cations induces the growth of a fairly intense 

absorption in the Vis region ( approx. 4000 to 10000 M-1cm-1) and an even more intense absorption 

band in the NIR ( approx. 5000 to 13000 M-1cm-1) (Figure 61 and Table 23). Upon oxidation to the 

dicationic species the NIR band vanishes, while the growth of an intense band at higher energies is 

observed for Ru2biphenyl as well as Ru2Naph, but not for Ru2ViPh. A representative set of spectra 

recorded during the electrolysis of complexes Ru2ViPh, Ru2biphenyl as well as Ru2Naph are displayed 

in Figure 61. 
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Figure 61. Spectroscopic changes in the UV/Vis/NIR-SEC experiment during the first (left) and the second oxidation 
(right) of complex Ru2ViPh (top), Ru2biphenyl (middle), and Ru2Naph (bottom) inside an OTTLE cell; CH2Cl2/0.1 M NBu4PF6, 
r. t. 
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Table 23. UV/Vis/NIR data for all complexes. 

complex max (max) 

Ru2ViPh 496 (980), 378 (4240), 314 (19165) 

Ru2ViPh+ 1079 (12950), 954 (8155), 472 (9740) 

Ru2ViPh2+ 582 (-), 385 (9880) 

Ru2biphenyl 482 (750), 384 (2170), 324 (16560) 

Ru2biphenyl+ 1494 (4320), 1240 (2415),464 (4100) 

Ru2biphenyl2+ 700 (8615), 760 (4215) 390 (4420) 

Ru2Naph 529 (675), 368 (2270) 

Ru2Naph+ 1212 (9890), 1051 (4905), 455 (2880), 362 (4645) 

Ru2Naph2+ 805 (2675), 636 (7245) 

All wavelengths in nm; extinction coefficients in M-1cm-1 in CH2Cl2 at r.t.; supporting electrolyte NBu4
+ PF6

- (0.1 M). 

 

Further investigation of the structured NIR band was performed in order to gain a deeper 

understanding of the degree of electronic interaction between the ruthenium entities. It is 

conspicuous that these complexes exhibit a structured NIR absorption. Thus, the absorption maxima 

of Ru2ViPh•+ are separated by 1270 cm-1, while Ru2biphenyl•+ shows a separation of 1360 cm-1 and 

Ru2Naph•+ one of 1240 cm-1. Such kind of behavior is well known for bis(ethynyl)phenylene-bridged 

diruthenium complexes, where several rotational conformers with different electronic coupling 

strengths coexist in solution. On the other hand, such behavior has also been observed in mixed-

valent compounds showing large contributions of the -conjugated “bridge” to the redox process, 

as it is the case here,[93,94] and was then usually associated with intrinsically delocalized systems of 

class III. Moreover, this phenomenon of vibrationally structured NIR bands is attributed to class III 

ROBIN and DAY behavior.[95] In order to distinguish between these possibilities, the dependence of 

the shape, positioning and structuring of the NIR bands on the solvent polarity was examined. For a 

class II system or a mixed-valent system with several coexisting conformers, alterations of the NIR 

spectrum should be observable, while no such changes should apply for the charge resonance band 

of a class III system. As a matter of fact, the NIR absorption features proved to be non-

solvatochromic, which confirms the idea of class III mixed-valent systems (Figure 62).  
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Figure 62. Superimposed NIR spectra in acetone (gray), chlorobenzene (black), and DCE (blue) of the radical cations 
Ru2ViPh•+ (top, left), Ru2biphenyl•+ (top, right), and Ru2Naph•+ (bottom). 

In line with the absence of any solvatochromism, our TD-DFT calculations indicate that the NIR 

band is not associated with charge transfer between the ruthenium entities, at least for the 

complexes with two identical redox sites. Instead, both the -HOSO donor and the -LUSO acceptor 

orbital are delocalized across the entire metal-organic backbone, and for both orbitals, 

contributions from the two ruthenium entities are identical. Thus, in Ru2Naph•+ the NIR band has 

bridge-to-metal charge transfer character, while Ru2biphenyl•+ has minor charge-transfer character. 

In the case of Ru2ViPh•+, the -HOSO donor orbital shows a higher contribution from the phenyl-

bound ruthenium co-ligand entity, while -LUSO acceptor orbital exhibits higher contributions from 

the styryl-connected Ru(CO)Cl(PiPr3)2 entity. Therefore, in Ru2ViPh•+ this band seems to be 

associated with some metal-to-metal charge transfer character (see Table 24, Table 25 and Figure 

63). The amount of charge transfer is, however, so small that no solvatochromism can be observed. 
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Table 24. Characteristic computed vertical excitation energies for complexes Ru2ViPh, Ru2ViPh+, Ru2ViPh2+ as well as 
Ru2biphenyl, Ru2biphenyl+ and Ru2biphenyl2+. 

complex 
exp. 

trans. 
calc. 

trans. 
Major contribution osc. strength 

Ru2ViPh 

496 557 HOMO  LUMO (79 %) 0.06 

378 368 HOMO-5  LUMO+1 (69 %) 0.03 

314 310 
HOMO  LUMO+4 (52 %) 

HOMO  LUMO+2 (40 %) 
0.85 

Ru2ViPh+ 
1079 885 HOSO()  LUSO() (96 %) 0.51 

472 416 HOSO()  LUSO+2() (82 %) 0.44 

Ru2ViPh2+ 385 384 
HOSO()  LUSO+2() (37 %) 

HOSO-17()  LUSO() (12 %) 
0.38 

Ru2biphenyl 

482 524 
HOMO  LUMO (68 %) 

HOMO-1  LUMO+1 (24 %) 
0.01 

384 377 
HOMO-5  LUMO (47 %) 

HOMO-4  LUMO+1 (46 %) 
0.07 

324 327 
HOMO  LUMO+3 (57 %) 

HOMO-1  LUMO+4 (19 %) 
0.05 

Ru2biphenyl+ 

1494 1297 HOSO()  LUSO() (98 %) 0.73 

464 452 
HOSO()  LUSO+1() (69 %) 

HOSO()  LUSO+1() (15 %) 
0.01 

Ru2biphenyl2+ 

700 644 HOSO-4()  LUSO() (75 %) 0.35 

390 368 
HOSO-22()  LUSO() (52 %) 

HOSO-23()  LUSO+1() (18 %) 
0.19 

All wavelengths in nm. 
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Table 25. Characteristic computed vertical excitation energies for complexes Ru2Naph, Ru2Naph+ and Ru2Naph2+. 

complex 
exp. 

trans. 
calc. 

trans. 
Major contribution osc. strength 

Ru2Naph 
529 550 

HOMO  LUMO+1 (78 %) 

HOMO-1  LUMO (15 %) 
0.01 

368 347 HOMO  LUMO+2 (94 %) 0.09 

Ru2Naph+ 

1212 1043 HOSO()  LUSO() (97 %) 0.51 

455 436 
HOSO()  LUSO+2() (66 %) 

HOSO-3()  LUSO+2() (11 %) 
0.09 

362 362 
HOSO-3()  LUSO+2() (33 %) 

HOSO()  LUSO+2() (20 %) 

HOSO-3()  LUSO+3() (15 %) 

0.08 

Ru2Naph2+ 

805 1096 
HOSO()  LUSO() (80 %) 

HOSO-1()  LUSO() (18 %) 
0.07 

636 564 
HOSO-7()  LUSO() (59 %) 

HOSO-2()  LUSO+1() (19 %) 
0.24 

All wavelengths in nm. 
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Ru2ViPh+ Ru2biphenyl+ 

 

Ru2Naph+ 

Figure 63. Calculated electron density difference maps for NIR excitations of complexes Ru2ViPh+, Ru2biphenyl+ and 
Ru2Naph+ (red: increasing charge density, blue: decreasing charge density). 

 

6.1.8. SUMMARY 

We succeeded in preparing and studying a series of homo-bimetallic -aryl ruthenium complexes 

in their neutral, mono-, as well as di-oxidized states. All complexes exhibit two reversible one-

electron oxidations with half-wave potential splittings E1/2 in the range of 190 to 500 mV. Our 

results indicate that the mixed-valent radical cations display a fully delocalized class III behavior 

according to ROBIN and DAY. This is supported by IR, UV/Vis/NIR as well as EPR experiments and by 

quantum chemical calculations. Only in the case of the unsymmetrically built Ru2ViPh+ with one 

styryl and one phenyl-type ruthenium moiety, the calculations indicate different charges for the two 

ruthenium entities. Despite the presence of some metal-to-metal charge transfer from the phenyl-
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bound to the styryl-connected Ru(CO)Cl(PiPr3)2 entities, the NIR band shows no solvatochromism, 

which is most probably a consequence of the strong bridge character of the SOMO. 

The appearance of a composite IR band, with a strong absorption at lower and a considerably less 

intense one at higher energy, was traced to the splitting of the Ru(CO) stretches into the symmetric, 

respectively asymmetric combinations of the carbonyl vibrational modes of a ligand-bridged 

Ru2(CO)2
•+ array.  

 

6.2. HETEROBIMETALLIC ARYL RUTHENIUM COMPLEXES  

6.2.1. INTRODUCTION 

Since the pioneering work of CREUTZ and TAUBE, mixed-valent systems have gained tremendous 

interest as described above. Most of the reported mixed-valent systems with two metal-containing 

termini feature two identical metal-coligand moieties that are bridged by a common unsaturated, 

-conjugated organic ligand.[79,91,93,96] Besides these symmetric systems, a smaller variety of 

asymmetrically built mixed-valent compounds is known. For instance, several purely organic[97], 

mixed metal-organic[98] and hetero-bimetallic ruthenium/osmium,[99] iron/molybdenum[100] and 

iron/rhenium[101] complexes bridged by -conjugated entities are reported in the literature.  

 

Figure 64. Asymmetric ferrocene/ruthenium complexes reported by ZHONG and coworkers.[102,103] 

In 2013, ZHONG and coworkers presented the asymmetric mixed-valent complexes of Figure 64, 

where a 1,3-diiminebenzene-derived pincer ligand bridges a ruthenium terpyridine and a ferrocenyl 

moiety. These compounds displayed two electrochemically reversible one-electron oxidation 

waves, where the first wave is associated with the Cp2Fe0/+ redox process, while the second one is 

assigned to the RuII/III redox process. The half-wave potential splitting E1/2 ranges from 280 to 

470 mV. Moreover, spectroelectrochemical measurements showed that the mixed-valent, one-
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electron oxidized radical cation features an IVCT band in the NIR region arising from charge transfer 

from the RuII to the FcIII+ unit. Upon the second oxidation, this IVCT band is bleached. The presence 

of the IVCT band suggests, that there is some degree of electronic coupling across the 

cyclometallating ligand and the attached cyclopentadienide ring. Despite the fact that a potentially 

redox non-innocent ligand is present, the authors calculated the electronic coupling parameter with 

rab representing the Ru-Fe distance. This approach may underestimate the electronic coupling 

within these complexes.[102,103]  

The idea of asymmetric building blocks, combined with the fascinating electronic properties of 

mixed ruthenium/ferrocene systems, motivated us to extend our studies to hetero-bimetallic 

complexes. The choice of the Ru(CO)Cl(PiPr3)2 moiety should offer an IR active carbonyl ligand, which 

provides detailed insight into the change of electron density at the ruthenium atom. 

To this end, four hetero-bimetallic ferrocene -aryl ruthenium hybrid complexes were synthesized 

and examined with regard to their electrochemical and spectroscopic properties. Therefore, cyclic 

voltammetry, IR-, as well as UV/Vis/NIR-spectroelectrochemistry was performed and 

complemented by quantum chemical calculations. 

 

6.2.2. SYNTHESIS & CHARACTERIZATION 

The complexes to be discussed in this section are summarized in Figure 65. The hetero-bimetallic 

-phenyl ruthenium/ferrocene complexes RuPhFc and RuPhViFc with penta-coordinated 

Ru(CO)Cl(PiPR3)2(alkenyl) entities were synthesized according to the modified procedures of VAN DER 

SCHAAF[48] and CAULTON[49] by the reaction of the in situ generated 14 VE ruthenium complex 

RuHCl(PiPR3)2 with the corresponding benzaldehydes. The pure carmine-colored complexes were 

obtained in moderate yields of 27 - 45 % after a simple workup.  
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Figure 65. Synthesized and characterized hetero-bimetallic ferrocene -aryl ruthenium hybrid complexes with penta- 
as well as hexa-coordinated ruthenium entities. 

The required precursors were synthesized via two different synthetic pathways (see Scheme 16). 

Metal halogen exchange of 4-ferrocenyl-bromobenzene using tBuLi and subsequent formylation 

with DMF provided access to the precursor compound for the synthesis of RuPhFc.[104] The precursor 

for RuPhViFc was synthesized starting from acteylferrocene. Reduction of the carbonyl function to 

the corresponding carbinol with NaBH4
[105] was followed by a dehydration reaction to generate 

ethenylferrocene.[106] The corresponding precursor compound to RuPhViFc was then synthesized by 

a HECK reaction with 4-bromobenzaldehyde.[107]  

The hexa-coordinated congeners acacRuPhFc and acacRuPhViFc were synthesized by reaction of 

RuPhFc, respectively RuPhViFc, with acetylacetone and K2CO3 in methanol. Due to the coordination 

of the bidentate -ketoenolato ligand, the valence electron count at the ruthenium center increases 

from 16 to 18. The pure yellow-colored acetylacetonato- (acac-) coordinated ruthenium/ferrocene 

complexes were obtained in high yields of 97 %. 
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Scheme 16. Synthesis of the hetero-bimetallic aryl ruthenium/ferrocene complexes. 

 

 

All complexes were characterized by multinuclear 1H, 31P{1H} and 13C{1H} NMR spectroscopy. 

Systematic effects on the chemical shifts are particularly evident for the ipso carbon atoms of the 

phenyl and the substituted cyclopentadienide rings and the phosphorus atoms (see Table 26). 

Coordination of the electron-donating acac co-ligand leads to an increased electron density at the 

ruthenium center, shifting the phosphorus resonance signals to higher field. Opposite effects are 

observed for the carbon resonance signals, with a larger shift difference for the spatially closer Cipso,Ph 

atoms.  
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Table 26. Selected 13C and 31P{1H} NMR data for all complexes measured in C6D6. 

complex 
 in ppm (J in Hz) 

Cipso,Ph Cpara,Ph Cipso,Cp- 31P{1H} 

RuPhFc 153.6 (9.9) 131.5 86.1 34.94 

RuPhViFc 156.7 (9.7) 131.3 84.7 35.45 

acacRuPhFc 158.0 (10.9) 131.5 87.6 31.39 

acacRuPhViFc 162.1 (10.9) 130.3 85.3 31.93 

All chemical shifts  in ppm, coupling constant J in Hz.  

 
 

Moreover, we were able to grow single crystals suitable for X-ray diffraction experiments of the 

complexes RuPhFc, acacRuPhFc and acacRuPhViFc by slow evaporation of saturated solutions of the 

complexes in CH2Cl2 or benzene. Figure 66 depicts the molecular structures derived from the single 

crystal X-ray diffraction experiments. 
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Figure 66. X-ray crystallographic structures of RuPhFc (top), acacRuPhFc (middle) and acacRuPhViFc (bottom) with views 
along the phenyl ring (left) and perpendicular to the phenyl ring (right). Hydrogen atoms are omitted for reasons of clarity; 
ellipsoids are shown at a 50 % probability level. 

The ruthenium ion of the Ru(CO)Cl(-aryl)(PiPr3)2 moiety of complex RuPhFc is coordinated in a 

slightly distorted square pyramidal geometry with an CO-Ru-Cl angle of 159.4° and a P-Ru-P angle 

of 173.5°. The phenyl ligand occupies the apical site. The cyclopentadienide (Cp) ligands of the 

ferrocene moiety are coplanar to each other with an interplanar angle of less than 4° and are in 

close to ecliptic conformation. The plane of the phenyl ligand is rather coplanar to the equatorial 

coordination plane as defined by the ruthenium atom, the CO and the Cl- or acac- ligands, and 

perpendicular to the P-Ru-P vector. Thus, interplanar angeles between the phenyl and the 

equatorial coordination planes range from 6.4° to 16.3°, while those to the P-Ru-P vector fall in the 
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range of 84.7° to 87.9°. The planes of the phenyl ring and attached Cp ligand are almost coplanar in 

RuPhFc and acacRuPhFc and moderately rotated by 27.9° in acacRuPhViFc. The other co-ligands 

adopt the usual mutual trans arrangement of the bulky phosphine ligands and of the - and -

donating chloro and -accepting carbonyl ligand. The presence of an addition donor ligand trans to 

the -aryl ligand has the effect of lengthening the Ru-Cipso,Ph bond by approx. 0.05 Å. Owing to the 

stronger -trans influence of the -aryl ligand, the bond length Ru-O1 to the acac oxygen donor 

atom opposite the phenyl ligand is appreciably larger than Ru-O2, i.e. the Ru-O bond opposite to 

the CO ligand. Within the series RuPhFc, acacRuPhFc and acacRuPhViFc, the distance between the 

Ru and the Fe atoms increases from 7.58 Å to 7.89 Å, and to 10.43 Å. The larger separation between 

the metal atoms in acacRuPhFc arises from a strictly coplanar arrangement of the phenyl and the 

attached cyclopentadienide ring of the ferrocenyl substituent. In contrast, there is considerable 

curvature in the RuPhFc complex. The Ru-Fe distance in acacRuPhViFc is somewhat larger (10.43 Å 

vs. 10.27 Å) than in its positional isomer acacRuViPhFc, where the vinyl group is on the side of the 

ruthenium atom.[108] This is due to some bending of the ferrocene nucleus away from the 

Ru(CO)(acac)(PiPr3)2 moiety (see Table 27). 

 

 

Figure 67. Packing of individual molecules in the crystal of RuPhFc and their association through hydrogen-bonds. Short 
OH and ClH contacts are indicated by broken, blue lines; the other hydrogen atoms and the iPr groups are omitted for 
reasons of clarity. 
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Table 27. Selected bond lengths and interatomic angles for the structures of complexes RuPhFc, acacRuPhFc, 
acacRuPhViFc and acacRuViPhFc. All distances are given in Å. 

 

 RuPhFc acacRuPhFc acacRuPhViFc acacRuViPhFc a) 

∡Ar-Ru-CO 89.1(3)° 88.81(9)° 91.63(11)° 91.11(13)° 

∡O-Ru-O  83.46(6)° 83.36(7)° 85.28(8)° 

∡P-Ru-P 173.42(7)° 176.79(2)° 176.75(3)° 177.79(3)° 

dRu-Fe 7.579 7.894 10.427 10.271 

dRu-CO 1.792(8) 1.805(2) 1.803(3) 1.806(3) 

dRu-CAr 2.032(6) 2.077(2) 2.073(3) 2.040(3) 

dRu-O1 

dRu-O2 

 

 
2.1850(15) 
2.1375(15) 

2.188(2) 
2.1462(18) 

2.182(2) 
2.126(2) 

dRu-P1 
dRu-P2 

2.4162(17) 
2.4107(17) 

2.4182(6) 
2.4419(5) 

2.4566(7) 
2.4500(7) 

2.4488(8) 
2.4182(8) 

∡Plane: Ar/CO-Ru-acac 16.3° 6.4° 13.2° 10.2° 

∡Plane: Fc/Ar 5.8° 8.7° 27.1° 23.9° 

∡Plane: Ar/P-Ru-P 84.7° 86.4° 87.9° 88.3° 

∡Plane: Ph/Cp 5.8° 2.7° 27.9° 24.0° 

∡Plane: Cp/Cp 4.0° 2.6° 3.9° 0.8° 

a) Data from ref.[108] 

 
 

The packing of individual molecules in the RuPhFc crystal (Figure 67) is determined by hydrogen 

bonding of the carbonyl oxygen to a methyl proton of the PiPr3 ligand (dOH = 2.670 Å) and of the 

chloride ligand to a proton of the substituted Cp ring at a neighboring position to the phenyl 

substituent (dHCl = 2.865 Å) as well as an additional hydrogen bond to another methyl proton of a 

PiPr3 ligand of 2.877 Å. All these hydrogen bonds are only slightly shorter than the sum of the van 

der Waals radii.[109,110] 
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Figure 68. Different view of the packing of individual molecules in the crystal of RuPhFc (top) and illustrative depiction 
of the coordination layers (bottom). 

As depicted in Figure 68, the hydrogen bonds that involve the PiPr3 protons arrange the RuPhFc 

complex molecules in rows that run perpendicular to the bc plane of the structure. These rows are 

further interconnected to stripes by CpHCl bonds. Within each stripe, the ferrocenyl substituents 

are aligned in the same direction. Every molecule of a stripe has a counterpart, which is related to 

it by inversion symmetry, such that a double layer structure is created. Molecules of adjacent layers 

are inclined of an angle of 18.2°, as defined by the planes of the substituted Cp ligands. 
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Figure 69. Packing of individual molecules in the crystal of acacRuPhFc and their association through hydrogen bonds. 
Short contacts are indicated by broken, blue lines; the other hydrogen atoms and the iPr groups are omitted for reasons 
of clarity. 

The acacRuPhFc complex with a hexa-coordinated ruthenium moiety reveals a complex packing 

motif. The crystal is composed of a layered structure. Within every layer, individual molecules are 

associated via weak CHO hydrogen bonds between a ferrocenyl proton in neighboring position to 

the phenyl substituent or a methyl proton of the acac ligand to the oxygen atom of the carbonyl 

ligand of 2.659 Å, respectively, 2.559 Å, as well as weak CH-interactions involving another proton 

of the same acac methyl substituent and the substituted Cp- ring of the ferrocene pendant of 

2.887 Å. The ferrocenyl substituents are alternatively disposed to different sides, protruding from 

the layers (see Figure 69). Individual layers are interconnected by CH-hydrogen bonds of 2.837 Å 

between PiPr3 methyl protons and the unsubstituted Cp ring (see Figure 69, bottom). 
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Figure 70. Dimers of individual molecules of acacRuPhViFc in the crystal structure formed by CHO hydrogen-bonding. 
Short HO contacts are indicated by broken, blue lines; irrelevant hydrogen atoms and iPr groups are omitted for reasons 
of clarity. 

In the crystal lattice of the complex acacRuPhViFc, individual molecules are likewise 

interconnected by hydrogen bonding between the carbonyl oxygen to one iPr hydrogen atom, 

leading to a dimeric arrangement (see Figure 70). These molecules are symmetry related by an 

inversion center. The OH distance of 2.652 Å is only slightly shorter than the sum of the van der 

Waals radii.[109,110] As shown in Figure 71, those centrosymmetric dimers arrange in rows with a 

parallel alignment of individual molecules between neighboring rows. 

 

 
 

Figure 71. The packing of individual molecules in the crystal of acacRuPhViFc  (left), with illustrative depiction of the 
arrangement of the dimeric units to rows (right). 
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6.2.3. CYCLIC VOLTAMMETRY 

In their cyclic voltammograms, RuPhFc, RuPhViFc, acacRuPhFc and acacRuPhViFc display two 

consecutive, chemically and electrochemically reversible one-electron oxidations, as shown in 

Figure 72. Every of these oxidation waves shows close to ideal parameters in terms of the peak 

current ratios ipa/ipc and peak potential differences Ep. 

  

  

Figure 72. Cyclic voltammograms of complexes RuPhFc (top, left), RuPhViFc (top, right), acacRuPhFc (bottom, left), and 
acacRuPhViFc (bottom, right) in CH2Cl2 at r.t. with 0.1 M NBu4

+ PF6
- as the supporting electrolyte. 

Pertinent data from the corresponding voltammograms are summarized in Table 28. The half-

wave potential of the first oxidation process is rather cathodic and ranges from -160 to -75 mV 

versus the Cp2Fe0/+ redox standard. The second oxidation exhibits a half-wave potential between 

190 and 575 mV versus the Cp2Fe0/+ redox couple. From these data and those of related compounds, 

it becomes evident that a larger extension of the -system leads to a decrease of the half-wave 

potential difference E1/2. The replacement of the vinyl by a phenylene linker reduces the half-wave 

potential difference for the two consecutive one-electron steps from 815 mV to 650 mV.[111] 

Extension by one additional vinyl building block further decreases the half-wave potential splitting 
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to 455 mV for the RuPhViFc system, and to 400 mV for the RuViPhFc isomer.[108] Moreover, E1/2 

decreases with increasing electron donating capability of the monoanionic co-ligand at the -

organyl ruthenium moiety. The redox potentials of the new hereobimetallic Fc/Ru complexes 

complexes increase in the order acacRuPhViFc<acacRuPhFc<RuPhViFc<RuPhFc. This ordering follows 

the valence electron count at the ruthenium atom and the extension of the -conjugated bridge. 

Quite interestingly, there are only minor differences between the two pairs of isomeric complexes 

with a bridging styryl ligand, RuViPhFc and RuPhViFc, as well as acacRuViPhFc and acacRuPhViFc in 

terms of the redox potentials of the individual redox processes and the half-wave potential splittings 

E1/2. These isomers differ with respect to whether the ruthenium atom or the ferrocenyl 

substituent are attached to the vinyl substituent or to the phenyl ring of the unsymmetrical styryl 

linker. For both pairs of complexes, the isomer with the ruthenium atom bonded to the phenyl ring 

shows a slightly lower first and a slightly higher second oxidation potential, which leads to an overall 

enhanced redox splitting for the RuPhViFc isomers. On comparing the half-wave potentials of the 

16 VE chloro complexes and their 18 VE acac counterparts one notes that ligand substitution affects 

both E1/2 values, yet to different degrees. Thus, the cathodic shift of the half-wave potential of the 

second oxidation, E 1/2
+/ 2+

, is always larger than that of E 1/2
0/ +

, leading to the observed decrease of 

E1/2. Moreover, the difference between the shifts of the first and the second oxidation potential 

decreases with increasing “spacer” length, i.e. from 150 mV in the RuPhFc (E 1/2
0/ +

 = -85 mV, 

E 1/2
+/ 2+

 = -235 mV), to 110 mV in the RuPhViFc (E 1/2
0/ +

 = -40 mV, E 1/2
+/ 2+

 = -150 mV) pairs of 

complexes. The non-uniformity of these shifts seems to imply some bias of the first oxidation to the 

ferrocenyl and of the second oxidation to the organyl ruthenium site. This can now be probed by 

spectroscopic studies on the one-electron oxidized forms of these complexes. The results of those 

studies are detailed in the following sections. 
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Table 28. Electrochemical data for all complexes and the colsely related complex RuViFc and the RuViPhFc isomer. 

complex 
E1/2 Ep ipa/ipc E1/2 Ep ipa/ipc 

E1/2 
(0/+) (0/+) (0/+) (+/2+) (+/2+) (+/2+) 

RuPhFc -75 58 0.89 575 57 0.98 650 

RuPhViFc -80 63 0.98 375 61 0.96 455 

acacRuPhFc -160 70 0.98 340 65 0.99 500 

acacRuPhViFc -120 59 0.98 190 58 0.94 310 

RuViFc a) -235 58  580 60  815 

RuViPhFc b) -45 57  355 63  400 

acacRuViPhFc b) -115 58  165 57  280 

All potentials in mV in CH2Cl2 at r.t. relative to the Cp2Fe0/+ couple (E1/2 = 0 mV); supporting electrolyte NBu4
+ PF6

- 
(0.1 M). a) Data from ref.[111] b) Data from ref.[108] 

 
 

6.2.4. IR SPECTROELECTROCHEMISTRY 

IR spectroelectrochemical (SEC) experiments were performed for all ferrocene-based -aryl 

ruthenium complexes in order to elucidate the origin of the observed redox processes (vide supra) 

as well as to determine the degree of charge delocalization between the ruthenium ion and the 

ferrocene entity. Owing to the superior donor capabilities of the acac co-ligand when compared to 

Cl-, the energy of the CO stretching vibration decreases from 1905 cm-1, respectively 1906 cm-1 to 

1894 cm-1 in the neutral complexes. Such decrease in the energy of the CO stretch is not only 

observable in the neutral, but also in the cationic and dicationic states. A similar observation was 

made for the styrylruthenium-ferrocene analogues RuViPhFc and acacRuViPhFc (Table 29).[111,108]  
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Table 29. Selected IR data for all complexes and related compounds. 

complex neutral cation dication �̃�  �̃�  

RuPhFc 1905 1915 1981 10 66 

RuPhViFc 1906 1911 1966 5 55 

acacRuPhFc 1894 1903 1962 9 59 

acacRuPhViFc 1894 1897 1955 3 58 

RuViFc a) 1908 1932 2004 24 72 

RuViPhFc b) 1910 1917 1977 7 60 

acacRuViPhFc b) 1897 1909/1942 c) 1969 12/45 60/27 

All wavelengths in cm-1 in CH2Cl2 at r.t.; supporting electrolyte NBu4
+ PF6

- (0.1 M). a) Data from ref.[111] b) Data from 
ref.[108] c) 2nd set of signals due to the presence of the complex valence tautormers. 

 
 

During the first oxidation process, the carbonyl band is shifted by only 3 to 10 cm-1. This indicates 

that the unipositive charge resulting from the one-electron oxidation largely resides on the 

ferrocenyl entity. In contrast, a band shift of the carbonyl stretching vibration of 55 to 66 cm-1 is 

observed upon second oxidation. This matches with the expected range for a one-electron oxidation 

of a simple -aryl complex. Unfortunately, the second oxidation of the acac complexes is 

accompanied by an irreversible chemical process, which leads to an additional CO containing species 

(see Figure 73). Such decomposition was also observed within the hexafluoroacetylacetonate 

coordinated styrylruthenium-ferrocene analog.[108] 

 

  

Figure 73. Spectroscopic changes in the �̃�(CO) region during first (right) and second oxidation (right) of complex 
acacRuPhFc inside an OTTLE cell; CH2Cl2/0.1 M NBu4PF6, r. t. 
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Moreover, it was reported that the single Ru-CO band for the literature-known isomer 

acacRuViPhFc envolves during the first oxidation into a pattern of two overlapping bands with 

different intensities. These separate bands merge upon second oxidation into a single carbonyl band 

(Table 29). This behavior was traced to the coexistence of two equilibrating species at the radical 

cation stage that differ in terms of whether the positive charge resides at the alkenylruthenium site 

or at the ferrocenyl unit. This phenomenon is termed as valence tautomerism.[108] However, such a 

behavior was not obtained for the ferrocene substituted -aryl ruthenium complexes. This is 

obviously due to a larger energy difference of the involved frontier orbitals. Phenomenologically, 

this difference can be approximated by the intrinsic differences between the half-wave potentials 

of phenylferrocene (E  1/2
0/+

 = 150 mV)[112] and the styrylruthenium complexes (PiPr3)2(CO)ClRu-

CH=CH-Ph (E  1/2
0/+

 = 280 mV)[20] or (PiPr3)2(CO)(acac)Ru-CH=CH-Ph (E  1/2
0/+

 = 22 mV)[113] for the 

RuViPhFc complex series on the one hand, and those of styrylferrocene (E  1/2
0/+

 = 25 mV)[58] and the 

phenylruthenium complexes (PiPr3)2(CO)ClRu-Ph (E  1/2
0/+

 =  410 mV) and (PiPr3)2(CO)(acac)Ru-Ph 

(E  1/2
0/+

 = 150 mV) on the other. 
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Figure 74. Spectroscopic changes in the NIR region during the first (left, top) and the second oxidation (left, bottom) of 
complex RuPhFc, as well as the changes in the �̃�(CO) region during first (right, top) and second oxidation (right, bottom). 

Furthermore, all spectra of the radical cations exhibit a rather intense band in the NIR region as 

well as a sharper, weaker low energy absorption at 4063 cm-1 or 4227 cm-1 (see Figure 74). The latter 

band is assigned as an interconfigurational d-d transition resulting from a charge-transfer 

enhanced ligand field or ligand to metal charge transfer (LMCT) transition within the ferrocenium 

moiety.[114] The more intense NIR band will be discussed in detail in Chapter 6.2.6. 
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6.2.5. QUANTUM CHEMICAL CALCULATIONS 

Quantum chemical calculations based on density functional theory were conducted on the 

complexes RuPhFc, RuPhViFc, acacRuPhFc and acacRuPhViFc in their neutral, one-, and two-electron 

oxidized states, in order to provide additional insight on the compositions of the relevant frontier 

MOs and the impact of the anionic co-ligand and the -conjugated organyl “linker”. The 

quasirelativistic Wood-Boring small-core pseudopotentials (MWB28)[115,116] and the corresponding 

optimized set of basis functions for Ru,[117] the valence basis set developed for the many-electron 

Dirac-Fock (MDF10) for Fe[118] and 6-31G(d) polarized double- basis sets[119] for the remaining 

atoms were employed together with the PERDEW, BURKE, ERNZERHOF exchange and correlation 

functional (PBE0).[120,121] However, the electronic properties of the radical cations were only poorly 

reproduced by these basis sets. Both the theoretical model and the basis set were therefore 

changed. Replacing the 6-31G(d) basis set by the WACHTER primitive basis sets[122] for Fe and the 

BECKE, PERDEW, WANG exchange and correlation functional (BPW91)[123] produced results which are 

much more consistent with our experimental observations. We note here that the WACHTER basis 

set is known to perform much better for ferrocene-containing systems. 

As depicted in Figure 75, the HOMO of these complexes constitutes a delocalized molecular orbital 

with substantial contributions from the ruthenium moiety, the bridging ligand, as well as the 

ferrocenyl unit. In case of the acac coordinated complex, the acac ligand also contributes to the 

HOMO. To enable a more detailed discussion, percentage fragment contributions to the crucial 

frontier MOs of the neutral complexes RuPhFc and acacRuPhFc, as well as their associated radical 

cations are displayed in Figure 76. 
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Figure 75. Selected MOs of RuPhFc (top) and acacRuPhFc (bottom) in their neutral and monooxidized states. 
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Extention of the bridging ligands’ -system results in an increasing contribution of this segment to 

the HOMO, from 11 % in RuPhFc to 22 % in RuPhViFc, as well as from 16 % in acacRuPhFc to 29 % in 

acacRuPhViFc. This is accompanied by a decrease of the ferrocene contributions from 79 % to 67 % 

for the chloro complexes, and from 64 % to 50 % for their acac congeners. Moreover, coordination 

of the acac ligand increases the ruthenium contribution to the HOMO from 8 % to 16 % for the 

phenylene-bridged, and from 9 % to 18 % for the styryl-bridged complexes. These results can be 

transferred to the corresponding radical cations, which is fully consistent withour experimetal 

findings from IR/NIR spectroscopy. 

 

 

Figure 76. Calculated compositions of selected MOs of RuPhFc (top) and acacRuPhFc (bottom), as well as their associated 
radical cations and closed-shell dications. 

Furthermore, Figure 77 provides a graphical account for the charge distributions derived from 

NBO analysis. In accordance with the previously reported trends, RuPhFc•+ has 15 % of its charge at 

the bridging ligand and 53 % on the ferrocenyl entity, while the corresponding values for -extended 

radical cation RuPhViFc•+ are 25 % and 46 %. Coordination of the acac ligand influences the computed 

charge at the ruthenium entity in such a manner, that it increases from 29 % for RuPhViFc•+ to 42 % 

for the acacRuPhViFc•+ congener. We note, however, that these computational results are not in 
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line with the relative CO band shifts of 13 % (10 cm-1/76 cm-1; 9 cm-1/68 cm-1) for the five- and six-

coordinated congeners of the phenyl bridged complexes and the lower values of �̃�(CO) for the 

styryl-bridged congeners (note that the ruthenium contributions are nearly the same for both types 

of complexes). A further discrepancy between our calculations and the experiment is noted on 

comparing the fragment charges for the closed-shell dications and the radical cations. According to 

the calculations, the positive charge on the Ru moiety more or less doubles when compared to the 

radical cations. This implies a rather constant CO band shift for every sequential one-electron 

oxidation. This is clearly at odds with our experimental observation of a ferrocene dominated first 

oxidation process and a more ruthenium/phenyl biased second oxidation. Thus, the calculations 

overemphasize the degree of delocalization, which is a known, notorious problem in DFT 

calculations.[97] The charge distributions of the radical cationic species as well as the spin density 

distributions run roughly parallel, with an increased bridge contribution to the latter.  

 

 

Figure 77. Spin densities as well as charge distributions derived from natural bond orbital analysis of RuPhFc n+ (top, left), 
RuPhViFcn+ (top, right), acacRuPhFc n+ (bottom, left) and acacRuPhViFc n+ (bottom, right) with n = 0, 1, 2. 
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6.2.6. UV/VIS/NIR SPECTROELECTROCHEMISTRY 

The electronic spectra of the neutral ferrocene-based -aryl ruthenium complexes feature a 

moderately intense band in the Vis and a stronger absorption in the near UV region. Oxidation of 

these complexes to the corresponding radical cations induces the growth of a fairly intense 

( = 2350 to 8500 M-1cm-1) absorption band in the visible region and of a similarly intense absorption 

in the NIR ( = 900 to 3400 M-1cm-1) (Table 30). On further oxidation to the dicationic species, the 

NIR band of RuPhFc•+ is replaced by a weaker absorption at higher energy while the Vis band shifts 

to lower energy and intensifies. Only a much weaker NIR feature was, however, observed in the case 

of its acac-counterpart. It is worth noting that both, a larger -extension of the bridge and the 

presence of the acac- instead of the Cl- ligand shift the prominent low-energy absorptions of the 

radical cations further to the red. This is in line with a smaller energy gap between the Ru/bridge-

based donor orbitals and the ferrocenium-dominated acceptor orbital. A representative set of 

superimposed spectra recorded during the electrolysis of the complexes are displayed in Figure 78. 

 

Table 30. UV/Vis/NIR data for all complexes. 

complex max (max) 

RuPhFc 499 (335), 384 (1464), 312 (23084) 

RuPhFc+ 1371 (3381), 540 (8499), 410 (4656), 293 (21012) 

RuPhFc2+ 1010 (1120), 713 (2680), 615 (9456), 500 (6002), 334 (12239), 290 (14512) 

RuPhViFc 447 (476), 359 (3747), 334 (5309), 280 (2692) 

RuPhViFc+ 1410 (923), 584 (2346), 468 (2046), 347 (3719), 296 (2896) 

RuPhViFc2+ 743 (992), 585 (3361), 337 (2068), 285 (3561) 

acacRuPhFc 440 (44), 316 (13741) 

acacRuPhFc+ 1670 (3152), 588 (4792), 440 (1739), 368 (3489), 314 (9732) 

acacRuPhFc2+ 1460 (230), 800 (1583), 577 (1376), 396 (2741), 361 (2412), 286 (13969) 

acacRuPhViFc 456 (821), 354 (10047), 282 (6478) 

acacRuPhViFc+ 1693 (1197), 621 (2961), 491 (2662), 397 (3534), 291 (6728) 

acacRuPhViFc2+ 493 (1992), 348 (4005), 314 (8126) 

All wavelengths in nm and extinction coefficients in M-1cm-1 in CH2Cl2 at r.t.; supporting electrolyte NBu4
+ PF6

- (0.1 M). 
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Figure 78. Spectroscopic changes in the UV/Vis/NIR-spectra during the first (left) and the second electrochemical 
oxidation (right) of complex RuPhFc (top), RuPhViFc (middle top), acacRuPhFc (middle bottom) and acacRuPhViFc (bottom) 
in CH2Cl2 / 0.1 M NBu4PF6, r. t. 
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Further investigation of this NIR band provides deeper insight into the charge (de)localization 

within these mixed-valent complexes. Therefore, a HUSH analysis was performed. Hereby, the 

reorganization energy , which is given by the energy at the maximum of the NIR band, was 

calculated according to Equation 7. This was done by correcting for the difference G0, which 

arises from the intrinsically different E1/2 values of the chemically distinct redox sites. The distance 

between the two redox centers rab was chosen as the centroid-centroid distance, describing the 

center of the phenyl ring, respectively, the center of the vinyl C=C bond and the Fe-atom. According 

to MEYER the present complexes can be assigned as moderately strong coupled class II systems, with 

-parameters in the range of 0.13 for acacRuPhViFc+ to 0.26 for acacRuPhFc+ (Table 31). 

 

Table 31. Analysis of the NIR band of RuPhFc+, RuPhViFc+, acacRuPhFc+ and acacRuPhViFc+. 

 

complex 𝜈𝑚𝑎𝑥  𝐺0  𝑟𝑎𝑏  𝐻𝑎𝑏   

RuPhFc+ 7289 3775 3514 4.11 839 0.17 

RuPhViFc+ 7092 3694 3398 6.45 278 0.14 

acacRuPhFc+ 5935 1503 4432 4.13 905 0.26 

acacRuPhViFc+ 5814 1422 4392 6.47 385 0.13 

max, G0,  andHabin cm-1; rab in Å. 

  

In order to further probe the assignement of the radical cations as mixed-valent systems of class II, 

the solvent dependence of the IVCT band acacRuPhViFc+ was examined. This study revealed a 

negative solvatochromism. Thus, on changing from a less polar solvent as DCM to a more polar 

solvent like acetone, a hypsochromic shift of the NIR band is observed. Accordingly, the ground state 

of acacRuPhViFc+ must be more polar than the excited state. The solvatochromic behavior of the 

NIR band substantiates its charge-transfer character. Furthermore, it is to mention that not only the 

NIR absorption shows negative solvatochromism, but also the bands in the Vis region. 
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Figure 79. UV/Vis/NIR spectra of acacRuPhViFc+ in DCE (blue), acetone (black) and DCM (gray). 

According to our TD-DFT calculations, the NIR band of the RuPhFc+ is associated with charge-

transfer from the ruthenium phenyl unit to the ferrocenium entity. Elongation of the -bridging 

ligand to RuPhViFc+ results in an even stronger decoupling of both redox termini, which results in 

larger degree of charge-transfer from the ruthenium co-ligand entity to the vinyl-ferrocene subunit 

(see Figure 80 and Table 32). For the acac complexes acacRuPhFc+ and acacRuPhViFc+, the NIR band 

is associated with a charge-transfer from the ruthenium/co-ligand as well as ferrocene moiety to 

the bridging -system (see Figure 80 and Table 33). 
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Table 32. Computed vertical excitation energies for complexes RuPhFc, RuPhFc+, RuPhFc2+, as well as RuPhViFc, 
RuPhViFc+ and RuPhViFc2+. 

complex 
exp. 

trans. 
calc. 

trans. 
Major contribution osc. strength 

RuPhFc 

499 453 
HOMO  LUMO+1 (78 %) 

HOMO-1  LUMO+2 (14 %) 
0.06 

384 395 HOMO-3  LUMO+1 (84 %) 0.13 

312 297 HOMO-4  LUMO+3 (93 %) 0.10 

RuPhFc+ 

1371 868 HOSO()  LUSO() (84 %) 0.09 

540 547 
HOSO()  LUSO() (59 %) 

HOSO-7()  LUSO+2() (10 %) 
0.16 

410 402 
HOSO()  LUSO+2() (48 %) 

HOSO()  LUSO() (12 %) 
0.14 

293 294 
HOSO()  LUSO+3() (21 %) 

HOSO-19()  LUSO+1() (12 %) 
0.11 

RuPhFc2+ 

713 792 
HOMO-2  LUMO (57 %) 

HOMO-3  LUMO (45 %) 
0.42 

615 654 HOMO-5  LUMO (87 %) 0.10 

334 393 HOMO-3  LUMO+2 (90 %) 0.90 

RuPhViFc 

447 495 HOMO  LUMO+1 (82 %) 0.26 

359 407 
HOMO-1  LUMO+2 (44 %) 

HOMO  LUMO+4 (43 %) 
0.12 

280 323 
HOMO-6  LUMO+1 (41 %) 

HOMO-3  LUMO+5 (39 %) 
0.39 

RuPhViFc+ 

1410 1448 HOSO-3()  LUSO() (99 %) 0.02 

584 883 HOSO-5()  LUSO() (97 %) 0.09 

347 520 
HOSO()  LUSO+1() (33 %) 

HOSO-2()  LUSO+2() (19 %) 

HOSO-2()  LUSO+1() (16 %) 

0.11 

RuPhFc2+ 

585 692 
HOMO-3  LUMO (61 %) 

HOMO-2  LUMO (21 %) 
0.98 

337 410 HOMO-1  LUMO+3 (84 %) 0.09 

All wavelengths in nm. 
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Table 33. Computed vertical excitation energies for complexes acacRuPhFc, acacRuPhFc+, acacRuPhFc2+, as weill as 
acacRuPhViFc, acacRuPhViFc+ and acacRuPhViFc2+. 

complex 
exp. 

trans. 
calc. 

trans. 
Major contribution osc. strength 

acacRuPhFc 

440 453 
HOMO  LUMO+1 (79 %) 

HOMO-1  LUMO+2 (12 %) 
0.07 

316 318 
HOMO-4  LUMO+3 (54 %) 

HOMO-7  LUMO (40 %) 
0.08 

acacRuPhFc+ 

1670 1431 
HOSO-3()  LUSO() (48 %) 

HOSO()  LUSO() (42 %) 
0.13 

588 528 HOSO-11()  LUSO() (76 %) 0.06 

468 509 HOSO()  LUSO() (80 %) 0.10 

347 360 
HOSO()  LUSO+4() (41 %)  

HOSO()  LUSO+6() (35 %) 
0.03 

acacRuPhFc2+ 

800 814 HOMO-7  LUMO (81 %) 0.24 

577 618 HOMO-10  LUMO (85 %) 0.04 

396 491 HOMO-16  LUMO (74 %) 0.08 

361 368 HOMO-30  LUMO (90 %) 0.02 

acacRuPhViFc 

456 488 HOMO-1  LUMO+1 (75 %) 0.04 

354 381 HOMO-1  LUMO+5 (99 %) 0.13 

282 328 HOMO-7  LUMO (91 %) 0.10 

acacRuPhViFc+ 

1693 1699 
HOSO()  LUSO() (46 %) 

HOSO-1()  LUSO() (31 %) 
0.14 

621 567 
HOSO()  LUSO() (53 %)  

HOSO()  LUSO+1() (24 %) 
0.37 

397 424 
HOSO-18()  LUSO() (58 %) 

HOSO()  LUSO+3() (20 %) 
0.04 

acacRuPhFc2+ 

493 506 
HOMO-14  LUMO (72 %) 

HOMO-16  LUMO (14 %) 
0.07 

348 349 
HOMO-30  LUMO (73 %) 

HOMO  LUMO+4 (13 %) 
0.01 

All wavelengths in nm. 
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RuPhFc+ RuPhViFc+ 

 
 

acacRuPhFc+ acacRuPhViFc+ 

Figure 80. Calculated electron density difference maps for NIR excitation of complexes RuPhFc+, RuPhViFc+, acacRuPhFc+ 
and acacRuPhViFc+ (red: increasing charge density, blue: decreasing charge density). 
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6.2.7. SUMMARY 

We were able to prepare and study a series of hetero-bimetallic ferrocenyl substituted -aryl 

ruthenium complexes in their neutral, mono-, and di-oxidized states. Our studies pointed out that 

these mixed-valent compounds constitute moderately coupled mixed-valent systems of class II 

according to ROBIN and DAY. This follows from the results of electrochemical, IR- as well as 

UV/Vis/NIR-SEC experiments and quantum chemical computations.  

All complexes exhibit two reversible one-electron oxidations. The first oxidation is strongly biased 

to the ferrocene entity while the second oxidation is significantly more ruthenium centered. This 

assignment is in accordance with the associated shifts of the (CO) stretching mode of the carbonyl 

ligand. Shifts of 3 to 10 cm-1, and of 55 to 66 cm-1 were observed for the first and the second 

oxidations, respectively. These experimental findings, however, were not wholly reproduced by our 

quantum chemical calculations, which tend to overemphasize the delocalization of the frontier 

MOs. 

Furthermore, a characteristic IVCT band was observed for the radical cationic complexes in the 

NIR region of the spectrum. The underlying excitation is associated with sizable charge transfer from 

the co-ligand ruthenium moiety to the ferrocenium and the -conjugated bridge. As a consequence, 

this band exhibits negative solvatochromism, which indicates that the ground state is more polar 

than the excited state. Based on the characteristic parameters of the IVCT transition and the derived 

-parameters in the range of 0.13 to 0.26, these systems were assigned as moderately coupled 

mixed-valent compounds of class II.  

This result is in striking contrast to the positional isomer of acacRuPhViFc•+, where the vinyl part 

of the bridging styryl ligand is attached to the Ru atom and not the ferrocenyl substituent. This 

disparate behavior is due to the smaller difference of the E1/2 values for oxidation of phenylferrocene 

and a styrylruthenium as compared to those of a styrylferrocene and a phenylruthenium complex, 

and hence a smaller vertical offset of the local energy minima on the potential hypersurface. 
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7. CONCLUSION 

Within the scope of this PhD thesis, mono- and di-nuclear homo- and heterobimetallic -aryl 

ruthenium complexes were examined with respect to their redox behavior as well as the 

spectroscopic signatures of their neutral and oxidized forms. This thesis addresses different topics, 

namely “Substituted -aryl ruthenium complexes”, “Dimerization of -aryl ruthenium complexes”, 

“Mononuclear -aryl ruthenium complexes with -extended aryl ligands” as well as “Homo- and 

hetero-binuclear -aryl ruthenium complexes”. 

 

The first part focuses on the synthesis and the characterization of a series of para-substituted, 

mononuclear -aryl ruthenium complexes in their neutral and mono-oxidized states (see Figure 81).  

 

 

Figure 81. para-Substituted -aryl ruthenium complexes discussed in the first part of this thesis.  

The obtained complexes were compared to their styryl ruthenium congeners. Our studies point 

out that simple aryl ligands are also “non-innocent” when coordinated to the Ru(CO)Cl(PiPr3)2 metal 

co-ligand platform, albeit to a lesser extent as their styryl analogues. Aryl ligand contributions to the 

HOMO are even more sensitive to the para-substituent than in the case of the styryl complexes and 

increase with better electron donating capabilities of the latter. The larger influence of the para-

substituent is a direct consequence of the less extended -system. 

All complexes show a reversible one-electron oxidation at a 140 to 220 mV more anodic potential 

as their styryl congeners. The larger oxidation-induced blue-shifts of the Ru(CO) band as well as the 

higher g-values and 31P hyperfine coupling constants A(31P) in the EPR spectra of their associated 

radical cations are clear tokens of the higher metal/lower ligand contributions to the HOMO of the 

neutral complexes and the SOMO of their one-electron oxidized forms, when compared to their 

styryl congeners. As a consequence of the smaller extension of the -system, the unpaired spin 

density and surplus charge of the radical cations are less well delocalized. This also results in higher 
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spin densities at particularly the para position of the phenyl ligand as compared to its styryl 

counterpart despite lower ligand contributions to the SOMO. As a result, the radical cation of the 

unsubstituted phenyl complex RuPh•+ dimerizes to a biphenyl-bridged diruthenium complex 

Ru2biphenyl•+. 

 

The oxidatively induced dehydrodimerization of oxidized, para-unsubstituted -aryl ruthenium 

complexes was investigated in greater detail in Chapter 4.  

Scheme 17. Oxidation-induced dehydrodimerization reaction of the radical cation RuPh•+.  

 

 

We could unravel the underlying mechanism for this dehydrodimerization reaction of the phenyl 

complex RuPh•+ to the biphenylene-bridged dinuclear complex Ru2biphenyln+ (see Scheme 17). Two 

radical cations combine to the dicationic complex Dim2+, which undergoes a subsequent elimination 

of H• and H+ to form the dehydrogenated, radical cationic dimer Ru2biphenyl•+ (see Scheme 18). As 

the second oxidation potential of Ru2biphenyl•+ is basically identical to the first oxidation potential 

of RuPh, the latter species equilibrates with RuPh•+ to provide the dicationic form of the dimer and 

the neutral monomer. 

Scheme 18. Underlying mechanism for the oxidation-induced dydrodimerization reaction of RuPh•+ to Ru2biphenyl•+. 

 

Moreover, we were able to prepare and investigate the four meta-substituted -aryl ruthenium 

complexes shown in Figure 82 in order to probe whether they dimerize to otherwise rarely 

accessible biphenylene-bridged diruthenium complexes with additional ortho substituents. All 

studied complexes exhibit a single one-electron oxidation at half-wave potentials in the range of 
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355 to 690 mV. Although this wave is completely reversible on the voltammetric timescale, 

RuPh-m-F•+ and RuPh-m-CH3
•+ show, like the unsubstituted analogue RuPh•+, an additional five-line 

resonance in their EPR spectra, whereas no such signal could be observed for RuPh-(m-F)2
•+ as well 

as RuPh-(m-CH3)2
•+. In the latter two cases, the dehydrodimerization reaction is probably inhibited 

due to electrostatic repulsion of the fluoro substituents and steric hindrance in the case of the 

methyl- substituted species. 

 

 

Figure 82. meta-Substituted -aryl ruthenium complexes investigated in Chapter 4. 

 

Chapter 5 discusses the influence of extension of the aryl ligand’s -system on the electronic as 

well as the spectroscopic properties of the corresponding -aryl ruthenium complexes. The 

investigated compounds are shown in Figure 83. Their (spectro-)electrochemical properties were 

analyzed concerning the different -conjugation lengths, annellation modes, and the different 

positions of the ruthenium attachment. 

 

 

Figure 83. -Aryl ruthenium complexes with extended -perimeters analyzed in Chapter 5. 

All complexes of Figure 83 display a reversible one-electron oxidation at a half-wave potential of 

255 to 410 mV. Linear extension of the -conjugated ligand leads to an increasing destabilization of 

the corresponding HOMO and therefore a significant cathodic shift of the oxidation potential. The 

smaller blue-shift of the Ru(CO) band concomitant with oxidation of the neutral complexes to their 
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associated radical cations upon linear extension of the -system as well as the lower g-values, 31P 

and 99/101Ru hyperfine coupling constants, are clear tokens of the lower metal/higher ligand 

contribution to the SOMO of their mono-oxidized forms. Non-linear, graphene-like ligand systems 

do not follow the trends this trend, and significant differences are found for the 2- and the 3-isomers 

of the phenanthrenyl complexes. 

 

The final Chapter 6 is concerned with dinuclear complexes, where two equivalent or non-

equivalent redox-active termini are interconnected by purely arylene- or mixed arylvinylene-

bridging ligands. Particular interest was on the degree of electronic communication between the 

different redox-active end groups. 

First, a series of homo-bimetallic -arylene-bridged diruthenium complexes was studied in their 

neutral, mono-, and di-oxidized states (see Figure 84). 

 

 

Figure 84. Homo-bimetallic -arylene-bridged diruthenium complexes studied in Chapter 6.1. 

All reported complexes exhibit two reversible one-electron oxidations with half-wave potential 

splittings E1/2 of 190 to 500 mV. Our results indicate that the mixed-valent radical cations display a 

fully delocalized class III behavior according to ROBIN and DAY. This is supported by IR, UV/Vis/NIR as 

well as EPR experiments and by quantum chemical calculations. Only in the case of the 

unsymmetrically built complex Ru2ViPh+ with one styryl- and one phenyl-type ruthenium moiety, the 

calculations indicate different charges for the two ruthenium entities. Despite the presence of some 

metal-to-metal charge transfer from the phenyl-bound to the styryl-connected Ru(CO)Cl(PiPr3)2 

entities, the NIR band shows no solvatochromism, which is most probably a consequence of the 

strong bridge character of the SOMO. The appearance of a composite IR band, with a strong 
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absorption at lower and a considerably less intense one at higher energy, was traced to the 

symmetric, respectively asymmetric combinations of the carbonyl stretching vibration modes of a 

ligand-bridged Ru2(CO)2 array.  

The second part of this chapter focuses on hetero-bimetallic -aryl ruthenium ferrocenyl 

complexes. Four such complexes were prepared and studied in their neutral, mono-, and di-oxidized 

states.  

 

 

Figure 85. Hetero-bimetallic ferrocene -aryl ruthenium hybrid complexes with five- and six-coordinated ruthenium 
entities. 

The combined results of electrochemical, IR- and UV/Vis/NIR-SEC experiments as well as quantum 

chemical calculations point out that these mixed-valent compounds constitute electronically 

moderately coupled class II systems according to ROBIN and DAY.  

All reported complexes exhibit two reversible one-electron oxidations. The first oxidation is biased 

to the ferrocene entity while the second oxidation is significantly more ruthenium centered. This 

assignment is in accordance with the associated shifts of the carbonyl vibrational bands. Shifts of 

3 to 10 cm-1, and of 55 to 66 cm-1 were observed for the first and second oxidations, respectively. 

Our quantum chemical calculations tend, however, to overestimate the degree of delocalization and 

predict more uniform CO band shifts for the individual one-electron steps. 

Furthermore, a characteristic IVCT band was observed for the radical cationic complexes in the 

NIR region of the electronic spectrum. This band exhibits negative solvatochromism, as was 

exemplarily studied for radical cation acacRuPhViFc•+. Based on the characteristic parameters of that 

transition and -parameters in the range of 0.13 to 0.26, these systems were assigned as 

moderately coupled mixed-valent compounds of class II.  
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8. ZUSAMMENFASSUNG DER DISSERTATION 

Im Rahmen dieser Dissertation wurden ein- und zweikernige homo- und heterobimetallische 

Ruthenium -Aryl-Komplexe hinsichtlich ihres Redoxverhaltens als auch der spektroskopischen 

Signaturen in den verschiedenen Oxidationsstufen untersucht. Insgesamt wurden vier Teilaspekte 

bearbeitet: „Substituierte Ruthenium Aryl-Komplexe“, „Dimerisierung oxidierter Ruthenium Aryl-

Komplexe“, „Mono-nukleare Ruthenium Aryl-Komplexe mit ausgedehnten -Systemen“ und 

„Dinukleare, arylenverbrückte Ruthenium Komplexe“.  

 

Hierbei widmete sich der erste Teil der Synthese und der Charakterisierung para-substituierter, 

mononuklearer Ruthenium -Aryl-Komplexe in deren neutralen und einfach oxidierten Zuständen 

(Figure 86).  

 

 

Figure 86. para-Substitute Ruthenium -Aryl-Komplexe, welche im ersten Teil dieser Arbeit diskutiert werden.  

Die erhaltenen Komplexe wurden mit den verwandten Ruthenium Styryl-Komplexen verglichen. 

Dabei erwiesen sich die an Ru(CO)Cl(PiPr3)2 koordinierten einfachen Arylliganden als schuldige 

Liganden, wenn auch zu einem geringeren Maße als ihre Styryl Analoga. Der jeweilige Beitrag des 

Arylliganden zum HOMO ist, verglichen mit den Styryl Komplexen, deutlich empfindlicher gegenüber 

dem para-Substituenten und nimmt mit steigendem Donorcharakter des Substituenten weiter zu. 

Zudem ist der höhere Einfluss des para-Substituenten auf das weniger ausgedehnte -System 

zurück zu führen. 

Alle Komplexe weisen eine reversible Einelektronen-Oxidation bei um 140 bis 220 mV 

anodischerem Potenzial als die entsprechende Styrylkomplexe auf. Die höhere oxidations-induzierte 

Blauverschiebung der Ru(CO) Bande sowie die höheren g-Werte und 31P Hyperfein-

kopplungskonstanten A(31P) in den ESR-Spektren der zugehörigen Radikalkationen sind klare 

Zeichen für einen höheren Metall-/niedrigeren Ligandbeitrag zu dem HOMO der jeweiligen 

neutralen Komplexe und dem SOMO ihrer einfach oxidierten Formen als in vergleichbaren 

Styrylkomplexen. Als Folge des niedrigeren Ligandenbeitrages zum SOMO sind die ungepaarte 

Spindichte und die überschüssige Ladung im Radikalkation weniger stark delokalisiert. 
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Ein zweiter Aspekt der vorliegenden Arbeit befasst sich mit der oxidationsinduzierten 

Dehydrodimerisierung von oxidierten, para-unsubstituierten Ruthenium -Aryl-Komplexen. Dieser 

Prozess konnte anhand eingehender Untersuchungen zur Reaktion des oxidierten Phenylkomplexes 

RuPh•+ zum Radikalkation des Biphenyl-verbrücken Zweikernkomplexes Ru2biphenyl•+ aufgeklärt 

werden (Scheme 19).  

Scheme 19. Oxidationsinduzierte Dehydrodimerisierung des Phenylkomplexes RuPh•+.  

 

Die Ergebnisse dieser Untersuchung lassen auf den folgenden Mechanismus für diese Reaktion 

schließen: Aus zwei Radikalkationen bildet sich der dikationische Komplex Dim2+, welcher 

anschließend unter Eliminierung eines H-Atoms und eines Protons zu dem Radikalkation 

Ru2biphenyl•+ reagiert (Scheme 20). Da die Halbstufenpotenziale für die Oxidation des 

Phenylkomplexes und die zweifach positiv geladene Form des Dimers Ru2biphenyl einander 

identisch sind, liegen RuPh•+ und Ru2biphenyl•+ im Gleichgewicht mit Ru2biphenyl2+ und RuPh vor. 

Scheme 20. Zugrundeliegender Mechanismus für die Dimerisierung von RuPh zu Ru2biphenyl. 

 

Ferner habe ich eine Reihe meta-substituierter Ruthenium -Aryl-Komplexe hergestellt und 

untersucht, welche zum Aufbau von ansonsten nur schwer zugänglichen Biphenyl-verbrückten 

Dirutheniumkomplexen mit zusätzlichen ortho-Substituenten genutzt werden können (Figure 87). 

Alle untersuchten Komplexe zeigen eine auf der voltammetrischen Zeitskala reversible 

Einelektronen-Oxidation mit Halbstufenpotenzialen zwischen 355 und 690 mV. Dessen ungeachtet 

zeigen RuPh-m-F•+ und RuPh-m-CH3
•+ wie auch RuPh•+, ein zusätzliches Quintett-Resonanzsignal im 

EPR Spektrum. Für RuPh-(m-F)2
•+ und RuPh-(m-CH3)2

•+ wurde hingengen kein solches Signal 

beobachtet. Im Falle der letzt genannten beiden Verbindungen wird die Deyhrodimmerisierung 
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wahrscheinlich durch die elektrostatische Abstoßung der Fluoro-Substituenten beziehungsweise die 

sterische Hinderung durch die Methylsubstituenten verhindert.  

 

 

Figure 87. meta-Substitute Ruthenium -Aryl Komplexe, welche in Kapitel 4 untersucht wurden. 

 

Im Mittelpunkt von Kapitel 5 steht der Einfluss, welcher eine Erweiterung des -Systems des 

Arylliganden auf die elektronischen und spektroskopischen Eigenschaften hat (Figure 88). Dafür 

wurde eine Reihe von Ruthenium -Aryl-Komplexen mit -konjugierten, annelierten Arylliganden in 

ihren neutralen und einfach oxidierten Zuständen untersucht. Die aus (spektro-)elektrochemischen 

Messungen erhaltenen spektroskopischen Eigenschaften dieser Spezies wurden im Hinblick auf die 

unterschiedlichen -Konjugationslängen sowie im Falle der Komplexe Ru-2-Phn und Ru-3-Phn die 

Position der Verknüpfung des Arylliganden mit dem Rutheniumatom analysiert. 

 

Figure 88. Ruthenium -Aryl- Komplexe mit einem ausgedehnten -Perimeter, welche in Kapitel 5 analysiert wurden. 

Alle hier aufgeführten Komplexe weisen eine reversible Einelektronen-Oxidation bei 

Halbstufenpotenzialen zwischen 255 und 410 mV auf. Eine lineare Ausdehnung des -konjugierten 

Liganden führt zu einer zunehmenden Destabilisierung des zugehörigen HOMOs und damit zu einer 

beträchtlichen kathodischen Verschiebung des Oxidationspotentials. Die mit der linearen 

Erweiterung der -Systems einhergehende geringere Blauverschiebung der Ru(CO) Bande des 

zugehörigen Radikalkations als auch die niedrigeren g-Werte und die kleineren 31P Hyperfein-

kopplungskonstanten A(31P) sind klare Zeichen für einen niedrigeren Metall-/höheren Ligandbeitrag 
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zu dem SOMO der jeweiligen einfach oxidierten Formen. Bei nichtlinearen, graphenartigen 

Ligandsystemen ist kein derartiger Effekt zu beobachten. Zudem wurde ein erheblicher Unterschied 

zwischen den 2- und 3-Isomeren des Phenanthrenylkomplexes festgestellt. 

 

Im letzten Kapitel des Ergebnisteils wurden Zweikernkomplexe mit reinen Arylen- oder 

gemischten Arylvinylen-Brückenliganden mit einander identischen oder verschiedenen 

redoxaktiven Endgruppen untersucht. Hierbei wurden die einfach oxidierten, gemischtvalenten 

Formen hinsichtlich des Ausmaßes an elektronischer Wechselwirkung zwischen den einzelnen 

redoxaktiven Untereinheiten untersucht.  

Im ersten Abschnitt dieses Kapitels wurden die neutralen, einfach und zweifach oxidierten Formen 

von insgesammt drei homobimetallischen Ruthenium -Aryl-Komplexen eingehend untersucht 

(Figure 89). 

 

 

Figure 89. Homobimetallische Ruthenium -Aryl-Komplexe, welche in Kapitel 6.1 untersucht wurden. 

All diese Komplexe zeigen zwei reversible Einelektronen-Oxidationen mit Halbstufenpotenzial-

Aufspaltungen E1/2 von 190 bis 500 mV. Unsere Ergebnisse weisen darauf hin, dass es sich bei allen 

gemischt-valenten Radikalkationen um vollkommen delokalisierte Systeme der Klasse III gemischt-

valenter Verbindungen nach ROBIN und DAY handelt. Dies wird durch IR, UV/Vis/NIR sowie durch ESR 

Experimente und quantenchemische Rechnungen unterstützt. Nur im Falle des unsymmetrisch 

aufgebauten Ru2ViPh•+ mit einer Styryl- und einer Phenyl-Rutheniumeinheit deuten die 

quantenchemischen Rechnungen auf unterschiedliche Ladungen für beide Ruthenium Endgruppen 

hin. Trotz eines gewissen Ladungstransfers von der phenyl- zur styrylgebundenen Ru(CO)Cl(PiPr3)2 

Einheit wurde keine Solvatochromie der NIR Bande beobachtet. Dies ist vermutlich eine Folge des 
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starken Brückencharakters des SOMOs. Das Auftreten einer strukturierten IR Bande für die CO-

Streckschwingungen der beiden Carbonylliganden der Ru2(CO)2-Einheit mit einer starken 

Absorption bei niedriger und einer wesentlich weniger intensiven Bande bei höherer Energie wurde 

auf eine energetische Aufspaltung in eine symmetrische und eine asymmetrische Mode 

zurückgeführt. 

 

Der zweite Abschnitt dieses Kapitels behandelt heterobimetallische Komplexe, wobei ein -

Phenylen- bzw. ein -Styryl-Ligand eine Arylrutheniumeinheit und eine Ferrocenyleinheit verbindet 

(Figure 90). Insgesamt wurden vier derartige Verbindungen in ihren neutralen, einfach oxidierten 

und zweifach oxidierten Zuständen hergestellt und untersucht.  

 

 

Figure 90. Heterobimetallische -arylenverbrückte Ruthenium-Ferrocenyl Hybridkomplexe mit fünffach oder sechsfach-
koordinierten Ruthenium-Komplexeinheiten. 

Anhand spektroskopischer Befunde, welche durch die Kombination verschiedener 

spektroskopischer Methoden wie IR- und UV/VIS/NIR-Spektroskopie sowie mit Hilfe 

quantenchemischer Rechnungen erhalten wurden, konnten die gemischt-valenten Formen dieser 

Verbindungen als moderat gekoppelte gemischt-valente Systeme der Klasse II nach ROBIN und DAY 

identifiziert wereden. 

Alle Komplexe weisen zwei reversible Einelektronen-Oxidationen auf. Die erste Oxidation findet 

vornehmlich auf der Ferroceneinheit statt, während die zweite Oxidation maßgeblich die 

Arylrutheniumeinheit betrifft. Diese Annahme steht im Einklang mit den beobachteten 

Verschiebungen der Carbonylschwingungsbande. Dabei wurde eine Verschiebung von 3 bis 10 cm-1 

für die erste Oxidation, beziehungsweise von 55 bis 66 cm-1 für die zweite Oxidation beobachtet. 
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Die quantenchemischen Rechnungen geben diese Befunde allerdings nur teilweise korrekt wieder, 

da sie dazu neigen, den Grad der Delokalisation zu überschätzen. 

Alle Radikalkationen weisen im nahen Infraroten eine charakteristische Intervalenz Charge-

Transfer-Bande auf, welche mit einem Ladungstransfer von der Arylrutheniumeinheit zur 

Ferrociniumeinheit einhergeht. Die Position dieser Bande hängt von der Polarität des Lösungsmittels 

ab und zeigt eine negative Solvatochromie. Dies wurde am Beispiel des Komplexes acacRuPhViFc•+ 

dokumentiert. 
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9. EXPERIMENTAL SECTION 

9.1. MATERIALS AND METHODS  

All syntheses were performed under an argon atmosphere with dry, distilled and argon-saturated 

solvents. Reagents were purchased from commercial sources and used without further purification. 

1H (400 MHz) and 31P{1H} (162 MHz) NMR spectra were recorded with a Bruker Avance III 400 

spectrometer, and 1H (600 MHz) 13C (151 MHz) and 31P (243 MHz) NMR spectra were recorded with 

a Bruker Avance III 600 spectrometer. Combustion analyses (C, H) were performed at in-house 

facilities with an Elementar Analyzer Vario MICRO Cube from Heraeus.  

Cyclic voltammetry was performed in a home-built cylindrical vacuum-tight one-compartment 

cell. A spiral-shaped Pt wire and an Ag wire as counter and reference electrodes were sealed into 

glass capillaries, which were introduced through Quickfit screws at opposite sides of the cell. A Pt 

electrode (diameter 1.6 mm, from BASi) was polished with 1.0 m and 0.25 m diamond paste 

(Buehler-Wirtz) and introduced as the working electrode through the top central port and a Teflon 

screw cap with a suitable fitting. NBu4
+PF6

- (0.1 M) was used as the supporting electrolyte. 

Referencing was performed with the addition of equimolar amounts of decamethylferrocene 

(Cp*2Fe) as internal standard to the analyte solution after all data of interest had been acquired. 

Final referencing was done against the ferrocene/ferrocenium (Cp2Fe0/+) redox couple with E1/2 

(Cp*2Fe0/+) = -550 mV versus Cp2Fe0/+. Electrochemical data were acquired with a computer-

controlled BASi potentiostat. IR-SEC as well as UV/Vis/NIR-SEC was performed in an optically 

transparent thin-layer electrochemical (OTTLE) cell, which was home-built and comprised a Pt mesh 

working and counter electrode, as well as a thin silver wire as pseudoreference electrode 

sandwiched between the CaF2 windows of a conventional liquid IR cell. The working electrode was 

positioned in the center of the spectrometer beam. The IR spectra were recorded with a Bruker 

TENSOR-II instrument. The UV/Vis/NIR spectra were obtained with a TIDAS fiber optic diode array 

spectrometer (combined MCS UV/NIR and PGS NIR instrumentation) from J&M. UV/Vis/NIR 

spectroscopy was performed with the same setup in HELLMA quartz cuvettes with 0.2 cm optical 

path length. 

Electron paramagnetic resonance (EPR) studies were performed with a tabletop X-band 

spectrometer MiniScope MS 400 from Magnettech. Q-band EPR spectra were recorded using an 

ELEXSYS E580 spectrometer equipped with an EN5107D2 Q-band EPR probe head (both Bruker 

Biospin). A CF935 helium gas flow system (Oxford Instruments) was used for temperature control. 

Experiments were performed at T = 50 K in quartz glass tubes with 1 mm inner diameter. 
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Measurement parameters were adjusted such that the spectral line shape was not distorted by 

overmodulation or saturation effects. Data were baseline-corrected by subtraction of a first order 

polynomial. A background signal originating from the solvent was used to align the spectra of 

different samples on the magnetic field axis. For further data analysis, anisotropic EPR spectra 

recorded in Q-band were analyzed by spectral simulations using the function ‘pepper’ from the 

EasySpin toolbox.[124] EPR parameters of the isotropic X-band spectra were used to simulate the 

anisotropic Q-band spectra. Only the g-tensor was changed to be anisotropic (axial or rhombic) 

during the simulations and the linewidth was adjusted. 

X-ray diffraction analysis of single crystals was performed at 100 K on a STOE IPDS-II diffractometer 

equipped with a graphite-monochromated radiation source (λ = 0.71073 Å) and an image plate 

detection system. A crystal mounted on a fine glass fiber with silicon grease was employed. The 

selection, integration, and averaging procedure of the measured reflection intensities, the 

determination of the unit cell dimensions and a least-squares fit of the 2θ values as well as data 

reduction, LP-correction and space group determination were performed using the X-Area software 

package delivered with the diffractometer. A semiempirical absorption correction was performed. 

All structures were solved by the heavy-atom methods. Structure solution was completed with 

difference Fourier syntheses and full-matrix least-squares refinements using SHELX-2017[125] and 

OLEX2[126], minimizing ω(Fo2 – Fc2)2. The weighted R factor (wR2) and the goodness of the fit GOOF 

are based on F2. All non-hydrogen atoms were refined with anisotropic displacement parameters, 

while hydrogen atoms were introduced in a riding model. 

 

9.2. COMPUTATIONAL PART 

The ground state electronic structures of the full models were calculated by density functional 

theory (DFT) methods using the GAUSSIAN 09 program packages.[127] Geometry optimizations were 

performed without any symmetry constraints. Open shell systems were calculated by the 

unrestricted Kohn-Sham approach (UKS). Geometry optimization followed by vibrational analysis 

was performed in solvent media. Solvent effects were described by the polarizable continuum 

model (PCM) with standard parameters for 1,2-dichloroethane.[128] The quasirelativistic Wood-

Boring small-core pseudopotentials (MWB28)[115,116] and the corresponding optimized set of basis 

functions for Ru[117] and 6-31G(d) polarized double- basis sets[119] for the remaining atoms were 

employed together with the PERDEW, BURKE, ERNZERHOF exchange and correlation functional 

(PBE0).[120,121] The GaussSum program package was used to analyze the results,[129] while the 

visualization of the results was performed with the Avogadro program package.[130] Graphical 
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representations of molecular orbitals were generated with the help of GNU Parallel and plotted 

using the VMD program package[131] in combination with POV-Ray. Electronic transitions were 

calculated by time-dependent DFT (TD-DFT) method at the same level of theory.  

 

9.3. LINE SHAPE ANALYSIS FOR DETERMINATION OF GIBBS ENERGY 

9.3.1. DETERMING THE LINEWIDTH VIA MEASUREMENT OF THE SPIN-SPIN RELAXATION 

Temperature-dependent 1H NMR measurements were performed to derive the GIBBS activation 

energies of phenyl rotation complexes RuPhOMe, RuPhF and RuPhCF3 via line shape analysis of the 

protons ortho to the Ru-Cipso bond, which show decoalescence into two doublets. To this end, a 

determination of the spin-spin relaxation time (T2) was necessary for an experimental access to the 

line width of these signals. For the measurement of T2, a CARR-PURCHELL-MEIBOOM-GILL pulse 

sequence was applied with a variation of the delay time between the spin-echo and the next 180-

degree pulse.[132] The fitting of the magnetization can be performed either by usage of the peak 

heights or the integral values. In this case, the magnetization was determined by use of integral 

values, using the Bruker program “Topspin” for the analysis. Therefore, the phase- and baseline 

corrected, referenced two-dimensional spectra were converted to the one-demensional spectra by 

typing “fp” into the topspin command line. Integration of the signals concerned over the appropiate 

integration limits, provides the y-coordinates as absolute integral values. To extract the delay time 

of T2 (2), the numbers written in the “vclist” need to be converted into the exact delay times to 

generate the corresponding x-coordinates. In case of the 230 K measurement, the “vclist”-times 

were taken after 10, 30, 100, 300, 1000 and 3000 a.u. For these experiments, an analysis was only 

possible for the fast times up to 100 a.u. For all slower ones no signal could be detected. Thus, the 

“vclist”-time for the 360 K measurement was adjusted to 4, 8, 16, 32, 48, 64 and 80 a.u. 

Furthermore, an adjustment factor for the transformation into seconds is required, with can be 

calculated as: 

 

𝑥 = 2 ∙ 𝑑20  + 𝑃2      (12) 

 

d20 represents the fixed echo time, which was set to 500 s and P2, showing the 180° high power 

pulse, was set as 16.14 s. Multiplying this factor x of 1016.26 s with the numbers of the “vclist” 
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gives access to the x-coordinates. A graphical analysis of these data should show an exponential 

decay, where T2 is part of the exponential function. 

 

𝑦 = 𝑦0  + 𝐸
(−

𝑥

𝑇2
)
      (13) 

 

By virtue of T2 it is possible to calculate the linewidth (lw) which is necessary for the subsequent 

line shape analysis as:  

𝑙𝑤 =
1

𝜋 ∙ 𝑇2
      (14) 

 

9.3.2. LINE SHAPE ANALYSIS 

The described -aryl ruthenium complexes show temperature dependent 1H NMR spectra due to 

a hindered rotation around the Ru-Cipso bond. Thus the ortho-protons show decoalescence. At low 

temperature (here 230 K) two sharp signals are visible due to a slow rotation. On gradual warming 

to temperature below the coalescence temperature, the rotation is still slow but observable, leading 

to broadened, separated signals. At the coalescence temperature (280-290 K), the signals vanish 

completely. Moreover, above the coalescence point only one signal can be obtained, indicating that 

rotation is becoming fast on the NMR timescale. At high temperatures (360 K), the intramolecular 

exchange is so fast, that one sharp signal is observed. In the following, a step-by-step procedure for 

performing a line shape analysis will be demonstrated, using the example of the RuPhOMe complex.  

First, start the Bruker TopSpin 3.5 program, and open the spectrum to be investigated. This 

spectrum has to be phase and baseline corrected. Choose the “Fit Dynamic NMR Models (dnmr)” 

menu item of the “Analysis” pull-down menu, within Line Shapes button (see Figure 91). 
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Figure 91. Open the dnmr line shape analysis module. 

Thus, the spectrum panel splits into two windows. The left window shows the parameter panel of 

the spectrum analysis, while the right one displays the experimental and simulated spectra 

(Figure 92). 

 

Figure 92. The dnmr line shape analysis window, to set “System1”. 

The parameter window contains four tabbed parameter panels. These are the “Main”, 

“Spectrum”, “SpinSystem” and “Log” panels. Here, the “Main” panel was switched to the 

“SpinSystem” one. The “System1” spin system is generated by clicking the “Add” button.  
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Figure 93. The ”SpinSystem“ panel to add “Nuc1”. 

One nucleus, called “Nuc1” is generated by clicking on the “Nucleus” panel and then “Add”, see 

Figure 93. Spin systems can contain up to six nuclei. “System#” panels contain the common 

parameters of a spin system, e.g. “Intensity”, “LB” (line broadening) etc. and three internal tabbed 

panels, called “Nucleus”, “Reaction” and “Molecule”. 

For building up the new spin system, click on the “Spectrum” panel and the “Edit Range” tab, to 

set FP1 and FP2 in order to define the fit range (in this case F1P = 8.3 and to F2P = 7.25 ppm). After 

entering these values, a red horizontal bar marks the chosen area within the spectrum. The 

performed line shape fitting calculation will only be applied to the range selected this manner (see 

Figure 94). 
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Figure 94. The “Spectrum” panel is used to set the fit range. 

For returning to the spin system panel, click on the tab “SpinSystem”. Define the first spin system, 

which represents one of the ortho-protons. This spin system can be described as a singlet with 0.5 

pseudo spin, because no scalar coupling between different groups is visible. Now, drag the 

“chemical shift” icon horizontally and place the calculated curve to 8.17 ppm, or type the chemical 

shift into the “Nu(iso)” box (Figure 95).  

 

Figure 95. Define the “Nu(iso)” parameter for the first ortho-proton. 
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Click on the “Nucleus” tab, followed by the “Add” button underneath “Nuc2” is added to the 

panel. Move the second curve to 7.37 ppm. Then, insert the experimentally generated linewidth 

(lw) from the T2 measurement into the “LB” parameter and remove the tick from the checkbox. 

Note, that only the marked parameters will be refined during the iterative refinement procedure. 

Fill in the coupling constant extracted from the measurement into the “J1” parameter and adjust 

the intensity of the curve by dragging the “Intensity” icon vertically (Figure 96). 

 

Figure 96. Setting of “Nuc2” for the second ortho-proton as well as line broadening parameter. 

Select a parameter panel (“Nuc1”, “Nuc2” or “System1”) and click on the “Step Length” button. 

The background color of the variable parameters changes to yellow, indicating the parameter 

difference set-up mode. Now the starting step length of the parameter refinement can be entered. 

If the parameter value is 0.0, the suggested step length will be 0.0 as well and the parameter will 

not be varied (Figure 97). Click on the “Return” button to get back to the parameter mode. The 

background color will change to gray again. 
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Figure 97. Define the step length of the selected “Nuc2” parameter. 

For building up the exchange model, click on the “Reaction” panel, to define the chemical 

exchange reaction. In this case, the exchange of two protons results in the broadening of the two 

signals. Set, the “Exchanges” values to 2. Nucleus 1 exchanges with nucleus 2 during the rotation 

around the Ru-Cipso bond. Thus, set exchange “#1 From” = 1, “To” = 2, “#2 From” = 2, “To” = 1. Then 

set the rate constant “k” (in this case to 50 Hz), mark the checkbox and set its difference value as 

well (Figure 98). 

 

Figure 98. Setting the exchanges and the rate constant. 
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Whenever a signal belonging to another spin system shifts trough the target signals, another spin 

system can be added. Therefore, click on “System1” tab to select it and then on the “Add” button 

underneath. A second spin system, called “System2”, can also be speciefied as explained above. In 

our case, this is not necessary. 

Before the refinement, save the parameter set. Click on the “Main” tab to enter the Main panel. 

Click on the “Save” button underneath the panel. A dialog window “Save Model” pops up, where 

the title of the simulation can be entered (Figure 99). 

 

Figure 99. Save the model before refinement. 

To start the iterative parameter refinement, click on the “Start” icon in the toolbar (Figure 100). 

During the iteration it is possible to switch to the “SpinSystem” panel and select between the 

“Nucleus”, “Reaction” and “Molecule” panels to monitor the fit values of the variable parameters. 

By pressing the red “Stop” icon in the toolbar, the iteration can be stopped. 
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Figure 100. Starting the iterative parameter refinement. 

A “Log” window appears, where the starting parameters are depicted. It is possible to save the 

iteration as a “fitlog.txt” file in the processing directory by clicking on the “Save” button within the 

“Log” panel (Figure 101).  

 

Figure 101. The “Log” panel to save the refinement data. 
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Finally select the “Spectrum” panel and press the “Save Spectrum” button. Therefore, define a 

“PROCNO” number to save the simulated spectrum (see Figure 102). By tipping “totxt” into the 

topspin command line a text file of the corresponding spectrum is generated. 

 

Figure 102. Save the simulated spectrum with unused “PROCNO”. 

By virtue of the refined rate constant “k” the GIBBS energy can be calculated via the EYRING 

equation (Equation 15 and 16).  

 

∆𝐺≠ = 𝑅𝑇 ∙  [ln (
𝑘𝐵 ∙ 𝑇𝑐

ℎ
) − ln (𝑘 )]     (15) 

∆𝐺≠ = 𝑅𝑇 ∙  [23.760 + ln 
𝑇𝑐

𝑘 
]      (16) 

 

Here, R represents the gas constant, T the temperature at which k was determined, Tc describes 

the coalescence temperature, h reflects the PLANCK’s constant and kB the BOLTZMANN constant. 
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9.4. SYNTHESIS OF PRECURSOR COMPOUNDS 

4-Ferrocenylbenzaldehyde 

4-Ferrocenylbromobenzene (0.50 g, 1.46 mmol, 1 eq.) was dissolved in 

Et2O (150 mL) and cooled to -78 °C. nBuLi (1.9 M in hexane, 0.80 mL, 

1.52 mmol, 1.04 eq.) was added dropwise and stirred for 1 h. DMF 

(1.00 mL, 12.9 mmol,8.9 eq.) was added and the reaction mixture was 

stirred for additional 10 h at r.t. The reaction was quenched with water (50 mL) and extracted with 

DCM (3×50 mL). The combined organic layers were washed with brine and dried over MgSO4. The 

solvent was removed under reduced pressure. The oily residue was purified via column 

chromatography (silica, PE/EE = 20/1 /). 4-Ferrocenylbenzaldehyde (Rf = 0.30, 308 mg, 

1.06 mmol, 72 %) was obtained as a red solid. 1H NMR (400 MHz, CDCl3):  4.05 (s, 5H, H1-5), 4.44 (t, 

3JHH = 1.8 Hz, 2H, H7,8), 4.74 (t, 3JHH = 1.9 Hz, 2H, H6,9), 7.60 (d, 3JHH = 8.2 Hz, H12,16), 7.79 (d, 3JHH = 8.2 

Hz, 2H, H13,15), 9.97 (s, 1H, H17). 

 

4-Ethenylferrocenylbenzaldehyde 

A solution of Pd(OAc)2 (27.0 mg, 0.12 mmol, 0.05 eq.) in DMF (4 mL) 

was added to a solution of 4-bromobenzaldehyde (440 mg, 

2.36 mmol, 1 eq.), ethenylferrocene (500 mg, 2.36 mmol, 1 eq.), NEt3 

(0.49 mL, 3.54 mmol, 1.5 eq.) and tri-o-tolylphosphine (72.0 mg, 

0.47 mmol, 0.1 eq.) in DMF (8 mL). The reaction mixture was stirred 

for 12 h at 95 °C. EA (20 mL) was added and the organic layer was washed with water (3×30 mL) and 

dried over MgSO4. The solvent was removed under reduced pressure. The crude product was 

purified via column chromatography (silica, PE/EE = 20/1 /). 4-Ethenylferrocenyl-benzaldehyde 

(Rf = 0.24, 120 mg, 0.76 mmol, 32 %) was obtained as a red solid. 1H NMR (400 MHz, CDCl3):  4.16 

(s, 5H, H1-5), 4.36 (t, 3JHH = 1.8 Hz, 2H, H7,8), 4.51 (t, 3JHH = 1.8 Hz, 2H, H6,9), 6.73 (d, 3JHH = 16.1 Hz, 1H, 

H11), 7.07 (d, 3JHH = 16.1 Hz, 1H, H12), 7.56 (d, 3JHH = 8.2 Hz, H14,18), 7.83 (d, 3JHH = 8.2 Hz, 2H, H15,17), 

9.97 (s, 1H, H19). 
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9.5. SYNTHESIS OF ARYL RUTHENIUM COMPLEXES  

9.5.1. GENERAL PROCEDURE FOR MONO-NUCLEAR COMPLEXES 

Under an atmosphere of argon RuCl2COD (200 mg, 0.714 mmol, 1 eq.) was suspended in iPrOH 

(15 mL), PiPr3 (0.28 mL, 1.46 mmol, 2.05 eq.) and Et3N (0.20 mL, 1.43 mmol, 2 eq.) were added 

dropwise. The dark brown suspension was heated under reflux conditions for 4 h. The resulting 

ochre solution was cooled to r.t. and a solution of the corresponding aldehyde (0.571 mmol, 0.8 eq.) 

in benzene (10 mL) was slowly added. The reaction mixture was stirred at r.t. for 4 d. The solvent 

was evaporated and the residue was washed with cold iPrOH (3×15 mL, -20 °C) and n-hexane 

(20 mL). The obtained solid was extracted into DCM (20 mL) and filtered. The solvent was removed 

under reduced pressure to obtain the red to carmine colored mono-nuclear -aryl ruthenium 

complexes. 

 

RuCl(CO)(C6H5)(PiPr3)2 (RuPh). 

Yield: 55 %. 1H NMR (400 MHz, C6D6):  1.09 (dvt, 3JHH = 6.8 Hz, 3JHP = 12.9 Hz, 

18H, P(CH(CH3)2)3), 1.14 (dvt, 3JHH = 6.8 Hz, 3JHP = 12.9 Hz, 18H, P(CH(CH3)2)3), 2.60 

(m, 6H, P(CH(CH3)2)3), 6.74 (t, 3JHH = 6.9 Hz, 1H, p-C6H5), 6.83 (vt, 3JHH = 7.0 Hz, 

2H, m-C6H5), 7.92 (s br, 2H, o-C6H5). 13C{1H} NMR (151 MHz, toluene-d6, 230 K): 19.9 (s, 

P(CH(CH3)2)3), 20.0 (s, P(CH(CH3)2)3), 24.6 (vt, 1JCP+3JCP = 9.6 Hz, P(CH(CH3)2)3), 121.7 (s, p-C6H5), 126.4 

(s, m-C6H5), 138.4 (s, o-C6H5), 140.9 (s, o-C6H5), 156.2 (t, 2JCP = 9.7 Hz, Cipso), 206.4 (t, 2JCP = 13.6 Hz, 

CO). 31P{1H} NMR (162 MHz, C6D6):  35.28 (s). Anal. Calcd. for C25H47ClOP2Ru: C, 53.42; H, 8.30. 

Found: C, 53.71; H, 8.53. 

 

RuCl(CO)(C6H4-4-OMe)(PiPr3)2 (RuPhOMe). 

Yield: 43 %. 1H NMR (400 MHz, C6D6):  1.11 (dvt, 3JHH = 5.9 Hz, 3JHP = 

13.1 Hz, 18H, P(CH(CH3)2)3), 1.15 (dvt, 3JHH = 5.9 Hz, 3JHP = 13.1 Hz, 18H, 

P(CH(CH3)2)3), 2.61 (m, 6H, P(CH(CH3)2)3), 3.33 (s, 3H, OCH3), 6.60 (vdt, 3JHH 

= 9.1 Hz, 5JHH = 1.6 Hz, 2H, m-C6H5), 7.77 (s br, 2H, o-C6H5). 13C{1H} NMR (151 MHz, CD2Cl2, 260 K):  

19.6 (s, P(CH(CH3)2)3), 19.8 (s, P(CH(CH3)2)3), 24.2 (vt, 1JCP+3JCP = 9.4 Hz, P(CH(CH3)2)3), 54.9 (s, OCH3), 

111.8 (s, m-C6H5), 128.1 (s, o-C6H5), 129.0 (s, o-C6H5), 140.5 (t, 2JCP = 10.1 Hz, Cipso), 155.3 (s, p-C6H5), 

205.6 (t, 2JCP = 13.6 Hz, CO). 31P{1H} NMR (162 MHz, C6D6):  34.81 (s). Anal. Calcd. for 

C26H49ClO2P2Ru: C: 52.74; H: 8.34; Found: C: 52.84, H: 8.38. 
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RuCl(CO)(C6H4-4-CH3)(PiPr3)2 (RuPhCH3). 

 Yield: 45 %. 1H NMR (400 MHz, C6D6):  1.12 (dvt, 3JHH = 6.8 Hz, 3JHP = 

13.6 Hz, 18H, P(CH(CH3)2)3), 1.16 (dvt, 3JHH = 6.8 Hz, 3JHP = 13.6 Hz, 18H, 

P(CH(CH3)2)3), 2.13 (s, 3H, CH3), 2.62 (m, 6H, P(CH(CH3)2)3), 6.60 (d, 3JHH = 

8.0 Hz, 2H, m-C6H5), 7.84 (s br, 2H, o-C6H5). 13C{1H} NMR (151 MHz, CD2Cl2, 230 K): 19.3 (s, 

P(CH(CH3)2)3), 19.5 (s, P(CH(CH3)2)3), 20.2 (s, CH3), 23.9 (vt, 1JCP+3JCP = 9.5 Hz, P(CH(CH3)2)3), 126.2, 

127.4, (each s, m-C6H5), 129.4 (m, p-C6H5), 135.9 (s, o-C6H5), 140.8 (s, o-C6H5), 149.8 (t, 2JCP = 9.7 Hz, 

Cipso), 205.4 (t, 2JCP = 13.7 Hz, CO). 31P{1H} NMR (162 MHz, C6D6):  35.22 (s). Anal. Calcd. for 

C26H49ClOP2Ru: C: 54.20; H: 8.57; Found: C: 53.85, H: 8.65. 

 

RuCl(CO)(C6H4-4-F)(PiPr3)2 (RuPhF). 

Yield: 41 %. 1H NMR (400 MHz, C6D6):  1.11 (dvt, 3JHH = 6.1 Hz, 3JHP = 

13.2 Hz, 18H, P(CH(CH3)2)3), 1.15 (dvt, 3JHH = 6.1 Hz, 3JHP = 13.2 Hz, 18H, 

P(CH(CH3)2)3), 2.55 (m, 6H, P(CH(CH3)2)3), 6.63 (dvt, 3JHH = 9.2 Hz, 5JHH = 1.7 Hz, 

2H, m-C6H5), 7.74 (s br, 2H, o-C6H5). 13C{1H} NMR (151 MHz, CD2Cl2, 230K):  19.2 (s, P(CH(CH3)2)3), 

19.5 (s, P(CH(CH3)2)3), 23.8 (vt, 1JCP+3JCP = 9.5 Hz, P(CH(CH3)2)3), 112.9 (d, 3JCF = 19.2 Hz, m-C6H5), 

136.7 (s, o-C6H5), 140.7 (s, o-C6H5), 145.9 (dt, 2JCP = 9.9 Hz, 4JCF = 1.9 Hz, Cipso), 159.5 (d, JCF = 238.8 

Hz, p-C6H5), 204.9 (t, 2JCP = 13.5 Hz, CO). 31P{1H} NMR (162 MHz, C6D6):  34.97 (s). 19F NMR (376 

MHz, C6D6):  -125.48 (t, JFH = 1.6 Hz). EI/MS: m/z 580. 

 

RuCl(CO)(C6H4-4-CF3)(PiPr3)2 (RuPhCF3). 

Yield: 50 %. 1H NMR (400 MHz, C6D6):  1.01 (dvt, 3JHH = 6.3 Hz, 3JHP = 

13.3 Hz, 18H, P(CH(CH3)2)3), 1.06 (dvt, 3JHH = 6.3 Hz, 3JHP = 13.3 Hz, 18H, 

P(CH(CH3)2)3), 2.52 (m, 6H, P(CH(CH3)2)3), 7.04 (d, JHH = 8.4 Hz, 2H, m-C6H5 ), 

7.98 (s br, 2H, o-C6H5). 13C{1H} NMR (151 MHz, CD2Cl2, 230 K): 19.2 (s, P(CH(CH3)2)3), 19.5 (s, 

P(CH(CH3)2)3), 23.9 (vt, 1JCP+3JCP = 9.8 Hz, P(CH(CH3)2)3), 120.4 (s, m-C6H5), 122.1 (m, p-C6H5), 126.1 

(m, CF3), 137.0 (s, o-C6H5), 140.9 (s, o-C6H5), 165.3 (t, 2JCP = 9.8 Hz, Cipso), 204.7 (t, 2JCP = 13.2 Hz, CO). 

31P{1H} NMR (162 MHz, C6D6):  35.62 (s). 19F NMR (376 MHz, C6D6):  -61.19 (s). Anal. Calcd. for 

C26H46ClF3OP2Ru: C: 49.56; H: 7.36; Found: C: 49.54, H: 6.98. 
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RuCl(CO)(C6H4-3-F)(PiPr3)2 (Ru-m-F). 

Yield: 48 %. 1H NMR (400 MHz, CD2Cl2): 1.14 (dvt, 3JHH = 6.9 Hz, 3JHP = 13.6 Hz, 

18H, P(CH(CH3)2)3), 1.06 (dvt, 3JHH = 6.9 Hz, 3JHP = 13.4 Hz, 18H, P(CH(CH3)2)3), 2.51 

(m, 6H, P(CH(CH3)2)3), 6.33 (td, 3JHH = 8.3 Hz, 4JHH = 2.4 Hz, 1H, p-C6H4F), 6.63 (dd, 

3JHH = 8.0 Hz, 3JHH = 6.9 Hz, 1H, m- C6H4F), 7.32 (s br, 1H, o-C6H4F), 7.39 (s br, 1H, o-C6H4F). 13C{1H} 

NMR (151 MHz, CD2Cl2, 230 K): 19.3 (s, P(CH(CH3)2)3), 19.6 (s, P(CH(CH3)2)3), 24.1 (vt, 1JCP+3JCP = 9.9 

Hz, P(CH(CH3)2)3), 106.9 (d, 2JCF = 21.0 Hz, p-C6H4F), 122.6/126.8 (d, 2JCF = 17.9/20.0 Hz, o-C6H4F), 

124.8/126.6 (d, 3JCF = 6.3/5.2 Hz, m-C6H4F), 132.9/137.0 (s, o-C6H4F), 158.3 (m br, Cipso), 158.3/159.1 

(d, 1JCF = 243.1/242.8 Hz, m- C6H4F), 205.1/204.9 (t, 2JCP = 13.4 Hz, CO). 31P{1H} NMR (162 MHz, C6D6): 

34.86 (s). 19F{1H} NMR (376 MHz, C6D6):  -113.1 (s). EI/MS: m/z 580. 

Note that two different rotamers coexist which differ with respect to whether the F substituent 

points to the side of the CO or of the Cl- ligand. 

 

RuCl(CO)(C6H4-3-CH3)(PiPr3)2 (Ru-m-CH3). 

Yield: 57 %. 1H NMR (400 MHz, C6D6): 1.10 (dvt, 3JHH = 7.1 Hz, 3JHP = 13.1 Hz, 

18H, P(CH(CH3)2)3), 1.15 (dvt, 3JHH = 7.1 Hz, 3JHP = 13.1 Hz, 18H, P(CH(CH3)2)3), 

2.20 (s, 3H, CH3), 2.61 (m, 6H, P(CH(CH3)2)3), 6.57 (td, 3JHH = 7.2 Hz, 4JHH = 

0.8 Hz, 1H, p-C6H4CH3), 6.78 (t, 3JHH = 7.8 Hz, 1H, m-C6H4CH3), 7.78 (s br, 2H, o-C6H4CH3). 13C{1H} NMR 

(151 MHz, CD2Cl2, 230 K): 19.9 (s, P(CH(CH3)2)3), 20.0 (s, P(CH(CH3)2)3), 21.6 (s, CH3), 24.6 (vt, 

1JCP+3JCP = 9.9 Hz, P(CH(CH3c)2)3), 122.5 (s, p-C6H4CH3), 126.2 (s, munsub-C6H4CH3), 135.1 (s, msub-

C6H4CH3), 138.4 (s br, o-C6H4CH3), 156.0 (t, 2JCP = 9.7 Hz, Cipso), 206.6 (t, 2JCP = 13.5 Hz, CO). 31P{1H} 

NMR (162 MHz, C6D6): 35.27 (s). EI/MS: m/z 576. 

 

RuCl(CO)(C6H3-3,5-F2)(PiPr3)2 (Ru-(m-F)2). 

Yield: 46 %. 1H NMR (400 MHz, C6D6): 1.00 (dvt, 3JHH = 6.9 Hz, 3JHP = 13.4 Hz, 

18H, P(CH(CH3)2)3), 1.24 (dvt, 3JHH = 6.9 Hz, 3JHP = 13.4 Hz, 18H, P(CH(CH3)2)3), 2.68 

(m, 6H, P(CH(CH3)2)3), 6.28 (tt, 3JHF = 9.1 Hz, 4JHH = 2.3 Hz, 1H, p-C6H3F2), 7.63 (s 

br, 2H, o-C6H3F2). 13C{1H} NMR (151 MHz, toluene-d8, 230 K): 20.8 (s, P(CH(CH3)2)3), 21.0 (s, 

P(CH(CH3)2)3), 25.8 (vt, 1JCP+3JCP = 9.6 Hz, P(CH(CH3)2)3), 97.8 (t, 3JCF = 25.6 Hz, p-C6H3F2), 123.2 (s br, 

o-C6H3F2), 159.8 (s br, m-C6H3F2), 160.9 (tt, 2JCP = 10.9 Hz, 3JCF = 6.0 Hz Cipso), 161.5 (s br, m-C6H3F2), 

206.5 (t, 2JCP = 13.6 Hz, CO). 31P{1H} NMR (162 MHz, C6D6): 34.95 (s). 19F{1H} NMR (376 MHz, C6D6): 

-109.0 (s). EI/MS: m/z 598. 
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RuCl(CO)(C6H3-3,5-(CH3)2)(PiPr3)2 (Ru-(m-CH3)2). 

Yield: 43 %. 1H NMR (400 MHz, CD2Cl2, 230 K): 1.04 (dvt, 3JHH = 7.0 Hz, 3JHP 

= 13.4 Hz, 18H, P(CH(CH3)2)3), 1.18 (dvt, 3JHH = 7.0 Hz, 3JHP = 13.4 Hz, 18H, 

P(CH(CH3)2)3), 2.02 (s, 6H, CH3), 2.59 (m, 6H, P(CH(CH3)2)3), 6.21 (s, 1H, 

p-C6H3(CH3)2), 6.74 (s, 1H, o-C6H3(CH3)2), 7.43 (s, 1H, o-C6H3(CH3)2). 13C{1H} NMR (151 MHz, CD2Cl2, 

230 K):19.3 (s, P(CH(CH3)2)3), 19.6 (s, P(CH(CH3)2)3), 21.0 (s, CH3), 21.2 (s, CH3), 24.0 (vt, 1JCP+3JCP = 

9.7 Hz, P(CH(CH3c)2)3), 122.3 (s, p-C6H4CH3), 133.3 (s, o-C6H4CH3), 133.7 (s, m-C6H4CH3), 135.2 (s br, 

m-C6H4CH3), 138.9 (s, o-C6H4CH3), 155.5 (t, 2JCP = 9.5 Hz, Cipso), 205.9 (t, 2JCP = 13.6 Hz, CO). 31P{1H} 

NMR (162 MHz, C6D6): 34.76 (s). EI/MS: m/z 590. 

 

RuCl(CO)(C10H7)(PiPr3)2 (RuNaph). 

Yield: 20 %. 1H NMR (400 MHz, CD2Cl2, 230 K): 1.04 (dvt, 3JHH = 6.7 Hz, 

3JHP = 13.3 Hz, 18H, P(CH(CH3)2)3), 1.18 (dvt, 3JHH = 6.7 Hz, 3JHP = 13.3 Hz, 

18H, P(CH(CH3)2)3), 2.62 (m, 6H, P(CH(CH3)2)3), 7.14 (m, 2H, H4,6), 7.22 (t, 

1H, 3JHH = 7.5 Hz, H7), 7.40 (d, 1H, 3JHH = 8.1 Hz, H8), 7.48 (s, 1H, H1), 7.56 (d, 1H, 3JHH = 8.1 Hz, H5), 

7.22 (d, 1H, 3JHH = 9.0 Hz, H3). 13C{1H} NMR (151 MHz, CD2Cl2, 230 K):19.7 (s, P(CH(CH3)2)3), 20.2 

(s, P(CH(CH3)2)3), 24.4 (vt, 1JCP+3JCP = 10.1 Hz, P(CH(CH3c)2)3), 122.9 (s, C4), 123.3 (s, C6), 125.1 (s, C7), 

125.3 (s, C8), 127.5 (s, C5), 130.0 (s, C4a), 133.6 (s, C8a), 137.0 (s, C3), 138.1 (s, C1), 155.8 (t, 2JCP = 9.3 

Hz, C2), 205.9 (t, 2JCP = 13.7 Hz, CO). 31P{1H} NMR (162 MHz, CD2Cl2, 230 K): 33.73 (s), 34.11 (s). 

EI/MS: m/z 612. 

 

RuCl(CO)(C14H9)(PiPr3)2 (RuAnt). 

Yield: 44 %. 1H NMR (400 MHz, CD2Cl2, 230 K): 1.05 (dvt, 3JHH = 

6.6 Hz, 3JHP = 13.3 Hz, 18H, P(CH(CH3)2)3), 1.18 (dvt, 3JHH = 6.6 Hz, 3JHP 

= 13.3 Hz, 18H, P(CH(CH3)2)3), 2.65 (m, 6H, P(CH(CH3)2)3), 7.27 (m, 

3H, H4,7,10), 7.62 (s, 1H, H1), 7.84 (d, 1H, 3JHH = 6.9 Hz, H8), 7.87 (d, 

1H, 3JHH = 7.2 Hz, H5), 7.92 (s, 1H, H9), 8.15 (d, 1H, 3JHH = 8.7 Hz, H3), 8.17 (t, 1H, 3JHH = 6.9 Hz, H6). 

13C{1H} NMR (151 MHz, CD2Cl2, 230 K):19.3 (s, P(CH(CH3)2)3), 19.7 (s, P(CH(CH3)2)3), 24.2 (vt, 

1JCP+3JCP = 9.9 Hz, P(CH(CH3c)2)3), 121.3 (s, C4), 121.9 (s, C9), 123.8 (s, C10), 124.8 (s, C7), 125.1 (s, C6), 

127.8 (s, C8), 127.9 (s, C5), 129.3 (s, C4a), 129.9 (s, C9a), 131.1 (s, C8a), 131.9 (s, C10a), 136.6 (s, C1), 

136.9 (s, C3), 155.7 (t, 2JCP = 9.4 Hz, C2), 205.6 (t, 2JCP = 13.1 Hz, CO). 31P{1H} NMR (162 MHz, CD2Cl2, 

230 K): 33.80 (s), 34.35 (s). EI/MS: m/z 662. 
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RuCl(CO)(C14H9)(PiPr3)2 (Ru-3-Phn). 

Yield: 39 %. 1H NMR (400 MHz, CD2Cl2, 230 K): A: 1.10 (dvt, 3JHH = 

6.9 Hz, 3JHP = 13.6 Hz, 18H, P(CH(CH3)2)3), 1.20 (dvt, 3JHH = 6.9 Hz, 3JHP = 

13.6 Hz, 18H, P(CH(CH3)2)3), 2.68 (m, 6H, P(CH(CH3)2)3), 7.24 (d, 1H, 3JHH = 

8.6 Hz, H1), 7.47 (m, 1H, H9), 7.52 (m, 1H, H7), 7.57 (m, 2H, H2,10), 7.59 (m, 

1H, H6), 7.80 (m, 1H, H8), 8.52 (d, 1H, 3JHH = 8.2 Hz, H5), 9.24 (s, 1H, H4) B: 1.10 (dvt, 3JHH = 6.9 Hz, 

3JHP = 13.6 Hz, 18H, P(CH(CH3)2)3), 1.20 (dvt, 3JHH = 6.9 Hz, 3JHP = 13.6 Hz, 18H, P(CH(CH3)2)3), 2.68 (m, 

6H, P(CH(CH3)2)3), 7.23 (d, 1H, 3JHH = 8.6 Hz, H1), 7.51 (m, 1H, H9), 7.52 (m, 1H, H7), 7.57 (m, 2H, H6,10), 

7.80 (m, 1H, H8), 8.25 (m, 1H, H2), 8.47 (s, 1H, H4), 8.60 (d, 1H, 3JHH = 8.2 Hz, H5). 13C{1H} NMR (151 

MHz, CD2Cl2, 230 K), A: 19.40/19.47 (s, P(CH(CH3)2)3), 19.51/19.67 (s, P(CH(CH3)2)3), 24.04 (vt, 

1JCP+3JCP = 9.8 Hz, P(CH(CH3c)2)3), 122.62 (s, C5), 123.28 (s, C9), 125.32 (s, C1), 125.92 (s, C7), 126.29 

(s, C6), 126.98 (s, C10), 127.03 (s, C10a), 127.57 (s, C4a), 128.22 (s, C8), 128.47 (s, C4) 129.58 (s, C5a), 

131.73/131.77 (s, C9a), 141.06 (s, C2), 155.17 (t, 2JCP = 9.4 Hz, C3), 205.54/205.62 (t, 2JCP = 13.2 Hz, 

CO) B:19.40/19.47 (s, P(CH(CH3)2)3), 19.51/19.67 (s, P(CH(CH3)2)3), 24.04 (vt, 1JCP+3JCP = 9.8 Hz, 

P(CH(CH3c)2)3), 122.36 (s, C5), 123.55 (s, C9), 123.68 (s, C1), 125.85 (s, C7), 126.08 (s, C6), 126.98 (s, 

C10), 127.18 (s, C10a), 128.22 (s, C8), 128.61 (s, C4a), 128.79 (s, C5a), 131.73/131.77 (s, C9a), 133.52 (s, 

C4), 136.86 (s, C2), 155.70 (t, 2JCP = 9.4 Hz, C3), 205.54/205.62 (t, 2JCP = 13.2 Hz, CO). 31P{1H} NMR 

(162 MHz, CD2Cl2, 230 K): 34.12 (s), 34.19 (s). EI/MS: m/z 662. 

Note that there are two rotamers A and B that differ with respect to the orientation of the 

phenanthrenyl ligand with respect to the CO and the Cl ligands. Their NMR data are listed separately. 

It was, however, not possible to find out which set of signals belongs to which isomer. 

 

RuCl(CO)(C14H9)(PiPr3)2 (Ru-2-Phn). 

Yield: 34 %. 1H NMR (400 MHz, CDCl3, 230 K): 1.07 (dvt, 3JHH = 

6.9 Hz, 3JHP = 13.7 Hz, 18H, P(CH(CH3)2)3), 1.20 (dvt, 3JHH = 6.9 Hz, 3JHP 

= 13.7 Hz, 18H, P(CH(CH3)2)3), 2.67 (m, 6H, P(CH(CH3)2)3), 7.48 (m, 

2H), 7.57 (m, 3H), 7.81 (d, 3JHH = 7.7 Hz, 1H), 7.97 (d, 3JHH = 9.0 Hz, 1H), 8.28 (d, 3JHH = 9.0 Hz, 1H), 

8.36 (s, 1H, H1), 8.53 (d, 3JHH = 8.4 Hz, 1H), 8.56 (d, 3JHH = 8.4 Hz, 1H). 13C{1H} NMR (151 MHz, CDCl3, 

230 K): 19.6/19.7 (s, P(CH(CH3)2)3), 19.8/19.9 (s, P(CH(CH3)2)3), 24.1 (m, P(CH(CH3c)2)3), 118.2 (s), 

119.6 (s), 121.6 (s), 121.8 (s), 124.9 (s), 125.0 (s), 125.1 (s), 125.6 (s), 125.7 (s), 126.1 (s), 126.2 (s), 

126.3 (s), 127.4 (s), 128.4 (s), 128.4 (s), 130.0 (s), 130.4 (s), 130.5 (s), 130.6 (s), 131.2 (s), 134.2 (s, 

C1), 136.4 (s), 139.2 (s), 140.9 (s), 155.93/156.23 (t, 2JCP = 9.7 Hz, C2), 205.40/205.32 (t, 2JCP = 13.7 

Hz, CO). 31P{1H} NMR (162 MHz, CDCl3, 230 K): 33.72 (s), 33.89 (s). ESI/MS: m/z 627.2501. 
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Note that there are two rotamers present. In this case it was not possible to assign the resonance 

signals to the individual rotamers. 

 

RuCl(CO)(C18H11)(PiPr3)2 (RuCry). 

Yield: 41 %. 1H NMR (400 MHz, CD2Cl2):  1.15 (dvt, 3JHH = 

6.6 Hz, 3JHP = 13.7 Hz, 18H, P(CH(CH3)2)3), 1.24 (dvt, 3JHH = 6.9 

Hz, 3JHP = 13.7 Hz, 18H, P(CH(CH3)2)3), 2.71 (m, 6H, 

P(CH(CH3)2)3), 7.57 (t, 3JHH = 7.4 Hz, 1H, H9), 7.66 (t, 3JHH = 7.6 Hz, 1H, H10), 7.71 (d, 3JHH = 9.0 Hz, 1H, 

H13), 7.92 (d, 3JHH = 9.0 Hz, 1H, H6), 7.95 (d, 3JHH = 7.8 Hz, 1H, H8), 8.08 (d, 3JHH = 9.0 Hz, 1H, H4), 8.22 

(s br, H1,2), 8.52 (d, 3JHH = 9.0 Hz, 1H, H12), 8.59 (d, 3JHH = 9.0 Hz, 1H, H5), 8.70 (d, 3JHH = 8.4 Hz, 1H, 

H11). 13C{1H} NMR (151 MHz, CD2Cl2): 20.0 (s, P(CH(CH3)2)3), 20.2 (s, P(CH(CH3)2)3), 24.9 (vt, 1JCP+3JCP 

= 9.6 Hz, P(CH(CH3c)2)3), 119.2 (s br, C4), 120.5 (s, C12), 121.5 (s, C5), 123.3 (s, C11), 126.1 (s, C9), 126,5 

(s, C4a), 126.7 (s, C12a), 126.9 (s, C10,13), 127.2 (s, C6), 128.9 (s, C8), 129.1 (s, C5a), 131.2 (s, C11a),131.9 

(s br, C13a), 132.2 (s, C7), 138.3 (s br, C1/3), 139.8 (s br, C1/3), 157.0 (t, 2JCP = 7.8 Hz, C2), 205.23 (t, 2JCP 

= 13.7 Hz, CO). 31P{1H} NMR (162 MHz, CD2Cl2, 230 K):  34.04 (s), 34.27 (s). ESI/MS: m/z 677.1. 

Note that there are two rotamers present. In this case it was not possible to assign the resonance 

signals to the individual rotamers. 

 

RuCl(CO)(C17H12O)(PiPr3)2 (RuPyrOH). 

Under atmosphere of argon RuCl2COD (200 mg, 0.714 mmol, 

1 eq.) was suspended in iPrOH (15 mL), PiPr3 (0.28 mL, 

1.46 mmol, 2.05 eq.) and Et3N (0.20 mL, 1.43 mmol, 2 eq.) were 

added dropwise. The dark brown suspension was heated under reflux conditions for 5 h. The 

resulting ochre solution was cooled to r.t. and a solution of the pyrene 2,8-dialdehyde (0.214 mmol, 

0.3 eq.) in benzene (10 mL) was slowly added. The reaction mixture was stirred at r.t. for 8 d. The 

solvent was evaporated and the residue was washed with cold iPrOH (3×10 mL, -20 °C). The residual 

solid was extracted with n-pentanes (12×30 mL) in a supersonic bath for 1.5 h. The solvent was 

removed under reduced pressure and the obtained solid was again extracted with n-pentanes 

(15×40 mL) without the use of a supersonic bath to remove the bisruthenium byproduct. The 

solvent was removed under reduced pressure to obtain the purple colored RuPyrOH.  

Yield: 7 %. 1H NMR (400 MHz, CD2Cl2):  1.11 (dvt, 3JHH = 6.3 Hz, 3JHP = 13.4 Hz, 18H, P(CH(CH3)2)3), 

1.21 (dvt, 3JHH = 6.3 Hz, 3JHP = 13.4 Hz, 18H, P(CH(CH3)2)3), 1.97 (s, 1H, OH), 2.70 (m, 6H, P(CH(CH3)2)3), 

5.04 (s, 2H, H12), 7.90 (m, 6H, H5-7,9-11), 8.42 (s br, 2H, H1,3). 13C{1H} NMR (151 MHz, CD2Cl2): 20.0 (s, 

P(CH(CH3)2)3), 20.1 (s, P(CH(CH3)2)3), 24.9 (vt, 1JCP+3JCP = 9.6 Hz, P(CH(CH3c)2)3), 66.2 (s, C12), 121.4 (s), 
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121.5 (s), 121.5 (s, C5), 123.1 (s), 124.6 (s), 125.0 (s), 125.2 (s), 125.7 (s), 126.7 (s), 126.7 (s), 126.7 

(s), 126.8 (s), 127.4 (s), 127.7 (s br), 130.9 (s), 131.1 (s), 138.1 (s), 155.6 (t, 2JCP = 9.6 Hz, C2), 206.2 

(t, 2JCP = 13.5 Hz, CO). 31P{1H} NMR (162 MHz, CD2Cl2):  35.13 (s). 

 

9.5.2. GENERAL PROCEDURE FOR HOMOBIMETALLIC COMPLEXES 

Under atmosphere of argon RuCl2COD (200 mg, 0.714 mmol, 1 eq.) was suspended in iPrOH 

(15 mL), PiPr3 (0.28 mL, 1.46 mmol, 2.05 eq.) and Et3N (0.20 mL, 1.43 mmol, 2 eq.) were added 

dropwise. The dark brown suspension was heated under reflux conditions for 5 h. The resulting 

ochre solution was cooled to r.t. and a solution of the corresponding di-aldehyde (0.214 mmol, 

0.3 eq.) in benzene (10 mL) was slowly added. The reaction mixture was stirred at r.t. for 4 d. The 

solvent was evaporated and the residue was washed with cold iPrOH (3×10 mL, -20 °C). The residual 

solid was treated with n-hexane (20 mL) in a supersonic bath for 1.5 h to remove small amounts of 

the monoruthenium byproduct. The obtained solid was extracted into DCM (20 mL) and filtered. 

The solvent was removed under reduced pressure to obtain the purple-colored homo-bimetallic 

-aryl ruthenium complexes. 

 

Ru2Cl2(CO)2(C12H8)(PiPr3)4 (Ru2biphenyl). 

Yield: 21 %. 1H NMR (400 MHz, C6D6):  1.05 (m, 72H, 

P(CH(CH3)2)3), 2.53 (m, 12H, P(CH(CH3)2)3), 7.23 (d, 3JHH = 

8.6 Hz, 4H, m-C6H5), 7.87 (s br, 4H, o-C6H5). 13C{1H} NMR 

(151 MHz, CD2Cl2, 230 K): 19.8 (s, P(CH(CH3)2)3), 19.9 (s, P(CH(CH3)2)3), 24.4 (vt, 1JCP+3JCP = 9.6 Hz, 

P(CH(CH3)2)3), 123.6 (s, m-C6H5), 134.2 (s, p-C6H5), 154.6 (t, 2JCP = 9.8 Hz, Cipso), 206.3 (t, 2JCP = 13.6 

Hz, CO). 31P{1H} NMR (162 MHz, C6D6):  35.30 (s). Anal. Calc. for C50H92Cl2O2P4Ru2: C: 53.47; H: 8.29; 

Found: C: 53.51, H: 8.26. 
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Ru2Cl2(CO)2 (C10H6)(PiPr3)4 (Ru2Naph). 

Yield: 32 %. 1H NMR (400 MHz, CD2Cl2, 230 K):  1.10 (m, 72H, 

P(CH(CH3)2)3), 2.60 (m, 12H, P(CH(CH3)2)3), 6.76 (d, 3JHH = 8.6 Hz, 

2H, H4), 7.19 (s, 2H, H1), 7.77 (d, 3JHH = 8.6 Hz, 2H, H3). 13C{1H} NMR 

(151 MHz, CD2Cl2, 230 K): 18.9 (s, P(CH(CH3)2)3), 19.4 (s, 

P(CH(CH3)2)3), 23.7 (vt, 1JCP+3JCP = 9.6 Hz, P(CH(CH3)2)3), 120.4 (s, C4), 130.8 (s, C4a), 134.2 (s, C3), 136.3 

(s, C1), 148.5 (t, 2JCP = 9.6 Hz, C2), 205.5 (t, 2JCP = 13.4 Hz, CO). 31P{1H} NMR (162 MHz, CD2Cl2):  

33.95(s), 33.70 (s). EI/MS: m/z 808. 

 

Ru2Cl2(CO)2 (C10H6)(PiPr3)4 (Ru2ViPh). 

Under atmosphere of argon RuCl2COD (200 mg, 0.714 mmol, 

1 eq.) was suspended in iPrOH (15 mL), PiPr3 (0.28 mL, 1.46 mmol, 

2.05 eq.) and Et3N (0.20 mL, 1.43 mmol, 2 eq.) were added 

dropwise. The dark brown suspension was heated under reflux 

conditions for 5 h. The resulting ochre solution was cooled to r.t. and a solution of 

RuCl(CO)(C9H7O)(PiPr3)2 (0.214 mmol, 0.3 eq.) in benzene (10 mL) was slowly added. The reaction 

mixture was stirred at r.t. for 4 d. The solvent was evaporated and the residue was washed with cold 

iPrOH (3×10 mL, -20 °C). The residual solid was treated with n-hexane (20 mL) in a supersonic bath 

for 1.5 h to remove small amounts of the monoruthenium byproduct. The obtained solid was 

extracted into DCM (20 mL). The solvent was removed under reduced pressure to obtain the purple-

colored complex Ru2ViPh. 

Yield: 28 %. 1H NMR (400 MHz, C6D6):  1.15 (m, 72H, P(CH(CH3)2)3), 2.61 (m, 12H, P(CH(CH3)2)3), 

6.23 (dt, 3JHH = 13.2 Hz, 4JHP = 2.3 Hz, 1H, H2), 6.81 (d, 3JHH = 8.5 Hz, 2H, H4,8), 7.78 (s br, 2H, H5,7), 8.51 

(dt, 3JHH =13.2 Hz, 3JHH =1.2 Hz, 1H, H1). 13C{1H} NMR (151 MHz, CD2Cl2, 230 K): 19.4 (s, P(CH(CH3)2)3), 

19.5 (s, P(CH(CH3)2)3), 19.7 (s, P(CH(CH3)2)3), 19.8 (s, P(CH(CH3)2)3), 24.0 (vt, 1JCP+3JCP = 9.7 Hz, 

P(CH(CH3c)2)3), 24.3 (vt, 1JCP+3JCP = 9.7 Hz, P(CH(CH3c)2)3), 121.2 (s, C4/8), 122.4 (s, C4/8), 132.5 (s, C3), 

133.9 (s, C2), 135.6 (s, C5/7), 140.6 (s, C5/7), 145.6 (t, 2JCP = 10.7 Hz, C1), 150.4 (t, 2JCP = 9.6 Hz, C6), 

203.1 (t, 2JCP = 12.9 Hz, COalkenyl), 205.6 (t, 2JCP = 13.7 Hz, COaryl). 31P{1H} NMR (162 MHz, CD2Cl2):  

34.83 (s, Paryl), 37.72 (s, Palkenyl).  
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9.5.3. GENERAL PROCEDURE FOR PENTA-COORDINATED HETEROBIMETALLIC COMPLEXES 

Under atmosphere of argon RuCl2COD (200 mg, 0.714 mmol, 1 eq.) was suspended in iPrOH 

(15 mL), PiPr3 (0.28 mL, 1.46 mmol, 2.05 eq.) and Et3N (0.20 mL, 1.43 mmol, 2 eq.) was added 

dropwise. The dark brown suspension was heated under reflux conditions for 5 h. The resulting 

ochre solution was cooled to r.t. and a solution of the corresponding aldehyde (0.54 mmol, 0.75 eq.) 

in benzene (10 mL) was slowly added. The reaction mixture was stirred at r.t. for 4 d. The solvent 

was evaporated and the residue washed with cold iPrOH (3×10 mL, -20 °C) and n-hexane (6×30 mL). 

The solvent was removed under reduced pressure to obtain the red colored hetero-bimetallic -aryl 

ruthenium complexes. 

 

RuCl(CO)(C6H4-Fc)(PiPr3)2 (RuPhFc). 

Yield: 45 %. 1H NMR (600 MHz, C6D6): 1.12 (dvt, 3JHH = 7.0 Hz, 3JHP 

= 13.3 Hz, 18H, P(CH(CH3)2)3), 1.19 (dvt, 3JHH = 7.0 Hz, 3JHP = 13.3 Hz, 

18H, P(CH(CH3)2)3), 2.63 (m, 6H, P(CH(CH3)2)3), 3.95 (s, 5H, H1-5), 4.09 

(vt, 4JHH = 1.8 Hz, 2H, H7,8), 4.54 (vt, 4JHH = 1.8 Hz, 2H, H6,9), 7.03 (d, 3JHH 

= 8.6 Hz, 2H, H12,16), 8.02 (d br, 3JHH = 7.9 Hz, 2H, H13,15) 13C{1H} NMR 

(151 MHz, C6D6):19.5 (s, P(CH(CH3)2)3), 19.7 (s, P(CH(CH3)2)3), 24.4 (vt, 1JCP+3JCP = 9.2 Hz, 

P(CH(CH3c)2)3), 65.6 (s, C6,9), 68.4 (s, C7,8), 69.6 (s, C1-5), 89.1 (s, C10), 123.4 (s br, C12,16), 131.5 (s, C11), 

153.6 (t, 2JCP = 9.9 Hz, C14), 205.9 (t, 2JCP = 13.6 Hz, CO). 31P{1H} NMR (162 MHz, C6D6): 34.94 (s). 

EI/MS: m/z 746. 

 

RuCl(CO)(C6H4-Vi-Fc)(PiPr3)2 (RuPhViFc). 

Yield: 27 %. 1H NMR (600 MHz, C6D6): 1.13 (dvt, 3JHH = 7.0 Hz, 

3JHP = 13.1 Hz, 18H, P(CH(CH3)2)3), 1.15 (dvt, 3JHH = 7.0 Hz, 3JHP = 

13.1 Hz, 18H, P(CH(CH3)2)3), 2.61 (m, 6H, P(CH(CH3)2)3), 3.93 (s, 

5H, H1-5), 4.05 (vt, 4JHH = 1.7 Hz, 2H, H7,8), 4.26 (vt, 4JHH = 1.7 Hz, 

2H, H6,9), 6.75 (d, 3JHH = 16.2 Hz, 1H, H11), 6.77 (d, 3JHH = 16.2 Hz, 

1H, H12), 7.03 (d, 3JHH = 8.4 Hz, 2H, H14,18), 7.95 (s br, 2H, H15,17). 13C{1H} NMR (151 MHz, C6D6):19.5 

(s, P(CH(CH3)2)3), 19.6 (s, P(CH(CH3)2)3), 24.2 (vt, 1JCP+3JCP = 9.5 Hz, P(CH(CH3c)2)3), 66.5 (s, C6,9), 68.5 

(s, C7,8), 69.0 (s, C1-5), 84.7 (s, C10), 123.3 (s, C11), 127.2 (s, C14,18), 128.1 (s, C12), 131.3 (s, C13), 156.7 

(t, 2JCP = 9.7 Hz, C16), 205.9 (t, 2JCP = 13.5 Hz, CO). 31P{1H} NMR (162 MHz, C6D6): 35.45 (s). EI/MS: 

m/z 772. 
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9.5.4. GENERAL PROCEDURE FOR HEXA-COORDINATED HETEROBIMETALLIC COMPLEXES 

Under atmosphere of nitrogen RuPh(Vi)Fc (0.06 mmol, 1 eq.) was dissolved in DCM (10 mL), K2CO3 

(13.8 mg, 0.09 mmol, 1.5 eq.) and acetylacetone (0.03 mL, 0.33 mmol, 5 eq.) dissolved in MeOH 

(30 mL) was added dropwise over a period of 1 h. The reaction mixture was stirred at r.t. for 14 h. 

The resulting yellow solution was evaporated and the residue extracted with DCM (3×15 mL) and 

washed with MeOH (2 mL). The solvent was removed under reduced pressure to obtain the yellow 

colored hexa-coordinated heterobimetallic -aryl ruthenium complexes. 

 

acacRuCl(CO)(C6H4-Fc)(PiPr3)2 (acacRuPhFc). 

Yield: 97 %. 1H NMR (600 MHz, C6D6): 1.13 (dvt, 3JHH = 6.6 Hz, 

3JHP = 13.2 Hz, 18H, P(CH(CH3)2)3), 1.26 (dvt, 3JHH = 6.6 Hz, 3JHP = 

13.2 Hz, 18H, P(CH(CH3)2)3), 1.74 (s, 3H, H19), 1.96 (s, 3H, H18), 

2.19 (m, 6H, P(CH(CH3)2)3), 4.02 (s, 5H, H1-5), 4.12 (vt, 4JHH = 1.8 

Hz, 2H, H7,8), 4.68 (vt, 4JHH = 1.8 Hz, 2H, H6,9), 5.28 (s, 1H, H17), 

7.29 (dd, 3JHH = 8.6 Hz, 4JHH = 2.3 Hz, 1H, H16), 7.36 (dd, 3JHH = 8.6 Hz, 4JHH = 2.3 Hz, 1H, H12), 8.00 (d, 

3JHH = 8.1 Hz, 1H, H15), 8.74 (d, 3JHH = 8.1 Hz, 1H, H13). 13C{1H} NMR (151 MHz, C6D6):19.5 (s, 

P(CH(CH3)2)3), 19.6 (s, P(CH(CH3)2)3), 25.2 (vt, 1JCP+3JCP = 8.5 Hz, P(CH(CH3c)2)3), 28.2 (s, C18), 28.5 (s, 

C19), 65.5 (s, C6,9), 68.2 (s, C7,8), 69.6 (s, C1-5), 87.6 (s, C10), 100.6 (s, C19), 122.0 (s, C12), 124.2 (s, C16), 

131.5 (s, C11), 137.3 (s, C13), 143.4 (s, C15), 158.0 (t, 2JCP = 10.9 Hz, C14), 186.6 (s, C21), 188.3 (s, C20), 

210.5 (t, 2JCP = 13.6 Hz, CO). 31P{1H} NMR (162 MHz, C6D6): 31.39 (s).  

 

acacRuCl(CO)(C6H4-Vi-Fc)(PiPr3)2 (acacRuPhViFc). 

Yield: 97 %. 1H NMR (600 MHz, C6D6): 1.09 (dvt, 3JHH = 

6.8 Hz, 3JHP = 12.9 Hz, 18H, P(CH(CH3)2)3), 1.24 (dvt, 3JHH = 

6.8 Hz, 3JHP = 12.9 Hz, 18H, P(CH(CH3)2)3), 1.73 (s, 3H, H21), 

1.95 (s, 3H, H20), 2.16 (m, 6H, P(CH(CH3)2)3), 3.94 (s, 5H, H1-

5), 4.05 (vt, 4JHH = 1.7 Hz, 2H, H7,8), 4.29 (vt, 4JHH = 1.7 Hz, 2H, 

H6,9), 5.27 (s, 1H, H19), 6.90 (d, 3JHH = 16.2 Hz, 1H, H11), 6.91 (d, 3JHH = 16.2 Hz, 1H, H12), 7.29 (dd, 3JHH 

= 7.8 Hz, 4JHH = 2.2 Hz, 1H, H18), 7.36 (dd, 3JHH = 8.2 Hz, 4JHH = 2.2 Hz, 1H, H14), 8.08 (d, 3JHH = 7.8 Hz, 

1H, H17), 8.82 (d, 3JHH = 8.2 Hz, 1H, H15). 13C{1H} NMR (151 MHz, C6D6):19.4 (s, P(CH(CH3)2)3), 19.6 

(s, P(CH(CH3)2)3), 24.9 (vt, 1JCP+3JCP = 8.5 Hz, P(CH(CH3c)2)3), 28.1 (s, C21), 28.5 (s, C20), 66.2 (s, C6,9), 

67.9 (s, C7,8), 69.2 (s, C1-5), 85.3 (s, C10), 100.6 (s, C19), 121.6 (s, C11,14), 124.3 (s, C18), 128.6 (s, C12), 

130.3 (s, C13), 137.6 (s, C15), 143.6 (s, C17), 162.1 (t, 2JCP = 10.9 Hz, C16), 187.1 (s, C23), 188.6 (s, C22), 

210.9 (t, 2JCP = 15.3 Hz, CO). 31P{1H} NMR (162 MHz, C6D6): 31.93 (s).   
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11. APPENDIX 

 

  

Figure 103. �̃�(CO) in the neutral (blue) and mono-oxidized states (red) of complexes RuPhCH3 (top), RuPhF (bottom, left) 
and RuPhCF3 (bottom, right) in CH2Cl2 at r.t. with 0.1 M NBu4

+ PF6
- supporting electrolyte. 

 

  

Figure 104. Stacked experimental (top black curve) and simulated (bottom blue curve) EPR spectra of the radical cations 
RuPhCH3

•+ (left) and RuPhCF3
•+ (right) in CH2Cl2 solution at r. t. 
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Figure 105. Selected molecular orbitals of RuPhCH3 in its neutral and oxidized state. 

 

 

Figure 106. Selected molecular orbitals of RuPhCF3 in its neutral and oxidized state. 
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Figure 107. Calculated compositions of selected MOs for the full model of RuPhCH3 in its neutral and oxidized state. 

 

 

Figure 108. Cyclic voltammogram of complex acacRuPh in CH2Cl2 at r.t. with 0.1 M NBu4
+ PF6

- supporting electrolyte. 

 

 

Figure 109. �̃�(CO) in the neutral (blue) and mono-oxidized states (red) of complex Ru-2-Phn in CH2Cl2 at r.t. with 0.1 M 
NBu4

+ PF6
- supporting electrolyte. 
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Figure 110. Selected molecular orbitals of RuAnt in its neutral and monooxidized states. 
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Figure 111. Selected molecular orbitals of Ru-2-Phn in its neutral and monooxidized states. 
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Figure 112. Selected molecular orbitals of Ru-3-Phn in its neutral and monooxidized states. 
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Figure 113. Selected molecular orbitals of RuCry in its neutral and monooxidized states. 

 

  

Figure 114. Spectroscopic changes in the �̃�(CO) region during first (right) and second oxidation (right) of complex 
acacRuPhViFc inside an OTTLE cell; CH2Cl2/0.1 M NBu4PF6, r. t. 
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Figure 115. Selected molecular orbitals of RuPhViFc in its neutral and monooxidized states. 
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Figure 116. Selected molecular orbitals of acacRuPhViFc in its neutral and monooxidized states. 

 

Figure 117. -HOSO-3 of complexes RuPhFc+, RuPhViFc+, acacRuPhFc+, and acacRuPhViFc+.  
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Figure 118. Calculated composition of selected MOs of RuPhViFc (top) and acacRuPhViFc (bottom) as well as their 
associated radical cations and closed-shell dications. 
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Figure 119. 1H NMR spectrum of complex RuPh in C6D6 at r.t. 

 

 

Figure 120. 31P{1H} NMR spectrum of complex RuPh in C6D6 at r.t. 
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Figure 121. 13C{1H} NMR spectrum of complex RuPh in toluene-d6 at 230 K. 

 

 

Figure 122. 1H NMR spectrum of complex RuPhOMe in C6D6 at r.t. 
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Figure 123. 31P{1H} NMR spectrum of complex RuPhOMe in C6D6 at r.t. 

 

 

Figure 124. 13C{1H} NMR spectrum of complex RuPhOMe in CD2Cl2 at 260 K. 
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Figure 125. 1H NMR spectrum of complex RuPhCH3 in C6D6 at r.t. 

 

 

Figure 126. 31P{1H} NMR spectrum of complex RuPhCH3 in C6D6 at r.t. 
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Figure 127. 13C{1H} NMR spectrum of complex RuPhCH3 in CD2Cl2 at 230 K. 

 

 

Figure 128. 1H NMR spectrum of complex RuPhF in C6D6 at r.t. 
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Figure 129. 31P{1H} NMR spectrum of complex RuPhF in C6D6 at r.t. 

 

 

Figure 130. 19F NMR spectrum of complex RuPhF in C6D6 at r.t. 
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Figure 131. 13C{1H} NMR spectrum of complex RuPhF in CD2Cl2 at 230 K. 

 

 

Figure 132. 1H NMR spectrum of complex RuPhCF3 in C6D6 at r.t. 
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Figure 133. 31P{1H} NMR spectrum of complex RuPhCF3 in C6D6 at r.t. 

 

 

Figure 134. 19F NMR spectrum of complex RuPhCF3 in C6D6 at r.t. 
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Figure 135. 13C{1H} NMR spectrum of complex RuPhCF3 in CD2Cl2 at 230 K. 

 

 

Figure 136. 1H NMR spectrum of complex RuPh-m-F in C6D6 at r.t. 
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Figure 137. 31P{1H} NMR spectrum of complex RuPh-m-F in C6D6 at r.t. 

 

 

Figure 138. 13C{1H} NMR spectrum of complex RuPh-m-F in CD2Cl2 at 230 K. 
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Figure 139. 1H NMR spectrum of complex RuPh-m-CH3 in C6D6 at r.t. 

 

 

Figure 140. 31P{1H} NMR spectrum of complex RuPh-m-CH3 in C6D6 at r.t. 
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Figure 141. 13C{1H} NMR spectrum of complex RuPh-m-CH3 in CD2Cl2 at 230 K. 

 

 

Figure 142. 1H NMR spectrum of complex RuPh-(m-F)2 in C6D6 at r.t. 
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Figure 143. 31P{1H} NMR spectrum of complex RuPh-(m-F)2 in C6D6 at r.t. 

 

 

Figure 144. 13C{1H} NMR spectrum of complex RuPh-(m-F)2 in CD2Cl2 at 230 K. 
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Figure 145. 1H NMR spectrum of complex RuPh-(m-CH3)2 in CD2Cl2 at r.t. 

 

 

Figure 146. 31P{1H} NMR spectrum of complex RuPh-(m-CH3)2 in CD2Cl2 at r.t. 
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Figure 147. 13C{1H} NMR spectrum of complex RuPh-(m-CH3)2 in CD2Cl2 at 230 K. 

 

 

Figure 148. 1H NMR spectrum of complex RuNaph in CD2Cl2 at 230 K. 
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Figure 149. 31P{1H} NMR spectrum of complex RuNaph in CD2Cl2 at 230 K. 

 

 

Figure 150. 13C{1H} NMR spectrum of complex RuNaph in CD2Cl2 at 230 K.  
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Figure 151. 1H NMR spectrum of complex RuAnt in CD2Cl2 at 230 K. 

 

 

Figure 152. 31P{1H} NMR spectrum of complex RuAnt in CD2Cl2 at 230 K. 
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Figure 153. 13C{1H} NMR spectrum of complex RuAnt in CD2Cl2 at 230 K.  

 

 

Figure 154. 1H NMR spectrum of complex Ru-3-Phn in CD2Cl2 at 230 K. 
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Figure 155. 31P{1H} NMR spectrum of complex Ru-3-Phn in CD2Cl2 at 230 K. 

 

 

Figure 156. 13C{1H} NMR spectrum of complex Ru-3-Phn in CD2Cl2 at 230 K.  
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Figure 157. 1H NMR spectrum of complex Ru-2-Phn in CD2Cl2 at 230 K. 

 

 

Figure 158. 31P{1H} NMR spectrum of complex Ru-2-Phn in CD2Cl2 at 230 K. 
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Figure 159. 13C{1H} NMR spectrum of complex Ru-2-Phn in CD2Cl2 at 230 K.  

 

 

Figure 160. 1H NMR spectrum of complex RuCry in CD2Cl2 at 230 K. 
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Figure 161. 31P{1H} NMR spectrum of complex RuCry in CD2Cl2 at 230 K. 

 

 

Figure 162. 13C{1H} NMR spectrum of complex RuCry in CD2Cl2 at 230 K.  
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Figure 163. 1H NMR spectrum of complex RuPyrOH in CD2Cl2 at 230 K. 

 

 

Figure 164. 31P{1H} NMR spectrum of complex RuPyrOH in CD2Cl2 at 230 K. 
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Figure 165. 13C{1H} NMR spectrum of complex RuPyrOH in CD2Cl2 at 230 K.  

 

 

Figure 166. 1H NMR spectrum of complex Ru2ViPh in C6D6 at r.t. 
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Figure 167. 31P{1H} NMR spectrum of complex Ru2ViPh in CD2Cl2 at 230 K. 

 

 

Figure 168. 13C{1H} NMR spectrum of complex Ru2ViPh in CD2Cl2 at 230 K.  
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Figure 169. 1H NMR spectrum of complex Ru2biphenyl in C6D6 at r.t. 

 

 

Figure 170. 31P{1H} NMR spectrum of complex Ru2biphenyl in C6D6 at r.t. 
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Figure 171. 13C{1H} NMR spectrum of complex Ru2biphenyl in CD2Cl2 at 230 K.  

 

 

Figure 172. 1H NMR spectrum of complex Ru2Naph in CD2Cl2 at 230 K. 
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Figure 173. 31P{1H} NMR spectrum of complex Ru2Naph in CD2Cl2 at 230 K. 

 

 

Figure 174. 13C{1H} NMR spectrum of complex Ru2Naph in CD2Cl2 at 230 K.  
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Figure 175. 1H NMR spectrum of complex RuPhFc in C6D6 at r.t. 

 

 

Figure 176. 31P{1H} NMR spectrum of complex RuPhFc in C6D6 at r.t. 
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Figure 177. 13C{1H} NMR spectrum of complex RuPhFc in C6D6 at r.t.  

 

 

Figure 178. 1H NMR spectrum of complex RuPhViFc in C6D6 at r.t. 
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Figure 179. 31P{1H} NMR spectrum of complex RuPhViFc in C6D6 at r.t. 

 

 

Figure 180. 13C{1H} NMR spectrum of complex RuPhViFc in C6D6 at r.t.  
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Figure 181. 1H NMR spectrum of complex acacRuPhFc in C6D6 at r.t. 

 

 

Figure 182. 31P{1H} NMR spectrum of complex acacRuPhFc in C6D6 at r.t. 



 

 

220 Appendix 

 

 

Figure 183. 13C{1H} NMR spectrum of complex acacRuPhFc in C6D6 at r.t.  

 

 

Figure 184. 1H NMR spectrum of complex acacRuPhViFc in C6D6 at r.t. 
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Figure 185. 31P{1H} NMR spectrum of complex acacRuPhViFc in C6D6 at r.t. 

 

 

Figure 186. 13C{1H} NMR spectrum of complex acacRuPhViFc in C6D6 at r.t.  




