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1. General Introduction 

The most common answer given when asked “What is Chemistry?”, is that it is the 

science that deals with the composition and structure of matter and its transformation.

1 

It is sometimes called the central science 

2 as it connects the consequences that 

emerge from the laws of physics with the observations we make in nonliving and living 

nature, i.e. biology. For a chemist, matter is everything that is made up of atoms. More 

fine-scaled definitions also include sub-atomic particles such as neutrons, protons, and 

electrons or even more fundamental building blocks such as quarks, gluons or leptons. 

Through the inception of the proton-electron model as a result of the culmination of 

experiments by RUTHERFORD, BOHR, LEWIS, and LANGMUIR in the first quarter of the 

20th century,

3,4 the foundation was laid for modern chemistry. It enabled the systematic 

investigation into why not only atoms but also elements and molecules adopt certain 

structures, undergo reactions, or interact with (electro-)magnetic fields. The common 

denominator in why matter behaves how it does - with the exception of radiochemistry 

- is thereby the aforementioned electron

5 and in particular, its wave-particle duality, 

which was postulated by DE BROGLIE IN 1924

6 and ultimately expressed in a 

mathematical sense by ERWIN SCHRÖDINGER through the now famous “Schrödinger 

Equation” (Equation 1).

7 

 �̂�|𝝍⟩  = 𝑬|𝝍⟩ (1) 

The wave nature of the electron is crucial for describing not only the metallic or covalent 

bond

8 but also chemical reactivity and intermolecular interactions. The result is our 

understanding as to why e.g. chlorofluorocarbons (CFCs) degrade the ozone layer,

9 

how photosynthesis produces oxygen and sugars from water and carbon dioxide,10 

why a protein adopts a specific structure11 and how this structure affects its function,12 

or how charge is transported through all sorts of (semi-)conducting materials,13,14 a 

property whose implication dominates our information-centric, modern society. Hence, 

the study of electronic structure and its changes in response to external stimuli by both, 

experimental and theoretical approaches is imperative to understanding the very 

foundation of chemistry. According to SIMONS15 electronic structure is the state of the 

motion of electrons in the electrostatic field created by the nuclei, which is expressed 

in terms of its associated wavefunction and energy. It can hence be understood as the 

basis for a molecule’s numerous properties, ranging from its melting/boiling point over 

color (interaction with electromagnetic radiation) to its magnetic susceptibility, to name 
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only a few. The advances achieved in quantum chemistry over the last decades have 

meanwhile enabled to link experimental observations closely to the electronic 

properties of molecules and bulk materials. 

1.1. Mixed-Valent Compounds: Theoretical Background 

A particularly interesting class of compounds with peculiar electronic structures are so-

called mixed-valent compounds. They are generally defined as compounds with at 

least two chemically equivalent redox centers which only differ from each other in their 

formal oxidation states. First discovered in minerals such as magnetite or purely 

inorganic compounds such as green rust,16 both of which contain Fe2+ alongside Fe3+ 

ions, the definition was first limited to solely metal containing compounds. It was later 

expanded to organic and metal-organic systems and molecules with chemically 

inequivalent redox sites, as research interest in this field grew over the past 50 years. 

This more general definition will be explained in the following chapter. 

Historically, (1900, H. WOLFFRAM) one of the first man-made mixed-valent (MV) 

compounds was “Wolffram’s red salt”, a platinum based one-dimensional coordination 

polymer containing both PtII and PtIV metal centers linked by chloride ions (see Figure 

1). 

 

 

Figure 1|: Skeletal structure of Wolffram’s red salt. 

It is obtained by treatment of Pt(etn)4Cl2 (etn = ethylamine) with H2O2/HCl or by the 

direct combination of the two salts Pt(etn)4Cl2 and Pt(etn)4Cl4.17 As the name implies 

this compound is deep red in color, which stands in contrast to the colorless PtII and 

PtIV precursor complexes. At first this change in absorption characteristics was 

suspected to be the result of the presence of PtIII ions.17 JENSEN however found no 

evidence for paramagnetism, ruling out the presence of platinum atoms with an odd 

number of valence electrons.18 Only a generation later through single-crystal X-Ray 

diffraction, CRAVEN was able to unambiguously determine the one-dimensional 

structure of this double salt and confirm the presence of both PtIV and PtII on the basis 
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of two vastly different Pt-Cl bond lengths of 2.26 Å and 3.13 Å.19 The characteristic 

absorption feature could therefore be assigned unambiguously to a charge-transfer 

(CT) transition from PtII to PtIV.20 This metal-to-metal charge-transfer transition (MMCT) 

is termed inter-valence charge-transfer (IVCT) and constitutes a feature expressing the 

presence of electronic coupling - a clear indicator for mixed valency. A qualitative 

classification of mixed-valent compounds based on the strength of the electronic 

coupling between two redox centers was introduced by ROBIN and DAY21 in 1968, 

subdividing them into the following three classes (Figure 2): 

 

❖ Class : There is no electronic coupling between the redox centers (RC). The 

number of valence electrons at each site can be determined unambiguously 

and charge is not transferred from the donor to the acceptor by either thermal 

or optical excitation. Each site maintains the electronic characteristics of the 

isolated species in its respective valence state. In the example of Wolffram’s 

red salt, it would be as if the PtIV and PtII complexes just happen to be 

chemically linked but “would not know of each other’s presence”.  

 

❖ Class : Electronic coupling exists between both redox centers. However, they 

are not equal in terms of valency and there exists at least one spectroscopic 

method associated with its own timescale that can ascribe a localized nature 

to the spin/charge density distribution. The formal transfer of charge from the 

donor to the acceptor is possible by either thermal or optical excitation. This is 

the scenario present in Wolffram’s red salt, where charge is technically moved 

from the PtII donor to the PtIV acceptor fragment upon excitation with visible 

light as the IVCT band covers most of the visible spectrum.22 

 

❖ Class : Both redox centers are indistinguishable from each other, regardless 

of the applied spectroscopic timescale, and any unpaired, single electron is 

equally shared between both redox centers. In the example of Wolffram’s red 

salt this would be the hypothetical scenario in which a comproportionation 

reaction would occur between PtII and PtIV to give PtIII, rendering both sites 

equivalent. 
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Figure 2|: Schematic representation of the Robin and Day classification of mixed-valent systems using 

the example of a one-electron oxidation. RC = redox center.  

The ROBIN and DAY classification of MV systems is fleshed out quantitatively by the 

MARCUS theory of electron transfer.23 It allows for a graphical representation of the 

system’s energy as a function of the electron transfer coordinate Q through the HUSH 

model in the form of potential energy surfaces (PES). The electron transfer coordinate 

Q thereby represents all geometric changes the molecule experiences during the 

intramolecular electron transfer.  

  

Figure 3|: Potential energy surfaces of ‘classic’ mixed-valent systems constituted of identical redox 

centers; Class  (left); Class  (right). 

The easiest to visualize is the Class  scenario (Figure 3, left), as it is simply described 

by the diabatic potential energy surfaces of the formally reduced (Ga) and oxidized (Gb) 

sites which are fully insulated from each other. In the Class  scenario (Figure 3, right) 

there exists a molecular configuration that allows for the transfer of charge from one 

side to the other. This electronic coupling between both configurations leads to the 
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splitting of the two diabatic PES (Ga/Gb) into two adiabatic states: the ground state (S0) 

and an excited state (S1). Charge transfer can now occur through thermal excitation if 

𝑘𝑇 >  ∆𝐺∗, whereby the transition state at an electron transfer coordinate of Q = 0.5 

expresses the changes in the molecule’s structure as well as in the orientation of the 

surrounding solvent molecules, which is necessary to render both sides equal and to 

allow for the transfer of charge. In the example of Wolffram’s red salt this would include 

the contraction of the PtII-Cl bond alongside the elongation of the PtIV-Cl bond to allow 

for the electron transfer to occur at the median value. Secondly, such a charge transfer 

is possible by photochemical means, i.e. by exciting the molecule into the S1 state. 

The resultant PES has its minimum at exactly the value of the electron transfer 

coordinate of Q = 0.5. The minimum energy state within S1 therefore also represents 

a geometric configuration in which both redox sites are equal. Regarding the example 

molecule this would be equivalent to a configuration in which both Pt atoms are in the 

+ oxidation state. Relaxation to the ground state breaks this degeneracy in valency 

resulting again in the PtII/PtIV system and the formal exchange of two electrons as the 

oxidation state at each Pt ion changes by two. As mentioned, this characteristic 

transition is called inter-valence charge-transfer (IVCT) transition. Its energy equals 

the sum of the inner and outer reorganization energy (𝜆 = 𝜆𝑖 + 𝜆𝑜). 𝜆𝑖 encompasses 

the energy increase due to the molecule’s structural changes, such as bond 

lengths/angles, during the electron transfer, while 𝜆𝑜 describes the energy necessary 

to accommodate for the rearrangement of the solvent molecules of the solvation shell. 

𝜆 itself, however, is not a fully adequate parameter to describe the coupling strength 

between the two redox centers in a Class  system, as it compares the energy 

difference between an asymmetric (S0
 at Q = 0/1) and a symmetric state (S1 at Q = 

0.5). This is resolved by employing the energy difference between the S1 and S0 states 

at Q = 0.5, which defines the coupling parameter 𝐻𝑎𝑏 (expressed in cm-1). 𝐻𝑎𝑏 is half 

of the energy gap described above.24 For mixed-valent systems of Class  its value 

can be deduced from experimental parameters which include the energy of the 

corresponding absorption band maximum (𝜈max ), its half-width (𝛥𝜈1/2 ) and extinction 

coefficient (𝜀max ), as well as the spatial separation between the two redox centers 

(𝑅ab) (Equation 2). 
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1 

𝑯𝒂𝒃  =
𝟐. 𝟎𝟔 ∙ 𝟏𝟎−𝟐√�̃�𝐦𝐚𝐱 ∙ 𝜟�̃�𝟏/𝟐 ∙ 𝜺𝐦𝐚𝐱 

𝑹𝐚𝐛
 

 

(2) 

It is also linked to the height of the activation barrier for the intramolecular electron 

transfer process ∆𝐺∗ through the relationship expressed in Equation 2.2 

∆𝑮∗  =
(𝝀 − 𝟐𝑯𝒂𝒃)𝟐

𝟒𝝀
 

 

(3) 

In contrast, in a true Class  system (Figure 4, left) the ground state S0 is described 

by a PES with a minimum at Q = 0.5 as there is no inherent discrepancy in valency 

between both redox sites. As a result, 𝜆 is equal to 2𝐻𝑎𝑏 and the corresponding optical 

transition between S0 and S1 is observed in the form of a charge-resonance (CR) band 

instead, because no charge is formally exchanged between the two redox centers. 

Although intrinsically LAPORTE-forbidden because of their -* or d-d character, CR 

bands can still exhibit significant molar absorption coefficients as they couple strongly 

with vibrational modes due to the often relatively low energy of these transitions. In the 

picture of Wolffram’s red salt, this would represent the scenario in which the 

stoichiometric mixture of Pt(etn)4Cl2 and Pt(etn)4Cl4 results in a compound comprised 

of subunits with the formula Pt(etn)4Cl3, implying the existence of PtIII in the ground 

state. As this is not the case (vide supra), Wolffram’s red salt is best described as a 

prototypical Class  system.  

  

Figure 4|: Potential energy surfaces of ‘classic’ mixed-valent systems constituted of identical redox 

centers; Class  (left), Class - borderline (right). 



General Introduction 

7 

 

In 2001 T.J. MEYER introduced the complementary Class  -  borderline scenario 

(Figure 4, right) to describe mixed-valent systems which are intrinsically localized, 

however lack an activation barrier for the diabatic charge transfer.25 Experimentally 

they differentiate themselves from Class  compounds by very weak solvatochromism 

of the IVCT band26 and the observation of a steep decrease of said band’s intensity at 

lower energy; the so-called low-energy cutoff.27 It is the result of a sudden drop in the 

absorptivity of the S0 → S1 transition as the structural configuration of the molecule in 

the ground state approaches Q = 0.5. At this point the character of said transition 

changes from IVCT to CR which is different in symmetry and intrinsically LA PORTE-

forbidden (vide supra). Despite the weak solvent dependence, the magnitude of the 

outer reorganization energy may suffice to push mixed-valent Class  -  borderline 

systems towards either Class , if 𝜆𝑜 becomes sufficiently large, or Class , if 𝜆𝑜 is 

small.  

Although not strictly adhering to the definition of mixed-valency, systems containing 

two or more chemically inequivalent redox sites can still be characterized as such, as 

long as electronic coupling is observed, i.e. there exists a diabatic PES that 

encompasses both sites.  

  

Figure 5|: Potential energy surfaces of ‘non-classic’ mixed-valent systems with unequal redox sites; 

Class  (left), Class  (right). 

The PES for such a constellation derived from a Class  scenario is shown on the left 

in Figure 5. For values of ∆𝐺 ≪ 𝑘𝑇, the system behaves indistinguishably from Class 

 The most well-known representative of such compounds is the age-old PRUSSIAN 

BLUE (FeIII
4[FeII(CN)6]3∙15H2O), which owes it deep blue color to IVCT transitions 
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between iron atoms of different valency.28 While it is treated as the archetypical Class 

 compound there exists an inherent difference between the FeII and FeIII coordination 

centers as the former atom is binding all of its six cyano ligands at the C terminus (κC) 

while the latter is connected to the N termini (κN), rendering the two types of Fe atoms 

chemically inequivalent.  

With increasing ∆𝐺 between the two states at Q = 0 and 1, the structures of these 

compounds, expressed for example through differences in charge and spin 

distributions as well as their response to external stimuli, hence their spectroscopic 

signatures, can be different depending on which redox site is in the formally reduced 

or oxidized state. If both possible states can be populated by thermal excitation (∆𝐺 ≈

𝑘𝑇), this phenomenon is labeled valence tautomerism (VT). It was first described in an 

octahedral cobalt dioxolene complex, which displays a thermally tunable equilibrium 

between CoIII(3,5-DBCat)(3,5-DBSQ)(bipy) and CoII(3,5-DBSQ)2(bipy) (3,5-DBCat = 

3,5-di-tert-butylcatecholato; 3,5-DBSQ = 3,5-di-tert-butylsemiquinonate; bipy = 2,2’-

bipyridine), i.e. an intramolecular electron transfer between non-equal redox sites 

(cobalt vs. dioxolene ligand).29 VT is, however not limited to only metal-to-ligand or 

ligand-to-metal electron transfer phenomena but can also be observed between 

different metal-based redox centers or in purely organic compounds with two 

chemically different redox-active moieties.30–33 Increasing the electronic coupling 

furnishes a Class  system (Figure 5, right) with a fully delocalized ground state, 

characterized by the absence of local minima in the PES.34  

 

  

Figure 6|: Potential energy surfaces of three-state mixed-valent systems comprised of either a Class  

system (left) or a Class  system (right) and the bridging ligand (linker) which is lower in energy. 
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A parameter neglected so far is the potential influence of the bridge on the degree of 

electronic coupling between the terminally appended redox centers. In the simplest 

scenario the two redox sites of a potentially mixed-valent compound form a Class 

 system bridged by a linker with a lower zero-point energy (see Figure 6, left). All three 

redox centers (Ga, Gb and Gl) act independently from each other with a conceivable 

CT transition from the bridge to the redox center, i.e. a LMCT, if the redox centers are 

metal based.  

Another case is represented by compounds, where the two peripheral redox centers 

form a Class  system in an electronically excited state (see Figure 6, right).35 Such 

compounds are characterized by a three-level scenario comprised of the adiabatic PES 

of the linker, which also represents the ground state S0, the adiabatic PES S1 which 

encompasses both redox centers formed by the overlap of the two diabatic energy 

surfaces Ga and Gb, as well as the PES of the 2nd excited state S2. Aside from the 

adiabatic charge transfer, three charge-transfer transitions can be formulated that can 

present a formal charge exchange between the terminal redox units. In analogy to the 

scenario discussed prior, the S0 → S1 transition describes a charge transfer from the 

bridging ligand to a terminal redox unit. However, while in the Class  case the acceptor 

of a linker → RC CT would always be the oxidized site, for a Class  system, because 

the transition terminates in a S1 state at the Q = 0.5, vibrational relaxation into either 

minimum at Q = 0/1 is equally likely. This means that deactivation to the ground state 

S0 can occur with equal probability from both minima of the PES of the S1 state. The 

second possible transition is that from S0 → S2 and would be characterized as a -* 

transition with main contributions from the bridging ligand. Relaxation from the S2 into 

the S1 state results in the scenario discussed above, formally enabling it to also furnish 

electron transfer between the redox sites. An IVCT transition as observed for a ‘classic’ 

MV system of Class  is identical to the S1 → S2 transition. It would therefore only be 

observed in pump-probe experiments,36 if both redox sites are present in their oxidized 

states. This situation is termed excited-state mixed-valency.In both systems discussed 

previously, the bridging ligand acts as the primary donor in charge-transfer transitions.

  

Equally imaginably however is a scenario in which the energy level of the bridge is 

higher, but still comparable to the energy of the adiabatic surfaces assigned to the 

mixed-valent system. Again, one must differentiate between distinct initial conditions. 

One conceivable constellation comprises a Class  system with a diabatic PES 

associated to the bridging ligand (denoted here as S2), which is above the PES 

representing the first excited state of the mixed-valent system (see Figure 7, left). 



General Introduction 

10 

 

  

Figure 7|: Potential energy surfaces of three-state mixed-valent systems comprised of a Class  system 

and the bridging ligand, which is either higher (left) or intermediary (right) in energy. 

Such a system is in principle very similar to a ‘classic’ Class  arrangement with the 

addition of a charge-transfer transition from the formally reduced moiety to the bridging 

ligand. The subsequent relaxation can once more result in the formal exchange of an 

electron between the redox centers. The situation becomes more complicated if the 

degree of electronic coupling between the peripheral redox centers and the linker is 

increased as expressed through a convergence of the respective diabatic energy 

surfaces (see Figure 7, right). This leads to a picture in which the diabatic PES of the 

linker Gl is sandwiched by the two adiabatic surfaces S0 and S1. On one hand, this 

results in a local minimum in the PES of the S0 state at Q = 0.5, while on the other, at 

the same electron transfer coordinate, a local maximum is generated in the energy 

surface of the S1 state. Firstly, this implies that for a diabatic ET to occur, two activation 

barriers must be overcome, with an intermediate state in which the electron/hole is 

located on the bridging ligand. Moreover, the first excited state forms a Class  system 

in itself and only the second excited state S2 has its global minimum at Q = 0.5. The 

local minimum in S0 would in theory enable this constellation to display charge 

resonance type transitions. Experimentally this is not expected, however, as this 

minimum is rather shallow due to the energetic proximity and good overlap of Ga, Gb 

and Gl and because of the existence of a maximum at Q = 0.5 for the hypersurface S1. 

Instead, based on the shape of these three energy surfaces, these systems are 

predicted to display inter-valence charge-transfer transitions alongside transitions from 

the outer redox sites to the bridging ligand. Aside from DFT-based calculations, a way 

to experimentally differentiate between the two classifications shown in Figure 7 
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should be the extent to which the respective IVCT band displays solvatochromic 

behavior. Under the assumption that excitation occurs from S0 at Q = 0 and relaxation 

from S1 at a certain value of Q, representing either the global minimum at Q = 0.5 or a 

local minimum at Q = 0.25, then the difference in the nuclear coordinates between both 

states and therefore the change in dipole moment, i.e. the charge-transfer character, 

is smaller for the system where Gl is disposed in between the two hypersurfaces (here 

S0 and S2, see Figure 7, right).  

Further alignment of the ligand based diabatic energy surface with those representing 

the mixed-valent redox centers furnishes scenarios with ground states that are equal 

to that of the previously mentioned Class  -  borderline (see Figure 8, left) and 

Class  systems (see Figure 8, right). It should be noted however, that due to the 

ambiguous nature of a Class  -  borderline system, the adiabatic PES of the first 

excited state S1 can show either two local minima (- - - - -   ) or be very shallow and broad 

without a defined minimum (- - - -). Combined with a barrier-free diabatic ET, this leads 

to a significantly more complex combination of possible electronic transitions.  

  

Figure 8|: Potential energy surfaces of three-state mixed-valent systems of Class  -  borderline (left) 

or Class  (right). 

Including the bridging ligand in the consideration of a Class  system has no 

significant impact on the PES of the S0 and S1 states but simply adds an additional 

symmetric, second excited state S2 to the picture. Due to congruence in the PES of the 

S0 and S1 states in the Class  scenario, regardless of whether the bridge is taken 

into account or not, said bridging ligand will significantly contribute to the redox orbital 

that is described by the energy surface of the S0 state; i.e. it will actively take part in 
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the redox process that transformed the compound into its mixed-valent form. This 

behavior is called ‘non-innocence’,37,38 derived from the historic assumption that 

ligands do not take part in the redox reactions that are so characteristic for transition 

metal complexes. One prominent example includes the CREUTZ-TAUBE ion (see Figure 

9, top), which is generally considered as the archetypical Class  compound,39,40 with 

the assignment of a non-integer oxidation state of +2.5 to each ruthenium atom, 

disregarding any contribution by the pyrazine linker. STARK spectroscopy41,42 as well 

as infrared (IR) spectroscopy43 however revealed a non-zero contribution of the 

pyrazine ligand to the relevant redox orbital and charge-resonance transition. 

Therefore, the oxidation state for each ruthenium would better be described as to lie 

between +2.0 and +2.5. 

 

Figure 9|: Skeletal structures of the CREUTZ-TAUBE ion (top) and methyl viologen in all three redox states 

(bottom).  

A more intuitive example is provided in the form of the 1,1’-dimethyl-4,4’-bipyridinium 

radical cation which constitutes a purely organic mixed-valent Class  compound (see 

Figure 9, bottom, middle). It is generated through single electron reduction of the 

dication, which is known as methyl viologen or ‘Paraquat’. Its mixed-valent nature is 

characterized by a strong absorption in the visible range, giving this species a purple 

to blue color, depending on the solvent.44 In contrast, both the fully reduced and 

oxidized forms are transparent in the visible range. From a purely theoretical point of 

view the ‘redox center’ would be constituted by one of the nitrogen atoms as its formal 

valence count is increased from four to five upon reduction. However, chemical intuition 

alone prompts that this additional charge will be shared between both nitrogen atoms 

across the entire aromatic system comprised of the two pyridine rings. The redox event 

therefore does not occur in one particular spot of the molecule but is spread across the 

entire -conjugated entity, highlighting that in fully delocalized mixed-valent systems a 

differentiation between bridge-based and peripheral redox unit can hardly be made. Of 

course there are exceptions to this rule, such as compounds that do not contain a 
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linking moiety per se, but where the two redox centers interact trough the formation of 

a direct metal-metal bond instead.45   

Due to their higher charge carrier mobilities compared to fully spin paired compounds, 

mixed-valent systems are promising candidates in the field of molecular electronics.46–

48 One major hurdle that has to be overcome however, is that of a decrease in 

delocalization, ergo an increase in charge/spin localization with increasing length of a 

D-B-A “molecular wire” comprised of an arbitrary Donor, Bridge and Acceptor. In the 

context of the ROBIN and DAY classification this essentially implies that a system which 

might be fully delocalized across a short bridge, will inevitably converge towards 

valence localization as the distance between the terminal redox moieties increases, 

thus, limiting its conductance. This trend is not only confirmed spectroscopically in 

mixed-valent compounds27,49–56 but also through single-molecule conductance 

measurements.57–60 One attempt to alleviate this phenomenon is to incorporate redox-

active units into the bridge, thereby formally reducing its length and regaining a more 

delocalized character.61–64 Figure 10 illustrates this by the example of an oxidatively 

generated mixed-valent system with hole dominated charge-transfer. 

 

 

Figure 10|: Schematic representation of the diabatic hole transfer in a mixed-valent system in the absence 

(bottom) and presence of a central redox center (top). 

This furnishes conjugates of repeating redox-active subunits that, in essence, can be 

described by the potential energy surfaces depicted in Figure 7 and Figure 8 with all 

their peculiarities as to how to interpret and analyze their electronic signatures.  
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1.2. Ruthenium Alkenyl Complexes 

A class of compounds which are especially well suited to investigate mixed valency 

and intramolecular electron transfer are mixed-valent ruthenium alkenyl complexes of 

the general type Ru(CO)Cl(PR3)2(CH=CH-R’)(L) with R’ = RC (RC = redox-active 

center). The mononuclear parent compounds with a non-redox active substituent R’ 

(e.g. phenyl) instead of RC, were first reported in 1986 by WERNER65 as well as 

TORRES66 and quickly sparked interest in their derivatization, driven by the propensity 

of the precursor hydride complexes HRu(CO)Cl(PR3)2/3 to act as hydrogenation 

catalysts for alkenes and alkynes,67,68 with the added capability for the latter substrates 

to form isolable intermediates in the form of the -bonded vinyl complexes. Derivatives 

include compounds with PR3 = PiPr3,65 PtBu2Me,69 PMe2Ph,70 PMe3,71–73 or PPh3
65,74,75 

alongside numerous variations in L, including a free coordination site (for PR3 = PiPr3, 

PCy3 and PtBu2Me), py,76 CO,65 tBuNC,77 κN-BTD (BTD = 2,1,3-benzothiadiazole), R-

COO-, or -ketoenolates65,78,79 (the last two under Cl- elimination).80 The ruthenium 

-vinyl bond is formed easily and stereoselectively, yielding the E-isomer by the 

insertion of a terminal alkyne into the metal-hydride bond of the aforementioned 

precursor complexes.81 The underlying mechanism was, after an early proposal by 

WERNER,69 finally uncovered by CAULTON and EISENSTEIN in 2001 through the 

combined efforts of computational and experimental studies on the osmium analogue 

(see Figure 11).82 In a first step, the alkyne coordinates side-on to the complex such 

that the formation of intermediate II is enabled. This is crucial as a coordination to the 

open coordination site opposite to the hydride ligand would not facilitate the ensuing 

σ-bond metathesis. The latter requires a bonding of the alkyne cis to the hydride ligand 

and hence an approach of the alkyne along the quadrant in between the chloro and 

the hydride ligands as illustrated by the transition state TS(I-II). From intermediate II 

alkyne insertion proceeds trough transition state TS(II-III) to afford the agnostic alkene 

complex III. Product formation IV is then accomplished through the formation of the 

metal carbon bond which also represents the largest gain in net energy. 
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Figure 11|: DFT calculated energy profile for the insertion of an acetylene molecule into the Os-H bond 

of the model complex Hs(CO)Cl(PH3)2 according to CAULTON and EISENSTEIN.82 Phosphine ligands 

are omitted for clarity. All energies are given in kcal mol-1. 

The unique selling point of a very dominant ‘non-innocenct’ character of the styryl 

ligand is noticeable already in the mononuclear complexes through their 

electrochemical and spectroscopic properties. Although the model complex 

Ru(CO)Cl(PiPr3)2(CH=CH-Ph) achieves only a valence electron (VE) count of 16, it is 

still oxidized reversibly by one electron at a very moderate potential of 280 mV versus 

the ferrocene/ferrocenium redox standard. In contrast, replacing the PiPr3 with the 

aforementioned PPh3 ligand shifts this process anodically by 50 mV. Alkenyl 

complexes of this type with PPh3 ligands generally show a less well-defined 

electrochemical behavior due to a dynamic equilibrium between a six- and five-

coordinated form with either three or two phosphine ligands.74 As these complexes are 

also less well soluble, the PiPr3-derivatives were used exclusively in this work. A 

second, however irreversible oxidation at 850 mV is a clear token of the contribution of 

the styryl ligand to both redox processes.74 This is further underlined by the adjustability 

of the redox potential through either substitution of the styryl moiety in 4-position,74,83 

or its connection to organic fragments with a high intrinsic oxidation potential when 

considered by themselves. For these complxes, the ligand-based oxidation becomes 

easier to access after coordination to the ruthenium vinyl moiety. Examples include the 

pyrenyl,74 or 2,2’-bipyridyl fragment.84 The ruthenium vinyl moiety can therefore also 

be interpreted as an auxiliary for stabilizing organic radical cations and sometimes even 

dications.  
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The contributing or even dominating character of the alkenyl ligand to the HOMO is 

visualized by the contour plot of said orbital displayed in Figure 12 but also 

experimentally supported by the observation of an isotropic EPR signal at room 

temperature with a giso-factor of around 2.02 - 2.04, depending on the electron density 

on styryl ligand, i.e. the identity of the 4-substituent at that ligand. Comparable alkynyl 

complexes of the type trans-RuCl(dppe)2(C≡C-C6H4-R) (dppe = 

1,2-bis(diphenylphosphino)ethane) display a significantly smaller spin density on the 

structurally related phenylacetylide ligand and therefore no EPR signal at r.t., but only, 

as it is characteristic for a Ru centered spin, an anisotropic signal at 80 K.85 The 

associated range in the gave-factor, between 2.05 - 2.17, deviates more strongly from 

the LANDÉ-factor of 2.0023, which indicates relatively smaller ligand contributions. 

 

Figure 12|: Skeletal structure of the basic ruthenium styryl complex (right) and the contour plot the 

associated HOMO. 

Owing to the carbonyl ligand, ruthenium alkenyl complexes of this type have an 

additional “ace up their sleeve”. The latter acts as a probe for the loss in formal charge 

at the metal atom upon oxidation, due to the synergistic nature of the M-CO bond (see 

Figure 13). 

 

Figure 13|: Schematic representation of the bonding interactions in metal carbonyl complexes with 

-ligand to metal donation and -metal to ligand back-bonding. 

An oxidatively induced loss in charge on the metal atom results in a diminished back-

bonding into the low-lying, antibonding *-orbital of the carbonyl ligand, so that the 

bond order of the carbon-oxygen bond is strengthened. This entails a blueshift of the 

carbonyl’s stretching vibration, which becomes measurable in the respective IR 

spectrum. The non-innocent character of the styryl ligand is easily deduced from the 
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relative shift 𝛥𝜈 of the carbonyl band by comparing it with the expected shift of about 

120-130 cm-1 for a fully metal centered oxidation, such is the case for 

trans-Ru(CO)3(PPh3)2
n+ (n = 0, 1).86 In the case of Ru(CO)Cl(PiPr3)2(CH=CH-Ph) the 

obtained value of 65 cm-1 neatly shows that the loss in charge is nearly equally shared 

between the ruthenium atom and the styryl ligand.74  

Introduction of a second vinyl ruthenium fragment furnishes dinuclear 

divinylphenylene-bridged complexes of the type Ru(CO)Cl(PiPr3)2(CH=CH-o/m/pC6H4-

CH=CH)Ru(CO)Cl(PiPr3)2 (Ru2-Ph and Ru2-mPh in Figure 14). As they contain two 

chemically identical, redox-active termini, their radical cationic, mixed-valent state 

presents an excellent test platform for the study of intramolecular electron transfer in 

such complexes. One strongpoint in particular is the propensity of the -conjugated 

bridge towards chemical modification which allows for an in-depth analysis of its impact 

on the degree of electronic communication. This includes the influence of the relative 

positions (ortho, meta or para) of the {Ru(CO)Cl(PiPr3)2(CH=CH-)} groups on the 

phenylene ring (as implied by the superscripted o/m/p),87,88 the electron density and 

length of the arylene spacer (e.g. by inserting further -conjugated segments into the 

linker),84,88–90 as well as the relative overlap of the conjugated rings as a function of 

their torsion angle.91  

 

Figure 14|: Skeletal structures of the prototypical divinylphenylene-bridged diruthenium complexes in 

either a para- (Ru2-Ph: top, left) or meta- (Ru2-mPh: bottom, left) substitution pattern. Lewis representation 

of metalla-macrocycles based on divinylphenylene diruthenium complexes (right) with Arylene = 1,4-

phenylene,89,92 1,3-phenylene,88 2,5-thienylene, 2,5-furanylene93 and -Linker = 1,4-phenylene, 1,3-

phenylene, 3,5-pyridinylene, 2,5-thienylene, 2,5-furanylene, 3,5-(4-methoxydiphenylamine)phenylene.92 

To ascertain and quantify the extent of electronic coupling in those mixed-valent 

compounds as well as assigning them according to the ROBIN and DAY classification, 

infrared spectroscopy is the primary tool of choice. A classical HUSH analysis based on 
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the observed IVCT bands is not feasible in most cases as the latter often are 

fragmented into multiple, convoluted bands due to strong vibrational coupling (see 

Chapter 3.6). Furthermore, the significant contribution by the -conjugated linker to 

the SOMO prohibits the formulation of a well-defined value for the distance between 

the two redox centers 𝑹𝒂𝒃. Due to their sensitivity towards the valence count at the 

metal atoms, again the relative shift of the carbonyl stretching frequencies is the 

parameter of choice, that allows for a quantitative expression for the degree of 

electronic coupling. It is termed the charge distribution parameter  (or simply the 

GEIGER-parameter) as it was introduced by W. GEIGER in 1999 to assess the extent of 

valence (de)localization in fulvalenediyl-bridged dimanganese carbonyl complexes94 

and in superphane-type dicobalt complexes with acetyl-substituted Cp- ligands 

(Cp- = cyclopentadienide).95 As illustrated by Figure 15 in a system containing two 

equal redox sites, each carrying one carbonyl ligand,  is deduced from the relative 

shifts of the carbonyl bands from the fully reduced to the mixed-valent and the 

dioxidized states. 

 

∆𝝆 =  
(∆𝑪𝑶([𝑲]+/𝟐+) + ∆𝑪𝑶([𝑲]𝟎/+))

𝟐 ∆𝑪𝑶([𝑲]𝟎/𝟐+)
 (𝟒) 

Figure 15|: Schematic representation of the relative CO-band shift upon the oxidation of a dinuclear 

metal carbonyl complex [K]0 into its mixed-valent, monocationic [K]+ and further to the dicationic form 

[K]2+ (left); equation used to calculate the charge distribution parameter ∆ρ according to GEIGER 

(Equation (4)). 

As each redox site in a Class  mixed-valent compound behaves like its isolated 

equivalent two carbonyl bands at the energies of the fully reduced and oxidized forms 

are expected in this case. The theoretical value ∆𝜌 = 0 is however only rarely observed 

experimentally due to inductive effects.96 The increased electronic coupling in a Class 

 system renders both redox centers more alike and gives a smaller discrepancy in the 

CO bond order of the two carbonyl ligands. As a consequence, their stretching 

vibrations become more similar in energy. The term ∆𝐶𝑂([𝐾]+/2+) + ∆𝐶𝑂([𝐾]0/+) as 

illustrated in Figure 15 therefore increases, giving values of 0 < ∆𝜌 < 0.5. Finally, in a 

fully delocalized system, the two CO ligands are always of the same energy. This 

results in the observation of only one band, regardless of the oxidation state, and 

∆𝜌 reaches a value of 0.5. One must however bear in mind the timescale that underlies 
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every spectroscopic technique. For example, a system which gives the impression to 

be fully delocalized on the timescale of the EPR experiment (10-8 - 10-9 s) does not 

necessarily possess a fully delocalized ground state and might show characteristics of 

an intrinsically localized system in its IR/NIR (10-11 - 10-13 s) or UV/Vis (10-14 - 10-15 s) 

spectra if the rate of intramolecular electron transfer falls below the timescale of 

vibrational or electronic spectroscopy.90,94,97  

The free coordination sites of a Ru(CO)Cl(PiPr3)2(CH=CH-C6H4-

CH=CH)Ru(CO)Cl(PiPr3)2 complex in conjunction with the easily substituted chloro 

ligand fosters the reaction with potential bridging ligands to form longer, yet delocalized 

MV compounds. Neutral, monodentate ligands such a 4,4’-bypyridine, while 

representing an obvious and convenient ligand system, are not suitable as they 

adversely affect the reversibility of the oxidation process.98 Moreover, they constitute 

rather weak donors and show only limited affinity to ruthenium styryl compounds with 

strongly donating trialkyl phosphine ligands.74 The potentially very elegant approach of 

linking two styryl ruthenium complexes by diacetylides such as 1,4-diethynylbenzene 

dianion under replacement of the chloro ligands would furnish hybrids of ruthenium 

alkenyl and alkynyl complexes, both of which have, as mentioned, been proven to form 

properly delocalized systems. However, already in 1994, CAULTON and his coworkers 

made the unfortunate discovery that the complex of the form 

Ru(CO)(PiPr3)2(C≡C-Ph)(CH=CH-Ph) readily undergoes oxidatively induced reductive 

elimination furnishing the corresponding trans-enyne (Ph-C≡C-CH=CH-Ph).99 

Significantly more promising in this respect are (bis-)chelating ligands. Pyridine and 

related imine donors, can for example be transformed into relatively stably coordinating 

bidentate ligands in the form of deprotonated 2-(thio)pyridones or the related 2-

hydroxy- and 2-mercaptoquinoline (Figure 16, top).83 Nonetheless, the rather low 

affinity of the ruthenium alkenyl moiety to the imine donor is not alleviated but rather 

compensated for through the chelating effect, as these complexes display a dynamic 

equilibrium between two isomers, which arise from the fact that four different ligands 

are present in the equatorial coordination plane. Furthermore, tetraoxolenes in the form 

of the 2,5-dihydroxybenzoquinone dianion as well as its derivatives chloroanilate and 

fluoroanilate, all well-known representatives of bis-chelates capable of facilitating 

electron transfer,100,101 have proven themselves to form moderately coupled Class  

mixed-valent compounds when acting as bridges between two mononuclear ruthenium 

styryl complexes (Figure 16, bottom).88  
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Figure 16|: Skeletal structures of styryl ruthenium complexes with 2-pyridonate (E = O) or 2-thiopyridonate 

(E = S) and highlighting the two relative orientations of the four donor atoms within the equatorial plane. 

With either chalcogenide donor E or the imine donor trans to the carbonyl ligand (top).83 Skeletal structures 

of the two possible isomers of two mononuclear styryl ruthenium moieties bridged by either 2,5-

dihydroxybenzoquinonate (X = H), chloroanilate (X = Cl) or fluoroanilate (X = F).88 

(Di-)Carboxylates represent the most intensely studied type of chelating ligands in the 

WINTER group. The convenient and reliable synthesis of carboxylate alkenyl ruthenium 

complexes of this type was discovered in the same breath as the hydroruthenation of 

terminal alkynes itself.65  

Through clever control over parameters such as the bite angle of the ditopic 

dicarboxylate ligand and the relative orientation of the two vinyl ruthenium moieties, 

macrocyclic structures of defined size and shape are selectively obtained instead of 

mixtures of oligomers/polymers of different length (see Figure 14, right). 89,92,93,102 As 

these macrocycles are virtually monodisperse,88 their spectroscopic signatures are 

unambiguous and not modulated by changes in length. Furthermore, incorporating the 

divinylarylene diruthenium building blocks into more rigid macrocyclic architectures 

decreases their conformational flexibility, which e.g. increases their molar absorptivities 

in electronic spectroscopy. Besides, as most spectroscopic techniques mentioned that 

are used to investigate mixed-valent compounds are solution based, the often-

insoluble nature of polymers would have a further detrimental impact on their 

characterizability. Despite the work done on this topic by foremost the groups of 

WINTER89,92,93,102,103 and JIN,104 numerous open issues remain. The present thesis 

addresses several of them as detailed in the following.
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2. Scope of this Thesis 

This thesis is best structured into four chapters. 

The first part (Chapter 3) focuses on the influence of quinoidal distortion on the degree 

of charge and spin delocalization in mixed-valent divinylarenylene-bridged diruthenium 

complexes. Arylene units which show an increased propensity to form quinoid 

structures, namely 2,1,3-benzothiadiazole (BTD) and naphthalene, were therefore to 

be compared to the parent phenylene-bridged compounds. Special attention is payed 

to the degree of electronic coupling as determined through (spectro-)electrochemical 

investigations as well as the magnetic properties and the spin density distributions in 

the doubly oxidized, dicationic forms.  

The second section (Chapter 4) deals with divinyl ruthenium complexes containing a 

-ketoenolate motif as part of the bridge to form 4,4’-divinyl diruthenium 

dibenzoylmethane compounds. The chelating nature of the central 1,3-propanedione 

motif is then to be exploited to form coordination compounds with either the non-redox 

active LEWIS acidic fragment BF2 or a redox active moiety in the form of a 

[Ru(CO)(PiPr3)2(CH=CH-4-C6H4-R)]+ fragment (R = OMe, CF3). The degree of 

electronic coupling between both terminal redox sites should then be investigated by 

means of (spectro-)electrochemistry as a function of the nature, and for the latter, also 

of the redox state of the central coordination center. As the mono- and dications of the 

triruthenium complexes can not only form a MV system between the terminal redox 

sites but also to the central six-coordinated ruthenium styryl fragment, special attention 

should be paid to their spectroscopic signatures to ascertain the usefulness of a ethynyl 

substituted dibenzoylmethane ligand to form conductive coordination polymers with 

ruthenium styryl complex entitites.  

 

In the third section of this thesis (Chapter 5) dianionic bis-chelating ligands based on 

diaryl diketopyrrolopyrroles (DPP) with either pyridine (DPPP) or thiophene (DTPP) as 

the neutral donor should be synthesized and used to bridge two 

[Ru(CO)(PiPr3)2(CH=CH-4-C6H4-R)]+ fragments (R = NMe2, OMe, Me, CF3). Their 

known propensity to act as both electron and hole conductors - i.e. their redox-

amphoteric property - is expected to promote charge as well as spin exchange between 

both terminal organometallic redox centers. The tunability of both the DPP fragment 

through the use of aryl substituents of different electron density as well as of the 

(CH=CH-4-C6H4-R) ligand through the introduction of either electron-withdrawing 
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(EWGs) or electron-donating groups (EDGs) should enable the fine tuning of the 

energies and ordering of the relevant frontier orbitals on both the bridge and the 

peripheral units. In consequence, assigning the loci of the expected redox processes 

through optical spectroscopy presents a central task within this section.  

 

The fourth topic (Chapter 6) tackles similar issues as Chapter 5 of finding a bridging 

ligand for ruthenium styryl complexes which is particularly capable of facilitating charge 

transfer between them. Inspired by promising results obtained for dinuclear complexes 

containing the ligand motif based on 2,5-dihydroxy-p-benzoquinonate (see Figure 16, 

bottom), oxocarbon dianions, more precisely rhodizonate and (dithio)croconate should 

be investigated with respect to their capabilities to promote charge/spin transfer 

between two vinyl ruthenium fragments. The D5h symmetry and therefore 72° or 144° 

coordination angle of the (dithio)croconate ligand should also be exploited to form 

macrocyclic compounds when reacted with a divinylphenylene diruthenium precursor 

complex. On subsequent oxidation, their respective mixed-valent states are potentially 

interesting to compare the degree of electronic coupling across the divinylphenylene 

with that across the chelating ligands.  
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3. The Influence of Quinoidal Distortion on the 

Electronic Properties of Oxidized Divinylarylene-

Bridged Diruthenium Complexes 

3.1. Introduction 

Compounds containing the quinoid motif, which can be understood as the two-electron-

oxidation product of phenols, are plenty, both in nature105 and in materials science. For 

example, the two-electron oxidation or the formal removal of H2 from 1,4-

dihydroxybenzene (p-hydroquinone) gives cyclohexa-2,5-diene-1,4-dione, better 

known as p-benzoquinone, under loss of the aromatic character of the six-membered 

ring. In return, the restoration of aromaticity gives this class of compounds the 

necessary driving force to act as oxidizing agents. In particular, electron-poor 

derivatives such as 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) or 2,3,5,6-

tetrachloro-1,4-benzoquinone (chloranil) are widely used as mild oxidants in organic 

and organometallic synthesis.106 Their reversible redox behavior is even exploited on 

an industrial scale in the production of hydrogen peroxide.107 Here 2-ethyl-9,10-

dihydroxyanthracene is reacted with oxygen to give 2-ethyl-9,10-anthraquinone and 

H2O2. Under hydrogenation conditions the anthraquinone is converted back to the 

starting dihydroxyanthracene, so the catalytic cycle can begin anew.  

While the redox process from hydroquinone to benzoquinone and vice versa involves 

two electrons, the intermediate, semiquinone, in the form of the radical, can also be 

generated. Together with the acidic nature of phenolic compounds, a rather extensive 

variety of species are conceivable in the hydroquinone/benzoquinone redox system. 

Figure 17 provides an overview, including the deprotonated versions. 
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Figure 17|: Skeletal structures of p-benzoquinone and its two-electron reduced form, p-hydroquinone (top 

left). Skeletal structures of an arbitrary metal o-dioxolene complex in three different oxidation states 

comprising the o-quinone, semicatecholate and catecholate motifs (top right). Overview over the different 

intermediates in the p-benzoquinone, p-hydroquinone redox system at different pH-values (bottom).  

The 1,2-dioxo analogue can additionally act as a chelating ligand to most transition 

metals and is of particular interest from an electrochemical point of view due to its 

inherent redox activity, which renders it a prime example of a non-innocent ligand.108 

This property has been exploited on numerous occasions in catalysis,109 biologically 

active transition-metal complexes,110 or to facilitate electron transfer in mixed-valent 

complexes.111 The latter trait has been applied previously to ruthenium styryl 

complexes using the related 2,5-dihydroxy-1,4-benzoquinone as a bridging ligand as 

shown in at the bottom of Figure 16.88 This topic will aslo be picked up again in 

Chapters 6 and 10.  

Replacement of the carbonyl oxygens by =CR2 groups furnishes quinone dimethides. 

For R = C≡N, tetracyanoquinodimethane (TCNQ) is obtained, which distinguishes itself 

from the parent p-benzoquinone by a higher solubility in organic solvents, the pH-

independent redox potentials and the formation of a significantly more stable 

semiquinonate radical anion. TCNQ and related oxidizing agents with F, Cl, Br or I 

instead of CN are go-to reagents to form charge-transfer salts and oxidatively dope 

electrically conductive polymers. The latter have become a class of materials of 

significant application in organic light-emitting diodes (OLEDs) 112 and were even 

awarded the NOBEL Prize in chemistry in 2000.113 Typical representatives include 

polyanilines,114 poly(p-phenylenevinylenes),115 polyacetylene,116 or polythiophenes.117 

Although intrinsically semiconducting, partial oxidation or reduction, i.e. doping, will 

increase their conductivity to near metallic-like levels through the generation of new 

states within the band gap.118  
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While the singly oxidized or reduced forms hold an odd number of electrons and are 

therefore paramagnetic by nature, i.e. of open-shell character, removal of a second 

electron can lead to two different scenarios: Either the newly generated unpaired 

electron interacts only weakly with the former charge/spin, or both form an additional 

bond under quinoidal distortion and the sacrifice of aromaticity. The latter case gives a 

closed-shell configuration, a so-called bipolaron state, while the former open-shell 

configuration is comprised of a polaron pair, i.e. two weakly interacting cation radicals. 

In such biradicals, the quinoid structure is not or not fully adopted, so both aromatic 

and quinoidally distorted fragments can be found within the oligomer/polymer (see 

Figure 18, top). Which configuration is dominant highly depends on the nature of the 

building block and the length of the polymer.119–124 Furthermore, it is still not clear which 

configuration dominates in charge transport.125 Compounds which adopt this open-

shell configuration although their molecular structure would allow the formation of a 

singlet state, violate OVCHINNIKOV’S rule. 126 An example is provided in the middle of 

Figure 18 using the example of ortho-, meta- and para-dimethylbenzene biradicals. 

For the 1,4- and 1,2-disubstituted compounds the quinoid dimethide forms should 

therefore constitute the ground state while the meta-form cannot not form a closed-

shell structure. However, already fairly simple structures such as (1,1'-biphenyl)-4,4'-

diylbis(diphenylmethyl), better known as CHICHIBABIN’S hydrocarbon (Figure 18, 

bottom left) or 3,6-bis(diphenylmethylene)-1,4-cyclohexadiene , known as THIELE’S 

hydrocarbon (Figure 18, bottom right), are compounds which readily interconvert 

between their aromatic and non-Kekulè structures.127  

 

Figure 18|: Dicationic section of an oligothiophene in either the closed-shell, bipolaron state (top left) or 

the open-shell, polaron pair state (top right). Triplet and singlet forms of 1,4-, 1,2-, and 1,3-disubstituted 

benzenedimethides diradicaloids (middle). The rule of OVCHINNIKOV does only apply for the first two. 

Skeletal structures of CHICHIBABIN’S hydrocarbon (bottom left) and THIELE’S hydrocarbon (bottom right) in 

their closed- and open-shell form. 

The dication of the 2,5-dibutoxy-functionalized derivative of Ru2-Ph (see Figure 14) is 

another compound which does not conform to the rule of OVCHINNIKOV. This was 



The Influence of Quinoidal Distortion on the Electronic Properties of Oxidized Divinylarylene-Bridged 
Diruthenium Complexes 

26 

 

discovered during EPR studies, as rather unexpectedly a signal at r.t. was observed 

with hyperfine splitting to two 31P and one 99/101Ru nuclei, confirming the presence of 

two non-interacting spins. Additional low-temperature EPR studies proved that the 

open-shell configuration is indeed the ground state.89 This observation has since been 

made for basically all divinylarenylene-bridged diruthenium complexes with the 

exception of the furanylene and thienylene derivatives.128 Similarly the dications of 

diethynylarylene-bridged diiron complexes of the type 

[(Cp*(dppe)Fe_C≡C-)2(-arylene)]2+ (Cp* = pentamethylcyclopentadienide; dppe = 

1,2-bis(diphenylphosphanyl)ethane)129,130 as well as a selection of bis(triarylaminium)- 

or phenothiazine-appended 1,4-biphenylenes are EPR-active131–136 while the shorter 

phenylene-spaced and OPV-bridged triarylamminium congeners are spin-paired.134,137 

This ambiguity sparked interest into investigating to which the degree the propensity of 

the central arylene unit to undergo quinoidal distortion aids the formation of a closed- 

or open-shell configuration in the respective dicationic state and how this influences 

the degree of electronic coupling in the mixed-valent form.  

 

 

Figure 19|: Skeletal structures of divinyl ruthenium complexes with arylene linkers based on either 

naphthalene, benzothiadiazole, 1,2-di(benzothiadiazole) ethylene or di(benzothiadiazole) ethyne (top) 

alongside the phenylene-based congeners (bottom).  

As a testbed 1,4-disubstitued naphthalene (NA) was chosen alongside 4,7-

disubstituted-2,1,3-benzothiadiazole (BTD). In naphthalene only one of the rings has a 

CLAR sextet at any given time, while the other has a more diene-type character. In BTD 

aromaticity is “stolen” from the six-membered ring by the anellated electron-
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withdrawing thiadiazole.138 BTD is broadly used an electron acceptor in donor-

acceptor-based -conjugated polymers,139–141 rendering it a promising candidate to 

investigate the influence of quinoidal distortion on both the electronic and EPR 

properties of such complexes. From experience, divinylarylene-bridged diruthenium 

complexes with simple, short 1,4-phenylene or 2,5-furanylene, 2,5-thienylene or 2,5-

selenylene linkers inevitably generate mixed-valent radical cations of Class  on one-

electron oxidation. Simple replacement of the phenylene unit by either NA or BTD 

would hence not give further insight into their influence on the degree of electronic 

coupling. Electronic coupling  has therefore to be attenuated by interconnecting two 

[Ru(CO)Cl(PiPr3)2(CH=CH-BTD)] fragments via either an ethynediyl or an 1,2-

ethenediyl linkage, giving the corresponding tolane- and E-stilbene-bridged 

diruthenium complexes. The results on how these complexes compare against their 

phenylene-connected counterparts is content of this chapter. 

3.2. Synthesis and Characterization 

The shorter naphthalene and 2,1,3-benzothiadiazole-based arylene bridges were 

functionalized with the necessary terminal ethynyl functionalities in a straightforward 

manner via SONOGASHIRA coupling of the dibrominated precursors with 

trimethylsilylacetylene (TMSA) and subsequent removal of the TMS protecting group 

(PG) with K2CO3 in MeOH/THF.142,143 While 1,4-dibromonaphtalene was purchased, 

4,7-dibromo-2,1,3-benzothiadiazole was synthesized in a two-step reaction starting 

from o-phenylenediamine. The well-established route involves the reaction of the 2-

aminoaniline with an excess of thionyl chloride in a mixture of DCM and NEt3 under 

reflux. The crude product was then purified by vacuum sublimation and the pure 

product was obtained in a 90% yield. Bromination in a refluxing mixture of HBr and Br2 

gives the dibrominated intermediate which is purified by recrystallization from acetic 

acid. After the aforementioned introduction of the terminal ethynyl groups, reaction with 

two equivalents of the ruthenium hydride precursor complex HRu(CO)Cl(PiPr3)2 

(H{Ru}) was easily achieved for 4,7-diethynyl-2,1,3-benzothiadiazole in DCM at room 

temperature within 15 min. As the hydride precursor as well as its decomposition 

products are slightly soluble in hexane and methanol, purification of Ru2BTD was 

achieved through repeated washings with these solvents. The pure product could be 

obtained in this way in a 91% yield. 1,4-diethynylnaphthalene on the other hand did not 

react cleanly to the dinuclear complex upon treatment with H{Ru} at r.t. but required 

slightly elevated temperatures of 50 °C and the use of 1,2-dichloroethane (DCE) as the 

solvent. The reasons for this untypically slow reaction rate are most likely adverse 
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steric interactions between the protons in positions 5 and 8 of the naphthalene with the 

-vinyl proton of the vinyl ruthenium fragment. Such an observation was also made 

previously for the 1,8-diruthenium-substituted anthracene congener which required a 

reaction time of 96 h at r.t. to give the dinuclear complex.144 The steric strain is clearly 

visible in the molecular structure of Ru2NA, as both ruthenium vinyl units are twisted 

out of the naphthalene plane by ca. 30° as evident from the DFT-optimized structure 

shown in Figure 20. This is also in good agreement with the 28.4° twist observed in 

the crystal structure of the anthracene congener. The steric stress is most likely also 

the reason for the decreased relative stability observed for Ru2NA. It could therefore 

only be isolated in a relatively low yield of 76%. 

 

Figure 20|: Ball and stick plot of the DFT-optimized structure of Ru2NA. Isopropyl substituents on the 

phosphine ligands are omitted for clarity reasons.  

The synthesis of the BTD derivative of 4,4’-diethynyltolane eBTD2 was comparatively 

more involved (Scheme 1, top). Of crucial importance was thereby the introduction of 

orthogonal ethynyl protecting groups to differentiate between the internal and terminal 

alkynyl functionalities. As reported by YAMASHITA,145 the use of TMSA, which as 

mentioned can be deprotected by using a base such as carbonate, alongside its 

sterically more demanding and chemically more robust analog TIPSA, which requires 

the use of fluoride salts to remove its SiiPr3 protecting group, is not a feasible approach. 

The rationale is that reaction of the starting material 4,7-dibromo BTD (1) with either 

one equivalent of TMSA or TIPSA furnishes mixtures of the mono- and disubstituted 

products which are basically inseparable by column chromatography. Instead 2-

methyl-3-butyn-2-ol (mebynol) was used as one of the two alkyne building blocks. Its 

isopropanoyl protecting group introduces a significant difference in polarity between 

the non-, mono- and disubstituted products when reacted with 1 to allow for good 

separation of all three products during column chromatography. Although mebynol was 

added slowly and as a highly diluted solution in toluene, the monosubstituted product 

2 could only be isolated in a 26% yield (step (a) in Scheme 1). It is to be presumed 

that 2 reacts faster with a second equivalent of mebynol than the dibrominated species 
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does, favoring the formation of disubstituted 4,7-di(mebynol) BTD. In order to introduce 

the second ethynyl functional unit, TMSA was reacted with 2 under standard 

SONOGASHIRA conditions (b), followed by the base-catalyzed removal of the 

trimethylsilyl PG (c) to give building block 4. The tolane motif was in turn assembled 

through the reaction with 2 to give the doubly protected dialkyne 5 (d). As the 

isopropanoyl protecting group can only be removed under strongly alkaline conditions 

- here NaOiPr in hot toluene/iPrOH was used - competitive degradation led to a rather 

low yield of crude 6 of only 34% (step (e) in Scheme 1). The reaction was driven to full 

conversion by constantly removing the produced acetone with a stream of N2 that was 

passed over the 80 °C hot mixture. Additional purification steps were omitted, as the 

free dialkyne turned out to be sensitive not only towards bases but also to light (5 and 

6 are both strongly fluorescent) as well as acids and oxygen. Moreover, 6 is only poorly 

soluble, leading to large retention times during column chromatography and therefore 

rather massive degradation on further workup. Reaction with H{Ru} gave the target 

compound Ru2
eBTD2 in an acceptable yield of 51% considering the rather impure 

nature of the starting material 6 (f).  

The internal vinylene unit of Ru2
vBTD2 was introduced by reacting precursor 2 with 

trans-1,2-bis(tributylstannyl)ethene in a STILLE coupling reaction to give 7 (g). 

Deprotection in an analogous fashion to 5 furnished the diethynyl E-stilbene derivative 

8 in a satisfcatory yield of 81% (h). This is a clear token of the relatively higher stability 

of the internal alkenes compared to alkynes. The latter are especially known to undergo 

addition reactions with strong bases/nucleophiles when substituted with EWGs.146 The 

subsequent reaction of 8 with H{Ru} gave the target compound Ru2
vBTD2 in a rather 

moderate yield of 31% (i). This unusually low yield is in part due to the high solubility 

of this complex in a broad range of both polar solvents such as methanol and unpolar 

solvents such as hexane, such that a significant portion of the product was lost in the 

washing process.  
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Scheme 1|: Reaction scheme for synthesis of the bis-BTD containing bridging ligands and the respective 

dinuclear complexes Ru2
eBTD2 and Ru2

vBTD2.  

 

a) 2-methyl-3-butyn-2-ol, PdCl2(PPh3)2, CuI, toluene, NEt3, 16 h, 60 °C, 26%; b) TMS-acetylene, 

PdCl2(PPh3)2, CuI, toluene, NEt3, 16 h, 60 °C, 79%; c) K2CO3, MeOH, 1 h, r.t., 52%; d) 2, PdCl2(PPh3)2, 

CuI, toluene, NEt3, 16 h, 60 °C, 53%; e) iPrONa, toluene, iPrOH, 1.5 h, 80 °C, 34%; f) HRu(CO)Cl(PiPr3)2; 

CH2Cl2, 1 h, r.t., 37%; g) 2, trans-1,2-(Bu3Sn)2C2H2, PdCl2(dppf), toluene, 16 h, 100 °C, 35%; h) iPrONa, 

toluene, iPrOH, 1.5 h, 80 °C, 81%; i) HRu(CO)Cl(PiPr3)2, CH2Cl2, 1 h, r.t., 31%. 

All new compounds were characterized by multinuclear 1H, 13C{1H} and, if applicable, 

by 31P{1H} NMR spectroscopy. As per usual for ruthenium complexes with -bonded 

styryl ligands, the resonances attributed to the vinylic protons and carbon atoms 

alongside those for the 31P nuclei of the PiPr3 ligands provide insight into the electronic 

properties of the styryl ruthenium moieties (see Table 1).82,83,87,147 On comparing the 

parent compound Ru2Ph to Ru2NA one notes that the annelation of the second 

benzene ring leads to shifts of all characteristic NMR resonances. While the proton in 

the -position adjacent to the Ru atom experiences only a slight drift of 0.2 ppm to 

lower field, C is shifted by nearly 4 ppm. As naphthalene is electronically very similar 

to benzene, a  value of 0.8 ppm recorded for H is rather surprising and best 

explained by the aforementioned torsion of the vinylruthenium fragment out of the 

arene plane due to detrimental steric interactions between H and protons H5 and H8, 
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respectively (vide supra). The fact that the 1,8-bis(vinylruthenium)anthracene 

congener referred to earlier also shows this behavior with resonances at  = 9.00 (H), 

6.99 (H), 156.4 (C), and 38.58 (31P) ppm respectively, supports this assumption.144 

In Ru2BTD the annelation of the electron-withdrawing thiadiazole ring leads to sizeable 

downfield-shifts of the H and C resonances. This becomes even more pronounced 

by the introduction of the additional ethynyl-/vinyl-BTD fragment in Ru2
eBTD2 and 

Ru2
vBTD2 as they further decrease the electron density on the bridging ligand. Their 

resonances become even comparable to those in vinyl ruthenium complexes with 

intentionally electron-poor -bridges of the form {Ru(CO)Cl(PiPr3)2(CH=CH)2}2-4,4'-

(fac-Re(CO)3X(bipy), {Ru(CO)Cl(PiPr3)2(CH=CH)2}2-4,4'-({fac-Re(CO)3X}2(bipym) (X 

= Cl, Br; bipy = 2,2’-bipyridine, bipym = 2,2’-bipyrimidine),84,88 or even cationic tritylium-

dye based styryl ligands with a general formula of Ar2C+-C6H4-CH=CH-

Ru(CO)Cl(PiPr3)2 (Ar = p-anisyl or p-N,N-dimethylaminophenyl).148 The electron-

withdrawing properties of the BTD unit are further underlined when comparing the 

chemical shift of the 13C resonances of the central acetylene unit in Ru2
eBTD2 to that 

in the 2,5-di(2-ethylhexoxy)-substituted tolane derivative Ru2
ePh2. While in the latter it 

is found at  = 90.6 ppm, it is shifted downfield to 92.1 ppm in the former.54  

Table 1|: Selected 1H, 13C{1H} and 31P{1H} NMR data for the complexes measured in CD2Cl2. 

 
complex 

 [ppm]  

H H C  C  31P 

Ru2Ph 8.36 5.90 148.5  134.5 37.88 

Ru2NA 8.51 6.73 152.3  131.4  38.54 

Ru2BTD 9.31 6.63 158.8  131.1  38.71 

Ru2
eBTD2 10.00 6.84 169.4  130.9  39.58 

Ru2
vBTD2 9.80 6.83 165.7  130.9 39.58 

3.3. Electrochemistry 

Before investigating mixed-valent compounds with respect to their degree of electron 

(de)localization by spectroscopic means, it is first advisable to investigate their redox 

behavior through electrochemical studies. This not only gives insight into the number 

of accessible and the thermodynamic stabilities of the potentially mixed-valent redox 

states and the number of electrons transferred to generate each, but also into the 
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kinetics of the individual electron transfer processes. This has direct practical 

consequences on questions including the choice of the applied potential for 

electrolysis, the solvent and supporting electrolyte combination, or the 

oxidizing/reducing agent necessary if the MV states are to be accessed chemically. 

Hence the four complexes Ru2NA, Ru2BTD, Ru2
eBTD2 and Ru2

vBTD2 were 

investigated by using cyclic voltammetry (CV). As the electrolyte, either a 0.1 M solution 

of tetrabutylammonium hexafluorophosphate (TBAPF6, TBA = NBu4
+) or a 0.05 M 

solution of tetrabutylammonium tetrakis[(3,5-bis(trifluoromethyl)phenyl)borate] 

(TBABArF) in CH2Cl2 was used. As the anion of the latter supporting electrolyte is 

considered to constitute not only a weakly but a “non”-coordinating anion, i.e. it is less 

capable of shielding charge and forming ion pairs, the CVs of the E-stilbene and tolane 

derivatives were exclusively recorded using TBABArF to maximize half-wave potential 

splittings and therefore the thermodynamic stabilities of the intermittent one-electron 

oxidized mixed-valent states through increased electrostatic repulsion.96,149–151  

Table 2|: Electrochemical data for all complexes. 

complex electrolyte E1/2
0/+ [mV] 0/+ E1/2

+/2+ [mV] +/2+ E1/2 [mV] Kc 

Ru2Ph 

NBu4PF6 -75  175  250 17000 

NBu4BArF -180  130  310 170000 

Ru2NA 

NBu4PF6 -140 0.58a 70 0.61a 210 3600 

NBu4BArF -235  35  270 37000 

Ru2BTD 
NBu4PF6 -130 0.58a 110 0.62a 240 11000 

NBu4BArF -200  80  280 55000 

Ru2
eBTD2 NBu4BArF 100a 0.15a 180a 0.70a 80 23 

Ru2
vBTD2 NBu4BArF -25a 0.25a -43a 0.75a -18 0.5 

Ru2
ePh2 NBu4PF6 10 0.52a 116 0.51a 106 62 

Ru2
vPh2 NBu4PF6 66a 0.37a 115a 0.67a 49 6.8 

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

concentrations: 0.1 M (NBu4PF6) or 0.05 M (NBu4BArF); a) Values obtained by simulation of cyclic 

voltammograms.  

In conformity with other diruthenium complexes with a short divinylarylene bridge, 

Ru2NA (see Figure 21, left) and Ru2BTD (see Figure 21, right) display two reversible 

one-electron oxidations, i.e. one per {Ru}(CH=CH) unit, at moderate potentials with a 
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half-wave potential splitting E1/2 of 210 to 280 mV.73,89,128 Replacement of the 

phenylene spacer by naphthalene-1,4-diyl leads to a cathodic shift of the half-wave 

potentials for both oxidation processes by ca. 60 mV or 100 mV, respectively, 

regardless of the supporting electrolyte. Generally, the relative gain in resonance 

energy per electron of acenes decreases with an increasing number of annelated 

benzene rings.152 The enthalpic penalty for adopting a quinoidal resonance structure 

concomitant with stepwise oxidation of Ru2NA is therefore lower than for its Ru2Ph 

counterpart, as the unsubstituted benzene ring can still maintain its aromaticity. This 

also explains why, despite the strongly electron-withdrawing character of the BTD 

linker, the half-wave potentials of Ru2BTD are close to those of Ru2NA and even by 

55 or 65 mV cathodic to those of Ru2Ph. With (E1/2) values of only 10 mV in 

CH2Cl2/TBAPF6 and 30 mV with the BArF- containing electrolyte, Ru2BTD shows an 

only a marginally larger half-wave potential splitting when compared to Ru2NA, pointing 

towards a very similar degree of non-innocence of the divinylarylene bridge. The 

pronounced bridge character of these redox processes in the two newly synthesized 

compounds is further underlined by the electron transfer coefficient , which was 

deduced from digital CV simulations. With a value of ca. 0.6 for both compounds and 

redox steps, both transition states resemble roughly the median of educt and product 

and structural reorganization is split equally between both processes, meaning that if 

structural reorganization, such as quinoidal distortion, is occurring during the course of 

both oxidations, it is equally distributed across both oxidations and not dominantly 

biased to one of them. 

  

Figure 21|: Cyclic voltammograms (bold line) including their simulations (circles) of Ru2NA (left) and 

Ru2BTD (right) in CH2Cl2/0.1 M NBu4PF6 at scan rates v = 400 mV/s and 600 mV/s, respectively.  

As expected, elongation of the bridging ligand leads to a drastic decrease in half-wave 

potential splitting, despite the use of the “non”-coordinating BArF- anion in the 

electrolyte, so that both waves are merged into one composite wave. The individual 
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half-wave potentials were therefore determined from digital simulations. Both 

oxidations of Ru2
eBTD2 (see Figure 22, left) occur at significantly higher potentials as 

compared to Ru2BTD. This is a direct consequence of the strong bridge character of 

the HOMO (see Chapters 3.4 and 3.5) and the attachment of only one electron-

donating vinylruthenium moiety to every BTD unit. The significantly reduced half-wave 

potential splitting of 80 mV as compared to 280 mV in Ru2BTD is readily explained by 

the rough doubling in length of the -conjugated path, but oxidation-induced 

rearrangement to a quinoidal structure will also contribute (vide infra).  

  

Figure 22|: Cyclic voltammograms (bold line) including their simulations (circles) of Ru2
eBTD2 (left) and 

Ru2
vBTD2 (right) in CH2Cl2/NBu4BArF at a scan rate v = 800 mV/s.  

The 2,5-bis(ethylhexanoyl)tolane derivative Ru2
ePh2 is expectedly more electron-rich 

as evident from the cathodic shift of both oxidations by 90 mV and 85 mV, respectively, 

and this even in the more strongly coordinating NBu4PF6 supporting electrolyte, which 

usually leads to higher oxidation potentials (vide supra). Furthermore, redox potential 

splitting is also higher in Ru2
ePh2 compared to Ru2

eBTD2, despite the use of NBu4PF6 

in the tolane-bridged complex Ru2
ePh2. This clearly points towards a larger contribution 

of the -conjugated bridge to the relevant redox orbital in Ru2
eBTD2.  

Replacing the ethynyl connector between the individual BTD units in Ru2
eBTD2 by the 

vinylene moiety in Ru2
vBTD2 (see Figure 22, left) induces a cathodic shift of both 

oxidation processes. A further remarkable aspect of the voltammogram of Ru2
vBTD2 

is the small peak-to-peak separation Ep of only 40 mV, which is smaller than the value 

of 57 mV expected for simultaneous one-electron oxidations of two mutually insulated 

redox sites.153 Simulation of the corresponding cyclic voltammograms furnished E1/2
 

values of -25 mV for the first and of -43 mV for the second oxidation, and hence a ∆E1/2 

value of -18 mV. Ru2
vBTD2 therefore shows the phenomenon of potential inversion, 

meaning that the second oxidation process is thermodynamically favored over the first 

one. In the case of two consecutive oxidations this means that the second oxidation is 
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cathodic of the first one, hence E1/2 < 0 mV. This contrasts to the normal situation, 

where removal (addition) of the second electron from (to) a two-step redox system 

requires a larger thermodynamic driving force compared to the first redox process due 

to the combined action of electrostatic repulsion, inductive effects, magnetic coupling, 

and resonance stabilization of the intermittent, mixed-valent redox state.96,154,155 This 

peculiarity is tentatively attributed to the formation of a quinoidal structure of the 

dication Ru2
vBTD2

2+ and the concomitant gain in resonance energy of the thiadiazole 

heterocycle. The electron transfer coefficient  provides further indication for a 

considerable structural reorganization upon oxidation in both, Ru2
eBTD2 and 

Ru2
vBTD2. The simulations yielded unusually small values of 0.15 and 0.25, 

respectively, for the electron transfer coefficient 0/+ for the first oxidation of complexes 

Ru2
eBTD2 and Ru2

vBTD2. This points at an early, educt-like transition state.155,156 The 

 values of the second oxidation, +/2+, of 0.70 and 0.76, respectively, are much larger. 

This essentially means that the majority of structural reorganization occurs during the 

second oxidation process. In contrast, simulation of the CV of the phenyl analogue 

Ru2
ePh2 gives  values of around 0.5 for both oxidations, painting a similar picture to 

what is observed for the shorter derivatives with similar reorganization during both 

steps. Ru2
vPh2 lies in-between its alkynyl and BTD derivative with values for 0/+ of 

0.37 and +/2+ of 0.67. 

3.4. IR Spectroelectrochemistry 

As mentioned in Chapter 1.2 IR spectroscopy is a powerful tool to determine the 

charge distribution in mixed-valent systems. In the case of Ru2
eBTD2, the C≡C stretch 

of the central ethynylene unit can be employed as an additional indicator besides the 

Ru(CO) stretching vibrations (see Figure 15) in order to monitor metal vs. ligand 

contributions to the “redox-orbital” and the degree of charge delocalization. The 

characteristic C=C as well as C=N stretching vibrations in case of the BTD-bridged 

complexes can also be used to monitor structural reorganization within the bridging 

ligands during the redox processes. In order to investigate the three reversibly 

addressable redox states, the spectroelectrochemical (SEC) approach was used. 

Here, an optically transparent thin-layer electrolysis (OTTLE) cell comprised of a Pt-

mesh working electrode, a Pt-mesh counter electrode and a Ag-sheet pseudo-

reference electrode, are used to generate the relevant oxidation states of the studied 

compounds in situ through electrolysis. The design follows that of F. HARTL.157 The 

electrolyte used was in all cases a 0.1 M solution of NBu4BArF in CH2Cl2 to achieve the 
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maximum available redox splitting. While the Ru(CO) and C≡C stretches are easily 

identified due to their characteristic positions within the IR spectrum and, in the case 

of the Ru(CO) stretches, their high oscillator strengths, correctly assigning absorption 

features to other molecular vibrations can be tricky. Hence, DFT-based vibrational 

analysis was performed to aid the band assignment. The experimentally collected data 

are compiled in Table 3 along with those derived from quantum chemical calculations. 

Table 3|: Experimental and calculated (in brackets) energies of characteristic IR bands of the complexes 

in their various oxidation states. 

 ̃ [𝒄𝒎−𝟏] (calc. pbe0/6-31G(d))  

complex IR label neutral monocation dicationa ∆ρ 

Ru2Ph 

Ru(CO) 1910 (1900, 1901) 1932, 1942 (1923, 1931) 1980 (1960, 1961) 0.5 

C=Cvinyl 1558 (1564) - -  

C=Cquinone - 1502 (1488) 1520 (1511)  

Ru2NA 

Ru(CO) 1912 (1896, 1897) 1933, 1944 (1920, 1926) 1977 (1968, 1972) 0.5 

C=Cvinyl 1542 (1542) - -  

C=Cquinone - 1476 (1463) 1510 (1501)  

Ru2BTD 

Ru(CO) 1910 (1897, 1899) 1935, 1950 (1922, 1930) 1979 (1958, 1963) 0.5 

C=Cvinyl 1524 (1518) - -  

C=Cquinone - 1489 (1473) 1525 (1524)  

C=N 1540 (1573) 1524 (1523) n.o (1502)  

Ru2
eBTD2

 

Ru(CO) 1918 (1902, 1903) 1928, 1957 (1914, 1952)b 1973 (1949, 1953) 0.24 

C=Cvinyl 1525 (1515) - -  

C=Cquinone - 1484 (1459) 1502 (1522)  

C≡Cethynyl - 2120 (2108)b   

C=C=C=C - - 1734, 1784  

Ru2
vBTD2

b 

Ru(CO) 1916 (1899, 1901) 1930, 1951 (1916, 1935)b 1970 (1949, 1953) 0.31 

C=Cvinyl 1525 (1513) - -  

C=Cquinone - - 1512 (1512)  

Ru2
ePh2 

Ru(CO) 1914  1923, 1947 1959 0.21 

C≡Calkyne - 2133    

Ru2
vPh2 Ru(CO) 1911  1919, 1962 1964 0.19 

a) Singlet state assumed for calculated values; b) The ωB97X-D functional was used. 
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In the neutral state, the annelation of a second benzene ring in Ru2NA has only little 

influence on the Ru(CO) band energy with a blueshift of 2 cm-1 as compared to Ru2Ph 

resulting in a band at 1912 cm-1. It is replaced on one-electron oxidation by a two-band 

pattern consisting of a very intense band at 1933 cm-1 and a much weaker one at 1944 

cm-1 as determined by deconvolution. This is only two wavenumbers lower in energy 

than the corresponding bands in Ru2Ph•+. After the removal of two electrons only a 

single CO band at 1977 cm-1 is observed. Quantum chemical calculations correctly 

predict two vibrational modes - the less intense, symmetric and the more intense, 

antisymmetric combinations of the local CO stretches - for the two carbonyl ligands at 

each redox state. Their difference in energy however is only resolved for the radial 

cation, rendering Ru2NA•+ a fully delocalized Class  mixed-valent system according 

to the ROBIN and DAY classification and not of Class  as the presence of two CO 

bands in the mixed-valent state might suggest (see Figure 15). This agrees with 

findings for divinylarylene diruthenium complexes with short, -conjugated 

hydrocarbylene bridges.89,128 The spectroscopic window between 1550 cm-1 and 1450 

cm-1, which is characteristic to C=C stretches, reveals a band of medium intensity at 

1542 cm-1, which could be assigned to a stretching mode of the C=Cvinyl moiety. This 

band is characteristic to the {Ru}-CH=CH-Ar system and is shifted to lower energy for 

the naphthalenylene complex. This agrees also with the observation made for styrene 

vs. 1-vinylnaphthalene158 and hints at a decrease in C=C bond order due to the 

propensity for quinoidal distortion of the naphthalene ring. One should note here that 

the experimentally useful spectroscopic window is limited by strong absorptions of the 

anion of the TBABArF electrolyte and of the solvent, which obscure the spectral region 

below 1450 cm-1. In the monocation this vibration is replaced by an intense, asymmetric 

quinoid stretching mode of the central arylene motif. The latter is observed at 

1476 cm-1, which is at ca. 25 cm-1 lower energy as compared to Ru2Ph•+, both in the 

experiment and in-silico. DFT also correctly predicts the further blueshift of this mode 

after removal of the second electron, as the corresponding band is found at 1510 cm-1 

(∆̃ = 34 cm-1) for Ru2NA2+ as compared to 1520 cm-1 (∆̃ = 18 cm-1) for Ru2Ph2+. 



The Influence of Quinoidal Distortion on the Electronic Properties of Oxidized Divinylarylene-Bridged 
Diruthenium Complexes 

38 

 

  

Figure 23|: Changes of the IR spectra (CH2Cl2, 0.25 M NBu4PF6, r.t.) of complex Ru2NA during the first 
(left) and the second oxidation (right) in the Ru(CO) and vinyl/quinone C=C stretching regions. 

Despite the electron-accepting nature of the BTD linker, Ru2BTD has its Ru(CO) 

stretching vibration at the same energy of 1910 cm-1 as the phenylene-based parent 

compound Ru2Ph. In Ru2BTD•+ the aforementioned two-band pattern is found at 

slightly higher energies of 1935 and 1950 cm-1. Most notable, however, is the higher 

energy difference between the asymmetric and symmetric stretches (∆̃ = 15 cm-1 

compared to 10 cm-1), which is most likely the result of the annelated thiadiazole ring. 

The latter introduces an additional dipole within the central plane orthogonal to the 

Ru-Ru axis. Exhaustive oxidation to the associated dication Ru2BTD2+ results in a 

single Ru(CO) band at 1979 cm-1. Thus Ru2BTD•+ also belongs to the category of fully 

delocalized Class  mixed-valent compounds. The C=X (X = C, N) stretching region 

reveals a double feature for Ru2BTD at 1524 cm-1 and 1540 cm-1. The former can be 

assigned to a C=C stretching vibration of the {Ru}-CH=CH fragment while the latter 

originates from a thiadiazole based, asymmetric C=N stretch. In Ru2BTD•+ the C=Cvinyl 

vibration is analogously replaced by a band at 1489 cm-1 with a significant quinoid-like 

character of the phenylene unit of the BTD linker. The identification as a stretching 

vibration which emerges due to the geometrical distortion into a quinoid structure is 

made based on the atom deflections as predicted by DFT as well as the higher energy 

of the C=Cquinone compared to the C=C stretch of an aromatic ring due to the increased 

bond order. The C=N stretch is redshifted to the same energy formerly attributed to the 

C=Cvinyl mode in the neutral form. A band at this energy is also observed in the 

dicationic form, but based on the results provided by DFT calculations, more closely 

resembles the C=Cquinone stretching mode. This results in an overall blueshift by 36 

cm-1, in agreement with the observations made for the previous two complexes. The 

C=N vibration in Ru2BTD2+ could not be observed. As DFT predicts its position at 1502 

cm-1, it is most likely obscured by the C=C stretches of the BArF- anion.  
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Figure 24|: Changes of the IR spectra (CH2Cl2, 0.25 M NBu4PF6, r.t.) of complex Ru2BTD during the first 
(left) and the second oxidation (right) in the Ru(CO) and vinyl/quinone C=C and C=N stretching regions. 

As the C=Cquinone bands in Ru2BTD•+/2+ are found at higher energies relative to those in 

Ru2NA•+/2+ along with an only moderate decrease in the energy of the C=N stretch upon 

oxidation, it is fair to assume that in Ru2BTD the quinoid structure is not symmetrically 

adopted across the central phenylene linker but is rather restricted to the side opposite 

to the annelated thiadiazole ring. In consequence, the double bond character of the 

C=N bond is mostly retained, thereby preventing the energetically unfavorable 

formation of an N=S double bond. This is supported by the crystal structures of 

unsubstituted 2,1,3-BTD compared to its analogue to TCNQ shown in the middle of the 

bottom row in Scheme 2. In the TCNQ-type derivative only the C=C bond opposite to 

the heterocycle has double bond character with a bond length of 1.34 Å,159 while the 

one within the heterocycle has basically the same length of 1.42 Å as that in regular 

2,1,3-benzothiadiazole (1.44 Å).160 This is in contrast to ordinary TCNQ, in which both 

C=C bonds measure 1.35 Å.161 Furthermore, the C=N as well as N-S bonds are virtually 

identical in 2,1,3-BTD and 4,7-((CN)2C)-2,1,3-BTD with values of 1.35 and 1.61 Å as 

compared to 1.33 and 1.62 Å used for comparison. Scheme 2 gives an overview over 

the proposed structures and changes in bond order of Ru2NA and Ru2BTD upon 

oxidation in addition to the structures of the BTD-based molecules. 
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Scheme 2|: Bonding changes during the stepwise oxidations of the complexes Ru2NA (top) and Ru2BTD 

(middle) in their neutral and oxidized states. Skeletal structures alongside characteristic bond lengths in 

2,1,3-benzothiadiazole160, 2,1,3-thiadiazolotetracyanoquinodimethane159 and 

tetracyanoquinodimethane161 (bottom, from left to right). 

 

 

The less electron-rich character of complexes Ru2
eBTD2 and Ru2

vBTD2, which was 

already deduced from the electrochemistry data, is also manifested in their IR spectra 

by virtue of the blueshift of their Ru(CO) band to 1918 cm-1 or 1916 cm-1, respectively. 

In contrast to Ru2BTD•+, the IR spectrum of the monocation Ru2
eBTD2

•+ features two 

broad bands of similar intensities associated with the CO stretches (Figure 25). 

Determining the positions of the CO bands of Ru2
eBTD2

•+ is complicated by the rather 

close proximity of the individual half-wave potentials (E1/2 = 80 mV) and, 

concomitantly, the incomplete shift of the comproportionation equilibrium as expressed 

by the rather small value of the associated equilibrium constant Kc (Equation 5) for 

formation of the mixed-valent radical cation.  

Kc = c2(monocation) / [c(neutral)  c(dication)] = exp [(F/RT)E1/2] (5) 

This equilibrium must be considered during the deconvolution procedure in order to 

determine the ̃(CO) values of the radical cation. One should note though that 

restricted diffusion under the thin-layer conditions of spectroelectrochemistry may alter 

the actual composition of the solution with respect to those predicted by the NERNST 

equation so that even the value for Kc of 23 can give spectra with a concentration of 

the radical cation lower than predicted. For Ru2
eBTD2

•+ a pattern of two Ru(CO) bands 

at 1928 cm-1 and 1957 cm-1 with similar intensities was found after deconvolution. 

Quantum chemical modelling of the mixed-valent state using the PERDEW–BURKE-
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ERNZERHOF pbe1pbe (pbe0) functional with 25% of exact Hartree-Fock admixture162 

worked well for the diruthenium complexes with shorter -bridges (vide supra) but 

overestimated the degree of delocalization in Ru2
eBTD2

•+ as well as in Ru2
vBTD2

•+ and 

Ru2
vPh2

•+. The ωB97X-D functional, which incorporates long-range interactions, was 

found to perform better for these complexes and was therefore used instead.163 This 

functional correctly reproduced the asymmetric nature of the radical cations derived 

from divinylarylene diruthenium complexes bearing longer bridging ligands. The latter 

exhibit different charge and spin densities for both {Ru}-CH=CH-BTD subunits (see 

contour plots of the occupied frontier orbitals in Figure 43 and Figure 44).  

Upon further oxidation to the dication Ru2
eBTD2

2+, the two CO bands of the radical 

cation give way to just one band at 1973 cm-1 as both {Ru}-CH=CH-BTD entities are 

rendered electronically equivalent again. The larger separation between the high- and 

low-energy stretches of the carbonyl ligands in Ru2
eBTD2

•+ (∆̃(CO) = 29 cm-1) as well 

as their similar intensity clearly point towards the presence of a Class  system rather 

than of a Class . The derived  parameter of 0.24 assigns a ¼ to ¾ relative charge 

distribution at each ruthenium atom in the mixed-valent state.  

  

Figure 25|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of complex Ru2
eBTD2 during the 

first (left) and the second oxidation (right) in the CC, Ru(CO), C=C=C=C and vinyl/quinone C=C 

stretching regions. 

The asymmetric charge distribution in Ru2
eBTD2

•+ is further supported by the presence 

of an intense band at 2120 cm-1, which corresponds to the CC stretching vibration of 

the central ethynyl unit. This band is usually symmetry-forbidden and therefore absent 

in the IR spectra of the neutral complex and dication. Its observation also supports the 

findings made in the electrochemical studies in that the linker still retains an ethynyl 

structure. This agrees with an early transition state of the electron transfer reaction 

(vide infra).164,165 In the related complex Ru2
ePh2 the Ru(CO) stretches in all three 
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redox states are found at lower energies, whereby the energy difference between both 

complexes increases with the number of electrons removed, i.e. from ∆̃(CO) = 4 cm-1 

when uncharged to ∆̃(CO) = 24 cm-1 in the respective dications. The generally lower 

frequency of the carbonyl stretch(es) is thereby a clear token of the significantly more 

electron rich character of the entire complex (BTD vs. p-diethylhexoxybenzene) while 

the observed trend in ∆̃(CO) is due to the respective contribution of the tolane bridge 

to the redox orbital, virtually pulling the polaron away from the charge-sensitive Ru-CO 

bond. The value obtained for the GEIGER-parameter as a measure of the charge 

distribution of Ru2
ePh2

•+ is with  = 0.19 significantly smaller. This is rather 

unexpected as hole-transfer between two terminally appended redox-active sites is 

generally favored by an electron-rich bridge.132,151,162,166 The slightly higher energy of 

the C≡C stretch of 2133 cm-1 and the therefore stronger triple bond character is another 

indicator for a more valence localized character in Ru2
ePh2

•+. One should note here 

that the C≡C bond order typically decreases in alkynyl-bridged mixed-valent complexes 

as the extent of electronic coupling increases.167  

Revealingly, the second oxidation to Ru2
eBTD2

2+ is accompanied by the bleach of the 

ethynyl stretch of Ru2
eBTD2

•+ and the growth of two rather intense bands at 1783 cm-1 

and 1735 cm-1 (see Figure 25, right). As the same findings were made for other 

complexes containing an alkynyl entity within the linker, these were assigned to 

cumulenic stretches of a central butatriene increment (c. f. ̃  = 1767 cm-1 in 

[{Cp(PPh3)(L)Ru}2(µ-C=C=C=C)]2+ = (Cp = 5-C5H5, L = PPh3, PMe3),168 1770 cm-1 and 

1711 cm-1 in [{Cp*(dppe)Ru}2(µ-C=C=C=C)]2+ (Cp* = 5-C5Me5, dppe = 1,2-

bis(diphenylphosphanyl)ethane)169). The pattern of two bands might be due to the 

coexistence of cis and trans isomers with respect to the spatial disposition of the {Ru}-

CH=CH-BTD units or the presence of a symmetric and an antisymmetric vibrational 

mode. The observation of such a vibration is however puzzling to begin with. Both a 

fully quinoidally distorted structure - the singlet bipolaron state - (see Scheme 3, p2S-

structure) or the partial adoption of the quinoid form including the central butatriene 

motif with an overall spin state of S =1 - the triplet polaron pair state - are intrinsically 

symmetric (see Scheme 3, p2T-structure). The lack of a change in dipole moment 

would hence prohibit such a C=C=C=C stretching mode in Ru2
eBTD2

2+ as it is the case 

for the C≡C stretching vibration in Ru2
eBTD2. Quantum chemical modelling assuming 

either the singlet or triplet state do in neither case predict any vibration in this region, 

just as one would expect for a symmetric charge distribution.  

Scheme 3 shows conceivable resonance structures for Ru2
eBTD2 in its three oxidation 

states. For the dication only the structure labeled with p2TAF would have a dipole 
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moment along the Ru-bridge-Ru axis and would hence show this cumulenic C=C=C=C 

stretching vibration. As it includes two unpaired spins in rather close proximity, the 

viability of such a configuration is however questionable and is rightfully not reproduced 

by DFT-calculations. The illusive nature of such a bonding scenario is nevertheless to 

some extent comparable to that of the metal nitrosyl (M-NO) bond. The oxidation state 

of the nitrosyl ligand, which can be regarded as the “mother of all non-innocent ligands” 

can be described as NO+, NO• or NO- depending on the nature of the metal ion and 

the properties of the auxiliary ligands.170,171 As antiferromagnetic coupling is observed 

in high-spin complexes,172 such a scenario might also apply to the present system. One 

should also point out that this applies to the other dioxidized butadiynediyl dimetal 

complexes mentioned above. 

Scheme 3|: Change in bond order in structures of Ru2
vBTD2 (top) and Ru2

eBTD2 (bottom) in their neutral 

and oxidized states. Sections marked in blue depict fragments with an ambiguous charge/spin localization.  

 

Due to the small sample concentration and, in consequence, poor signal-to-noise ratio, 

for neutral Ru2
eBTD2 only the C=Cvinyl stretch at 1525 cm-1 could be observed, which 

is in good agreement with Ru2BTD. Upon oxidation one can make out the formation of 

a band at 1484 cm-1 which, as deduced from the data obtained for Ru2BTD•+ and from 

quantum chemical calculations, is the prominent C=Cquinone stretch. The formation of a 
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blueshifted band at 1502 cm-1 during the second oxidation further underlines this 

hypothesis.   

The central ethylene connector renders the bridging ligand of Ru2
vBTD2 derivative 

slightly less electron-poor than its ethynyl counterpart. As a consequence, the ̃(CO) 

bands of the neutral and dicationic forms of this complex are redshifted by 2 cm-1 and 

3 cm-1, respectively, as compared to Ru2
eBTD2

0/2+. The phenomenon of potential 

inversion and the associated E1/2 value of -18 mV in CH2Cl2/TBABArF dictate that the 

equilibrium constant Kc of the comproportionation reaction is smaller than 1. In 

essence, after quantitative release of one equivalent of charge (i. e. at the point of its 

highest accumulation), the radical cation amounts to only 26 % of the equilibrium 

mixture besides 37% of the neutral and 37% of the dicationic forms. As stated above, 

its amount is under the diffusion-limited conditions of SEC in an OTTLE cell potentially 

even lower. Hence, deconvolution was necessary to determine the ̃(CO) values for 

the monocation (see Figure 26). The derived values of 1930 cm-1 and 1951 cm-1 are 

more shifted with respect to both, the neutral and dicationic forms, and are less widely 

separated than in Ru2
eBTD2

•+. This results in a larger ∆ρ parameter of 0.31 for 

Ru2
vBTD2

•+. The superior ability of an ethenediyl as compared to an ethynediyl linker 

in terms of enhancing electronic coupling as observed here has been demonstrated on 

several earlier occasions.97,131,173–176 While electronic coupling in Ru2
eBTD2

•+ is only 

slightly enhanced compared to its phenyl congener Ru2
ePh2

•+ (∆ρ = 0.24 vs. 0.21), 

Ru2
vBTD2

•+ shows a significant increase over the GEIGER parameter of ∆ρ = 0.19 

obtained for Ru2
vPh2

•+. As the latter is lacking the electron-donating ethylhexoxy 

substituents compared to its tolane congener, this difference in electronic coupling can 

be fully attributed to the higher aptitude of the BTD-derivative to undergo quinoidal 

distortion.  

  

Figure 26|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of complex Ru2
vBTD2 during the 

first (left) and the second oxidation (right) in the Ru(CO) and vinyl/quinone C=C stretching regions. 
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As Ru2
vBTD2 is missing a characteristic C≡C unit and can hence not form a central 

C=C=C=C segment, the C=C stretching region of the IR spectra does not provide 

additional information on the extent of quinoidal distortion, contrary to the alkynyl 

derivative. The neutral form again shows the characteristic C=Cvinyl stretching vibration 

at 1525 cm-1. Due to the low equilibrium concentration of the monocation, no C=C 

stretch could be assigned for the latter. For the dication a band characteristic to the 

C=Cquinone stretch was found at 1512 cm-1, which agrees well with the values obtained 

by theory and those for the other BTD-containing derivatives. A direct comparison is 

however difficult due to significant differences in their structures.  

3.5. EPR Spectroscopy 

Electron paramagnetic resonance (EPR) spectroscopy can be used to probe the 

(de)localization of the unpaired spin density in the mixed-valent radical cations on a 

timescale of 10-8 to 10-9 s, which is about three orders of magnitude slower than that of 

IR spectroscopy (10-11 to 10-12 s). As spin and charge distributions often resemble each 

other, which is due to the attractive forces in a polaron,177 both spectroscopic methods 

can aid in narrowing down the rate of the diabatic intramolecular electron transfer. In 

vinyl ruthenium, complexes this technique is especially easy to apply as the associated 

one-electron oxidized, mixed-valent radical cations tend to be EPR-active at room 

temperature, a property they owe to the significant contribution of the -alkenyl ligand 

to the relevant -HOSO, i.e. SOMO (HOSO = highest singly occupied spin orbital, 

SOMO = singly occupied molecular orbital). This is expressed through the observation 

of isotropic spectra with g-factors close to that of the free electron (Landé factor, ge = 

2.0023), often with resolved hyperfine splitting (hfs) to EPR-active nuclei, including 1H, 

31P, 14N, and 99/101Ru. In particular hfs’s to the 31P and 99/101Ru nuclei are highly useful 

to gauge the degree of spin (de)localization.  

As mentioned in the introduction to this chapter, the doubly oxidized forms of 

dinvinylarylene diruthenium complexes show the tendency to exhibit open-shell 

character and be EPR-active, thereby violating the rule of OVCHINNIKOV. As a 

consequence, EPR spectroscopy represents the ideal technique to investigate, if the 

use of a proquinoidal bridge motif in the form of NA or BTD favors a closed-shell ground 

state. In contrast to the in-situ electrolysis approach used in the investigations of the 

various oxidized forms by means of optical spectroscopy (vide infra), the radical cations 

were here generally generated by means of chemical oxidation. The chemical oxidants 

of choice were appropriately substituted ferrocenium ions, as these do not give an EPR 

signal in fluid solution or above or at the temperature of liquid nitrogen (Tb = -196 °C). 
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The used oxidants were ferrocenium BArF- (FcBArF
, E1/2 = 0 mV), acetylferrocenium 

hexafluoroantimonate (AcFcSbF6, E1/2 = 270 mV), as well as 1,1’-diacetylferrocenium 

hexafluoroantimonate (Ac2FcSbF6, E1/2 = 490 mV). As the neutral, diamagnetic 

compounds and the solvent are a virtually ideal background to the signal of the radical 

cation, the latter were generated through the addition of substoichiometric amounts of 

the appropriate oxidant. This was especially important for Ru2
eBTD2 (Kc = 23) and 

Ru2
vBTD2 (Kc = 0.5) to avoid contamination of the signal with that of the dication due 

to their small comproportionation constants. The formation of the desired radical 

cations was subsequently confirmed by IR spectroscopy through the bands’ positions, 

which matched with those obtained by IR-SEC. The dications were generated using at 

least a slight excess of oxidant of over two equivalents. More often than not a 

substantial excess of oxidant had to be added in order to minimize the amount of 

radical cation in the sample, which can dramatically contaminate the recorded signal.  

Table 4|: EPR data of the singly and doubly oxidized complexes along with the computed spin densities 

on the {Ru} moieties and the bridge. 

 charge giso hfc (Gauss) 

spin density [%] 

{Ru} bridge 

Ru2Ph 

+ 2.040 4x 31P (9.7), 2x 99/101Ru (5.6) 17/17 66 

2+ 2.056 2x 31P (18.9), 1x 99/101Ru (10.7), 2x 1H (7.1) 30/30 40 

Ru2NA 

+ 2.019 4x 31P (8.7), 2x 99/101Ru (5.4) 15/15 70 

2+ - a - - - 

Ru2BTD 

+ 2.016 4x 31P (12.0), 2x  99/101Ru (7.2) 17/17 66 

2+ - a - - - 

Ru2
eBTD2

 

+ 2.016 4x 31P (8.2), 2x 99/101Ru (8.7) 26/2 72 

2+ 2.024 -b 22/22 56 

Ru2
vBTD2

 

+ 2.011 4x 31P (8.2), 2x 99/101Ru (7.2) 9/10 81 

2+ 2.024 -b 19/19 62 

Ru2
ePh2

c 

+ 2.034 4x 31P (6.0), 2x 99/101Ru (4.3) - - 

2+ 2.04 2x 31P (12.5), 1x 99/101Ru (6.4) - - 

Ru2
vPh2

 

+ 2.016 4x 31P (8.7), 2x 99/101Ru (7.2) 21/1 78 

2+ 2.021 2x 31P (21.6) 12/12 76 

a)No signal observed; b)hfs constants are too small to be determined by digital simulation. 

c)Data from ref. 54 
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Figure 27|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of Ru2NA•+ (top left) 

and Ru2BTD•+ (bottom left) in CH2Cl2 solution at r.t. along with the contour plots of the respective 

calculated spin density (right side). 

The EPR spectra of the radical cations Ru2NA•+ (Figure 27Error! Reference source 

not found., top) and Ru2BTD•+ (Figure 27, bottom) at room temperature are very similar 

to that of the parent compound Ru2Ph•+. All show an isotropic signal with similar hfs to 

four equivalent 31P as well as two 99/101Ru nuclei (see Table 4) as determined through 

simulation of the recorded spectra. These simulations were performed using the 

EasySpin toolbox within MATLAB assuming a fully isotropic, fast tumbling system 

(corefunction Garlic). As the fully delocalized nature of these radical cations was 

already deduced from the IR-SEC experiments (vide supra), these findings are only 

consistent. The calculated giso-values of 2.019 and 2.016 as compared to that of 2.040 

for Ru2Ph•+ are slightly closer to that of the free electron. Values closer to 2.0023 

indicate a more “organic”, i.e. ligand centered spin. This finding comes therefore as a 

bit of a surprise for Ru2BTD•+ because of the electron-poor nature of the BTD unit. This 

again defies the concept that hole transport is generally favored in electron-rich 

systems. The similar value for Ru2NA•+ on the other hand can easily be understood 

based on the extension of the -system of the central bridging ligand. This has already 

been observed for the 1,8-dinvinylanthracenyl derivative.144 The uniform and 
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comparable spin distributions in both newly synthesized radical cations are further 

underlined by the similar computed spin distributions at both the {Ru} sites on the one 

hand and the bridging ligand on the other for these two radical cations. In particular 

and in agreement with the experimental results, identical spin densities were computed 

for both {Ru} termini in both, Ru2NA•+ and Ru2BTD•+ (see Table 4).  

The longer Ru2
eBTD2

•+ also shows an isotropic signal at giso = 2.016 (see Figure 28, 

top). This value is surprisingly smaller than that obtained for the more electron-rich 

Ru2
ePh2

•+ with giso = 2.034. In both cases coupling to four 31P and two 99/101Ru nuclei is 

required to satisfyingly simulate the recorded spectra. Contrary to what the giso value 

suggests, the unpaired spin in Ru2
ePh2

•+ seems to mainly reside on the bridging ligand 

according to the smaller hfs values of A(31P) = 6.0 G and A(99/101Ru) = 4.3 G. In contrast, 

larger hfs constants of A(31P) = 8.2 G and A(99/101Ru) = 8.7 G were observed for 

Ru2
eBTD2

•+. In the same vein, Ru2BTD•+ also has larger hfs constants A(31P) and 

A(99/101Ru) than Ru2Ph•+ or Ru2NA•+. The consequences for the EPR signature caused 

by the replacement of the central alkynediyl fragment of Ru2
eBTD2

•+ by ethendiyl in 

Ru2
vBTD2

•+ are as expected (see Figure 28). The giso-value of 2.011 and the A(99/101Ru) 

of 7.2 G are slightly smaller, while A(31P) stays constant. The g-factor of Ru2
vBTD2

•+ is 

also slightly smaller than that of the stilbene-based parent compound Ru2
vPh2

•+ of 

2.016. Quantum chemical calculations also point to a relatively larger spin density on 

the vBTD2-linker as compared to E-stilbene with an increase by ca. 3%. The 

comparatively electron deficient nature of the acetylene moiety in Ru2
eBTD2

•+ is also 

reflected with a 9% lower spin density on the bridge. The ωB97X-D functional provided 

intrinsically different spin densities for the BTD-CH=CH-{Ru} or the -C6H4-CH=CH-{Ru} 

units of Ru2
eBTD2

•+, Ru2
vBTD2

•+ and Ru2
vPh2

•+ , which is in line with their only partially 

delocalized electronic ground state (vide supra). The experimental finding of identical 

hfs constants to both {Ru} moieties seems, at first glance, to contradict an 

unsymmetrical charge distribution at these sites and the computed unequal spin 

densities. This seeming contradiction can, however, be resolved with a view on the 

timescales inherent to IR and EPR spectroscopies. IR spectroscopy with its faster 

timescale of 10-11 to 10-12 s “catches” the real picture as dictated by the PES of this 

system. Obviously, intramolecular electron transfer in these mixed-valent radical 

cations occurs at a rate faster than the timescale of EPR spectroscopy. Therefore, EPR 

spectroscopy only provides a time-averaged, dynamic picture and hence a symmetric 

spin density distribution. 
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Figure 28|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of Ru2
eBTD2

•+ (top 

left) and Ru2
vBTD2

•+ (bottom left) in CH2Cl2 solution at r.t. along with the contour plots of the respective 

calculated spin density (right side). 

In agreement with the assumption that a quinoidal bridge structure supports spin 

pairing between two appended paramagnetic sites, two-electron oxidized Ru2NA2+ and 

Ru2BTD2+ are both EPR silent. As this is the case for the entire temperature range from 

30 °C down to -150 °C it can safely be assumed that the singlet form represents the 

respective ground state in agreement with OVCHINNIKOV’S rule and contrary to the 

findings made for the 2,5-dibutoxy-functionalized derivative of Ru2Ph2+.89 Elongation of 

the -conjugated bridge in complexes Ru2
eBTD2 (Figure 29, top), Ru2

ePh2, Ru2
vBTD2 

(Figure 29, bottom) and Ru2
vPh2, however, renders their dioxidized forms EPR active 

at r.t. The EPR spectra of the dioxidized BTD-bridged complexes were recorded at 

0 °C to circumvent partial sample decomposition during the measurement. To ensure 

full conversion to the dication, a solution of a 10-fold excess of AcFcSbF6 in DCM was 

added to a sample containing the respective compound at -20 °C and stirred at this 

temperature for 10 min. In both the BTD-based stilbene- and tolane-type derivatives a 

shift of the g-factor to giso = 2.024 is observed. This matches with a relative decrease 

in spin density on the linker. A quantitative evaluation must be waived, however, due 

to the use of different functionals for the mono- and dication (vide supra). Unfortunately, 
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the rather large line widths of the respective EPR signals concealed any hfs to 31P, 1H 

or 99/101Ru nuceli. As was observed for the radical cations, the giso-value of 2.039 

recorded for Ru2
eBTD2

2+ is smaller than that of its Ru2
ePh2

2+ counterpart. The latter 

however shows well resolved hfs to two phosphorus nuclei of A(31P) = 12.5 G and to 

one ruthenium nucleus with A(99/101Ru) = 6.4 G. This signal implies that both spins act 

independently of each other, virtually representing a system comprised of two mutually 

isolated, yet chemically linked entities, that both exist in a doublet state. This is a 

pattern observed for all EPR-active dicationic divinylarylene diruthenium complexes 

which show sufficiently large hfs to be resolved as to be considered in simulations. 

  

  

Figure 29|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of Ru2
eBTD2

2+ (top, 

left) and Ru2
vBTD2

2+ (bottom, left) in CH2Cl2 solution at 0°C alongside the contour plots of the respective 

calculated spin density (right side). 

In an attempt to assess the ground state multiplicity of the dication Ru2
vBTD2+, spectra 

were recorded in a temperature range of between 0 °C and -80 °C. This experiment 

revealed a decreasing signal intensity as T is lowered (see Figure 30, top right), 

contrary to the prediction based on CURIE’S law. This indicates that Ru2
vBTD2+ has a 

diamagnetic bipolaron ground state. For Ru2
eBTD2+ only three measurements at 0 °C, 

-20 °C and -40 °C could be recorded (see Figure 30, top left). Here the signal also 

decreases in intensity at lower temperature. This trend is however significantly more 

distinct for the half of the signal at higher field. While contamination and/or 
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decomposition could be the cause, it is also possible that other, alternative structures 

with open-shell character as they are shown in Scheme 3 are also relevant. These 

alternative structures conceivably show different g-values and temperature 

dependencies. This might result in rather convoluted spectra at each temperature. The 

temperature-dependent EPR measurements of Ru2
vPh2

2+ also indicate a singlet 

ground state for the complex. Due to the presence of residual monocation in the 

sample, the spectra recorded at -20 °C, -40 °C and -60 °C had to subtracted from the 

one recorded at 0 °C. (An increasing in difference is observed as T is lowered, pointing 

to a decreasing signal intensity; see Figure 30, bottom). 

 

 

 

 

Figure 30|: Change in EPR signal intensity of Ru2
eBTD2

2+ from 0°C to -40°C (top left). Change in EPR 

signal intensity of Ru2
vBTD2

2+ from 0 °C to -80 °C (top right). Difference in EPR signal intensities relative 

to that at 0 °C at -20 °C, -40 °C and -60 °C for dicationic Ru2
vPh2

2+ (bottom). The dication was generated 

by electrolysis in DCM/0.25 M NBu4PF6. 

In essence, the use of a proquinoidal motif such as BTD instead of benzene supports 

a singlet ground state for dications of divinylarylene-bridged diruthenium complexes. 

However, elongation leads to the same picture painted for other conjugated polymers 

as mentioned in the introduction of this chapter: With an increasing number of repeating 

units an open-shell biradical becomes thermally accessible. The difference to purely 
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organic -conjugated oligomers of this type is that only two BTD units are required in 

these complexes to observe an EPR signal at r.t. for the dioxidized species. This is a 

token of the particular capabilities of the {Ru}-(CH=CH) moiety to stabilize and host 

unpaired spin density. The appearance of the strongly absorbing cumulenic stretch of 

the butatriene increment in Ru2
eBTD2+ implies, as stated above, both the existence of 

a quinoidally distorted eBTD2-fragment but also a change in dipole moment upon 

vibrational excitation. The structure proposed in Figure 25 labeled p2TAF could 

contribute to the observed EPR signal. A clear statement is however not possible.  

3.6. UV/Vis/NIR Spectroelectrochemistry 

UV/Vis/NIR spectroscopic investigations on the complexes in all three addressable 

redox states allow for the assessment of the change in their electronic structures. This 

method also represents the fastest available timescale to check for the degree of 

electronic coupling between the two molecule “halves” in the mixed-valent state (see 

Chapter 1.1). Because of these considerably complex electronic structures, TD-DFT 

calculations were invaluable to assign bands to a specific (combination of) transition(s). 

Electron-density-difference maps (EDDMs) derived from these calculations further 

aided to visualize the charge-transfer character of any particular transition. The color 

coding in the respective figures is as follows: blue denotes an electron density loss, 

red color an electron density gain during the respective excitation. Table 5 summarizes 

the experimental and calculated data obtained for Ru2NA, Ru2BTD, Ru2
eBTD2, 

Ru2
vBTD2 as well as the experimental data for the reference compounds Ru2Ph, 

Ru2
ePh2 and Ru2

vPh2.  

Table 5|: UV/Vis/NIR data of the complexes in their various oxidation statesa 

 

 max [nm] ( [M-1 cm-1]) 

TD-DFT calc. transitions 

 [nm] contribution (minor) character 

Ru2Ph 

0 388 (35000), 542 (880)    

1+ 
355 (18400), 532 (11700), 578 

(15200), 925 (2050), 1062 (9100), 
1252 (20900) 

 
  

2+ 368 (6300), 616 (33500)    

Ru2NA 0 

294 (17300), 403 (28000), 500 (sh) 

515 

398 

H → L  

H-2 → L; (H → L) 

LMCT 

ML-L’CT 
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1+ 

390 (15700), 620 (14000), 680 
(22300), 1000 (8800), 1140 (17800) 

904 

576 

βH → βL; (αH → αL) 

αH → αL; (βH → βL) 

CR 

π - π* 

2+ 

390 (11000), 600 (28500), 850 (3800) 740 

574 

H → L; (H-2 → L) 

H-2 → L; (H → L) 

MLCT 

π - π* 

Ru2BTD 

0 

340 (44800), 545 (23300) 580 

316 

H → L 

H → L+3 

ML-L’CT 

ML-L’CT 

1+ 

446 (18000), 545 (11100), 790 
(49500), 925 (15800), 1060 (13700), 
1188 (39700) 

 943cis-TD, 

930trans, 
920cis-Ph 

721, 694 

βH → βL  

 

αH → αL  

CR 

 

ML-L’CT 

2+ 

580 (66700) 912 

554 

H → L 

H-2 → L; (H → L) 

LL’CT 

π - π* 

Ru2
eBTD2

 

0 565 (35300) 613 H → L ML-L’CT 

1+ 

555 (-), 890 (-), 1700 (-), 2140 (-) 1491 

794 

βH → βL; (αH → αL) 

αH → αL; (βH → βL) 

IVCT 

MLCT 

2+ 

605 (14400), 780 (57500), 890 (sh) 982 

728 

H-2 → L; (H → L) 

H → L; (H-2 → L) 

π - π* 

ML-L’CT 

Ru2
vBTD2 

0 

330 (29500), 380 (sh), 583 (38700) 
661 

364 

351 

H → L 

H → L+4; (H-4 → L) 

H → L+4; (H-6 → L; H-4 
→ L) 

ML-L’CT 

ILCT 

ML-L’CT 

1+ 

998 (-), 1120 (-), 1550 (-), 1860 (-) 1339 

885 

βH → βL; (αH → αL) 

αH → αL 

IVCT 

ML-L’CT 

2+ 

695 (sh), 756 (74000) 
814 

717 

H → L  

H-2 → L; H → L 

π - π* 

π - π*, 
MLCT 

Ru2
ePh2

b 

0 422 (44080)    

1+ 
418 (25670), 643 (11110), 685 
(12560), 980 (8080), 2081 (16520) 

 
  

2+ 405 (13190), 1030 (24910)    

Ru2
vPh2

c 

0 406 (73000), 510 (1200)    

1+ 406 (31000), 833 (22000), 2040 (4900)    

2+ 379 (13500), 481 (7800), 847 (106000)    

a) In CH2Cl2/0.1 M NBu4BArF; b) Data from ref. 54; c) Data from ref.178.  
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The UV/Vis absorption profile of Ru2NA very much resembles that of Ru2Ph. It is 

characterized by a fairly intense band at max = 403 nm (max = 28000 M-1 cm-1) with a 

shoulder at ca. 500 nm (Figure 31, left). That shoulder represents the HOMO-LUMO 

transition and gives this complex a dark red appearance, despite its fairly small 

extinction coefficient. The underlying transition is predicted to mostly be a LMCT 

(ligand-to-metal charge transfer) from the -conjugated backbone into a ruthenium 4d 

orbital directed to the vacant coordination site (Figure 32). In the parent phenylene-

based complex this band is found redshifted by 1550 cm-1, at 542 nm. The band in the 

UV region is predicted to have ML-L’CT character from the {Ru}-CH=CH entities to the 

annelated naphthalene increment of the bridging ligand. This band matches the 

absorption of like origin at max = 388 nm in Ru2Ph. This is in line with the slightly higher 

oxidation potential and the higher lying LUMO, of the latter complex due to the shorter 

-system of the linker. 

  

Figure 31|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.25 M NBu4PF6, r.t.) of Ru2NA during the 

first oxidation (left) and the second oxidation (right). 
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Figure 32|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral Ru2NA and graphical 

representations of MOs with the largest contributions to the relevant transitions.  

 

 

 

Figure 33|: TD-DFT calculated UV/Vis/NIR absorption spectrum of the radical cation Ru2NA+• and 

graphical representations of MOs with the largest contributions to the relevant transitions. 
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The congruence in the absorption characteristics also hold true for the monocations 

Ru2NA•+ and Ru2Ph•+. The two prominent bands in the visible regime of the 

electromagnetic spectrum are found at max = 620 and 680 nm, which is in good 

agreement with the calculated value of calc = 576 nm. They are redshifted by 2670 

cm-1 and 2560 cm-1 compared to the phenylene-based analogue. As evident from 

Figure 33 the character of this transition is best described as a bridge-based -* 

transition. Therefore, a redshift in the naphthalene complex is to be expected due to its 

extended -system. In contrast, the two bands found in the NIR at max = 1000 and 

1140 nm are of higher energy in Ru2NA•+ and very close to the values obtained for the 

2,5-dibutoxy-functionalized derivative.89 As they are the bands of lowest energy within 

the spectrum as well as of -* symmetry, and because the involved MOs extend 

across the entire organometallic chromophore, they can be described as a 

charge-resonance (CR) transition. This assignment is also congruent with the Class  

character of this mixed-valent radical cation as it was already deduced from IR 

spectroscopy. As mentioned in Chapter 1.1 and depicted in Figure 8, strongly non-

innocent bridging ligands render the unambiguous assignment of the “true” charge-

resonance transition to one particular band rather difficult. The strong vibrational 

coupling of these transitions, either in the form of polaron-phonon coupling,179,180 i.e. 

transitions between a structurally relaxed ground and excited state, or the transition 

between different vibrationally excited states,181–183 can lead to an additional energetic 

splitting, which will further complicate any attempt of a HUSH-based analysis. Under 

the premises of such band assignment one can nevertheless state that Ru2NA•+ is 

electronically more strongly coupled (HAB ≈ 4390 cm-1) than Ru2Ph•+ (HAB ≈ 4000 cm-1). 

These complications alongside those arising from the presence of different rotational 

isomers on the band shape of charge-resonance transitions in ruthenium alkynyl 

complexes were theoretically studied by KAUPP et. al.184 The same situation applies 

here. Both, the cis and the trans isomers with the vinyl ruthenium entities pointing in 

the same or in the opposite directions from the naphthalenediyl bridge, will likely be 

present, as both structures represent nearly isoenergetic minima on the ground state 

PES.  

Further oxidation leads to the expected bleaching of the NIR bands, confirming that 

they are unique to the mixed-valent state. The spectroscopic signature of Ru2NA2+ is 

dominated by an absorption at max = 600 nm (max = 28500 M-1 cm-1, calc = 576 nm) 

with a -* character (see Figure 31, right). This represents a small blueshift of 430 

cm-1 with respect to Ru2Ph2+. TD-DFT calculations correctly predict the existence of an 

additional, weak band at the low-energy edge of the Vis spectrum at calc = 740 nm. 
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This band is found in the experiment at max = 850 nm (max = 3800 M-1 cm-1) and is 

mainly the result of a -* transition with admixtures of MLCT from the {Ru} entities to 

the bridge (see Figure 34).  

  

  

Figure 34|: TD-DFT calculated UV/Vis/NIR absorption spectrum of the dication Ru2NA2+ in the singlet 

state (bottom left) and the triplet state (top left) and graphical representations of MOs with the largest 

contributions to the relevant transitions (singlet state assumed). 

The fact that this band is missing in Ru2Ph2+ but is very prominent in the electron-rich 

dibutoxy-functionalized analog with max = 712 (max = 19700 M-1 cm-1)88 implies that 

naphthalene is situated in between phenylene and p-dibutoxy phenylene in terms of 

redox non-innocence in these kinds of complexes. While no stringent proof, the 

significantly higher conformity of the calculated spectrum with the experimental one 

when the singlet state of Ru2NA2+ is assumed justifies the assumption that the 

bipolaron form dominates.  

In contrast to Ru2Ph and Ru2NA, Ru2BTD is intensely purple, and its optical spectrum 

is dominated by an intense (max = 23300 M-1 cm-1) absorption at max = 545 nm.  
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Figure 35|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.25 M NBu4PF6, r.t.) of Ru2BTD during the 

first oxidation (left) and the second oxidation (right). 

This band can be attributed to the HOMO-LUMO transition with concomitant transfer 

of electron density from the {Ru}-(CH=CH) donors to the electron-accepting thiadiazole 

heterocycle (see Figure 36). Interestingly, the absorption maximum of Ru2BTD is 

found at significantly lower energy than in the triarylamine-appended analogue 4-

(Ph2N-C6H4-CH=CH)-BTD-7-p-tolyl (max = 465 nm, max = 23700 M-1 cm-1), which 

demonstrates the extraordinary auxochromic effect of the {Ru}-(CH=CH) entity.185  

  

Figure 36|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral Ru2BTD and graphical 

representations of MOs with the largest contributions to the relevant transitions. 

This band experiences a decrease in absorbance during the accumulation of the 

monocation Ru2BTD•+ in the sample while new bands at 446, 790, 925, 1050 and 1188 

nm grow in. The spectrum corresponding to the radical cation is represented by the 

blue line in Figure 35. Associated extinction coefficients are quite large, in particular 

those of the bands at 790 nm ( = 49500 M-1cm-1) and 1188 nm ( = 39700 M-1cm-1). 

TD-DFT calculations assign these two low-energy bands to the HOSO-LUSO 

transitions within the - and -manifolds, where the -HOSO and -LUSO are the 

equivalents of the HOMO and LUMO of the neutral complex, while the -HOSO and -
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LUSO resemble the HOMO-1 and the HOMO of the neutral complex. As all four frontier 

spin orbitals extend over the entire -conjugated path of the molecule, these bands can 

be assigned to charge-resonance bands, in agreement with the intrinsically delocalized 

electronic ground state of Ru2BTD•+ (see Chapter 3.4). The extraordinary rich 

structuring and the intensity distributions of these bands are quite unusual. As 

Ru2BTD•+ in contrast to Ru2NA•+ has a significant dipole moment orthogonal to the 

Ru-Ru axis, one conceivable reason is the presence of different rotamers in solution, 

which differ with respect to whether the vinylruthenium entities are in a cisoid or 

transoid arrangement with respect to the thiadiazole ring and whether they are oriented 

to the same or to different sides of the unsymmetrical BTD bridge (see Figure 37). TD-

DFT calculated spectra for the different rotamers show, however, only small energy 

differences for equivalent bands (Table 5, values with superscript index), such that 

vibrational splitting of the electronic bands constitutes a more probable alternative 

explanation, especially in the light of the characteristic C=N stretch unique to Ru2BTD. 

5,3 
   

  

Figure 37|: TD-DFT calculated UV/Vis/NIR absorption spectra for different rotamers of the radical cation 

Ru2BTD•+ (top) and graphical representations of MOs with the largest contributions to the relevant 

transitions (bottom, configuration assumed where vinyl ruthenium units are in a cisoid orientation to the 

thiadiazole heterocycle Ru2BTD•+ cis-TD). 

Further oxidation to Ru2BTD2+ leads to the bleaching of any absorption in the near 

infrared and generates a prominent band at 580 nm with a molar absorption coefficient 

of 65000 M-1‧cm-1, giving Ru2BTD2+ a very intense, blue color (Figure 35, right, orange 

line). Main contributor to this absorption is the transition from the HOMO-2 to the LUMO 
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with an associated computed wavelength of 554 nm. Again, both MOs are fully 

delocalized across the entire metal-organic -system as the contour plot in Figure 38 

shows. Absorption coefficients of this magnitude are unprecedented for oxidized 

divinylarylene-bridged diruthenium complexes of this size and are only matched by 

their conjugates with other electrochromic moieties such as triarylamines.186 The tailing 

of this band at the low-energy side is attributed to a less intense band with entailing 

charge transfer from the electron-rich PiPr3 coligands to the bridge. In analogy to 

Ru2NA2+ the calculated electronic spectrum of Ru2BTD2+ agrees significantly better 

with the experimental data when the singlet state is used as the input spin configuration 

(see Figure 38).  

  

  

Figure 38|: TD-DFT calculated UV/Vis/NIR absorption spectrum of the dication Ru2BTD2+ in the singlet 

state (bottom left) and the triplet state (top left) and graphical representations of MOs with the largest 

contributions to the relevant transitions (singlet state assumed). 

Increasing the length of the -conjugated chromophore by introducing an additional 

ethynediyl- or ethenediyl-BTD unit in Ru2
eBTD2 or Ru2

vBTD2 causes a redshift of the 

HOMO-LUMO transition of the neutral complexes. The corresponding absorption is 

now observed at 565 nm for Ru2
eBTD2 (Figure 39, top left) or 583 nm for Ru2

vBTD2 

(Figure 40, left) as compared to 545 nm in Ru2BTD. As is often observed, the vinyl 

linker provides a more efficient conjugation with the attached aryl chromophores as 
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evidenced by the further redshift.187 Considering that the length of the -conjugated 

bridge almost doubles, the redshifts compared to Ru2BTD are rather modest, though. 

This indicates that the underlying transition is primarily due to intraligand charge 

transfer from the conjugated phenyl ring and MLCT from the electron-rich 

vinylruthenium appendices to the corresponding [2,1,3]-thiadiazole acceptor units. 

Owing to the presence of two such chromophoric subunits in the extended Ru2
vBTD2 

and Ru2
eBTD2 complexes the intensity of this band is increased by factor of ca. 1.5 as 

compared to Ru2BTD. This also follows from the fact that the redshift of 650 cm-1 or 

1200 cm-1 on insertion of a second BTD unit into the bridge is even smaller than that 

of 1930 cm-1 resulting from the attachment of a further ethynyl group to 4-ethynyl-BTD 

to give 4,7-diethynyl-BTD.188,189  

  

  

Figure 39|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2
eBTD2 during the 

first oxidation (left, top) with corresponding excerpt from the IR/NIR spectrum (left, bottom) and the 

second oxidation (right). 
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Figure 40|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2
vBTD2 during the 

first oxidation (left) and the second oxidation (right). 

The TD-DFT calculations also predict corresponding charge-density differences 

associated with these excitations as it is shown in Figure 41 for the ethynylene and in 

Figure 42 for the vinylene derivative. The pronounced acceptor character of BTD 

renders a direct comparison of their optical spectrum with those of Ru2
ePh2 and 

Ru2
vPh2 futile as they are lacking this functional group or feature electron donating 

dialkoxy-substituted phenylene units. 

  

Figure 41|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral Ru2
eBTD2 and graphical 

representations of MOs with the largest contributions to the relevant transitions. 
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Figure 42|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral Ru2
vBTD2 and graphical 

representations of MOs with the largest contributions to the relevant transitions. 

As was already discussed for the IR results, interpretation of the Vis/NIR responses of 

these two complexes on stepwise oxidation to their radical cations and dications also 

necessitates to consider that the small comproportionation constants Kc necessarily 

lead to mixtures of the neutral, the mono- and the dicationic forms during the entire 

electrolysis. Like for Ru2BTD•+, specific bands of the radical cations appear in the 

Vis/NIR border régime and deep in the NIR. The lowest energy feature of Ru2
eBTD2

•+  

even lies partly outside the detector range of our Vis/NIR spectrometer, but is clearly 

located at 2140 nm (4670 cm-1) in the IR/NIR spectrum, together with a less intense 

band at 1700 nm (5880 cm-1) (Figure 39, bottom left). For Ru2
vBTD2

•+, both these 

features are shifted to higher energy and are observed at 1860 nm (5375 cm-1) and at 

1550 nm (6450 cm-1) as the graph on the left side of Figure 40 implies. As TD-DFT 

calculations were only performed for the all-trans conformer and do not account for 

vibrational coupling, both of these absorption features are represented by a single 

transition from the β-HOSO to the β-LUSO with a clear intervalence charge transfer 

character. On comparing the corresponding EDDM plots in Figure 43 and Figure 44, 

the larger bridge contribution to the oxidation in Ru2
vBTD2

•+ and the more uniform 

distribution of the corresponding MOs over the -conjugated backbone compared to 

the ethynylene derivative Ru2
eBTD2

•+ become apparent. This nicely agrees with the 

data from IR and EPR spectroscopy.  
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Figure 43|: TD-DFT calculated UV/Vis/NIR absorption spectrum of the monocation Ru2
eBTD2

•+ and 

graphical representations of MOs with the largest contributions to the relevant transitions. 

Nevertheless, spectra recorded in different solvents indicate an only moderate 

negative solvatochromism for the NIR absorptions as evident from Figure 45. Further 

bands of the radical cations are located at 890 nm for Ru2
eBTD2

•+ and at 998 nm and 

1120 nm in Ru2
vBTD2

•+. They mainly correspond to ILCT transitions within the ethynyl- 

or vinyl-modified BTD increments of the bridge, augmented by MLCT transitions from 

the Ru(CO)Cl(PiPr3)2 fragments to the conjugated backbone. Of note is the strong 

redshift of the lowest energy NIR band by 3800 cm-1 or 3000 cm-1 for the more extended 

congeners of Ru2
eBTD2

•+ and Ru2
vBTD2

•+ with respect to Ru2BTD•+. This can be 

qualitatively assessed as a decrease of the coupling parameter Hab according to 

Equation 2. The relatively rich structuring of the NIR absorption bands of the BTD-

containing complexes compared to the phenylene analogs also holds true for 

Ru2
eBTD2

•+ and Ru2
vBTD2

•+. A direct comparison of the bands’ energies is again not 

appropriate due to the difference in electron density on the bridge and the influence 

this has on the number and energy of allowed transitions in mixed-valent system with 

significant bridge contribution (vide supra). 
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Figure 44|: TD-DFT calculated UV/Vis/NIR absorption spectrum of the monocation Ru2
vBTD2

•+ and 

graphical representations of MOs with the largest contributions to the relevant transitions. 

  

Figure 45|: Vis/NIR absorption characteristics of the radical cations Ru2
eBTD2

•+ (left) and Ru2
vBTD2

•+  

(right) in three solvents of different polarity. 

Further oxidation to the dication bleaches the NIR bands of the radical cations for both 

complexes. In the case of Ru2
eBTD2 the band at 780 nm continues to grow to reach 

an impressive extinction coefficient of ca. 60000 M-1 cm-1 with a low-energy shoulder 

at 890 nm as it is shown on the right side in Figure 39. In contrast to Ru2NA2+ and 

Ru2BTD2+, the calculated spectra for the singlet and triplet states look very similar for 

Ru2
eBTD2

2+ (see Figure 46). The only distinction is that the open-shell system is 

predicted to show a transition in the NIR at ca. 1470 nm which is not observed in the 

experiment. This suggests only a small structural und electronic difference between 

both spin states in terms of excitable transitions. This argues for the ease with which 
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this molecule undergoes quinoidal distortion. Under the assumption that the sample is 

mainly comprised of the singlet form, the band of lowest energy is predicted to have 

dominant HOMO-LUMO character with an admixture of HOMO-2 to LUMO and vice 

versa for the band close to the low-energy edge of the visible spectrum. This gives 

them mixed character of bridge-based -* and MLCT from the {Ru} entities to the 

linker.  

  

  

Figure 46|: TD-DFT calculated UV/Vis/NIR absorption spectrum of the dication Ru2
eBTD2

2+ in the 

singlet state (bottom left) and the triplet state (top left) and graphical representations of MOs with the 

largest contributions to the relevant transitions (singlet state assumed). 

For Ru2
vBTD2

2+ the computed spectrum of the singlet form is vastly different from that 

of the triplet form. The former fits very well with the experimental data (compare Figure 

47, bottom left and Figure 40, right). Both spectra show a dominating composite band 

at the edge of the visible spectrum at max = 756 nm and 695 nm; calculated values of 

calc are 814 nm and 717 nm. Obviously, both these bands were already present at the 

point of highest concentration of the monocation due to the low comproportionation 

constant (Figure 40, right). The band of higher energy is similar in character to that of 

the ethynyl derivative, while the HOMO-LUMO transition is best described as a pure 

-* transition as the corresponding EDDM plot in Figure 47 suggests.  
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Figure 47|: TD-DFT calculated UV/Vis/NIR absorption spectrum of the dication Ru2
vBTD2

2+ in the 

singlet state (bottom, left) and the triplet state (top, left) and graphical representations of MOs with the 

largest contributions to the relevant transitions (singlet state assumed). 

The stilbene analog Ru2
vPh2

2+ shows a very similar band at 847 nm. It was assigned 

to a bipolaron band as it is also typically found for dioxidized poly-phenylene-

vinylenes.178,190,191 This further supports that Ru2
vBTD2

2+ is mainly present in the singlet 

form at room temperature but is easily thermally excited into an EPR-active open-shell 

form. 

3.7. Summary 

In order to study the influence a proquinoidal divinylarylene bridging ligand has on the 

electronic/magnetic properties of mixed-valent ruthenium complexes of the type {Ru}-

CH=CH-arylene-1,4-diyl-CH=CH-{Ru} with {Ru} = Ru(CO)Cl(PiPr3)2, the previously 

investigated phenylene ring was replaced by either naphthalene (Ru2NA) or 2,1,3-

benzothiadiazole (Ru2BTD). As the radical cations of both compounds show the 

signatures of fully delocalized Class  systems, any beneficial influence offered by 

their propensity to form a quinoid structure would not come to fruition. Therefore, 

elongated derivatives were devised using the BTD building block in the form of 
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bis(benzothiadiazoyl)ethyne and 1,2-bis(benzothiadiazoyl)ethene to afford Ru2
eBTD2 

and Ru2
vBTD2. These two complexes constitute BTD derivatives of tolane and 

E-stilbene respectively, both of which have been previously been investigated by the 

WINTER group as -conjugated bridging ligands in similar diruthenium complexes.  

The two terminal ethynyl substituents necessary for the formation of the Ru-vinyl bond 

were, in the case of naphthalene and BTD, introduced in a straightforward manner by 

a SONOGASHIRA coupling of the respective dibrominated precursor with 

trimethylsilylacetylene (TMSA) and subsequent removal of the TMS protecting group. 

The presence of one internal as well as two terminal ethynyl groups in the precursor 

compound eBTD2 necessitated the use of an orthogonal protecting group strategy. This 

could be realized by the use 2-methyl-3-butyn-2-ol (mebynol) and TMSA as the 

respective isopropanoyl and trimethylsilyl protecting groups are cleaved under different 

conditions. The ethynyl functionalized vinylene analogue was obtained through STILLE 

coupling of the asymmetrically functionalized 4-bromo-7-(1-(2-methyl-3-butyn-2-ol))-

BTD building block with 1,2-bis(tributylstannyl)ethene. Compared to the parent 

phenylene-containing complex Ru2Ph the characteristic resonances for the - and -

vinyl protons as well 13C and the 31P nuclei of the phosphine ligands were shifted to 

lower field in all four newly synthesized compounds, while the resonance for C is found 

at slightly higher field. For the BTD-containing complexes these shifts are merely the 

result of the electron-accepting nature of the annelated heterocycle, while for Ru2NA 

this was traced back to unfavorable steric interactions between -vinyl protons and 

those in the 5/8-positions of the naphthalene, leading to a sizeable out-of-plane rotation 

of {Ru}-CH=CH- entities relative to the naphthalene plane. This geometric change was 

also noticeable in the form of an increase in the necessary reaction time/temperature 

of the alkyne precursor with the hydride precursor to obtain full conversion as well as 

an unusual instability of Ru2NAn+. Cyclic voltammetry revealed two consecutive one-

electron oxidations for all four complexes as expected for molecules containing two 

{Ru}-(CH=CH) fragments. For the shorter compounds two well-separated waves (E1/2 

≈ 250 mV) were detected at slightly cathodically shifted potentials relative to Ru2Ph. 

This is particularly surprising for Ru2BTD in the light of the electron-poor character of 

the BTD moiety. Introduction of the second BTD unit led to the expected anodic shift 

of both redox processes, in particular for the tolane derivative Ru2
eBTD2. The usual 

decrease of the half-wave potential splitting as a result of the increase in spacer length 

was also observed here. It even took on negative values for Ru2
vBTD2, meaning that 

the second oxidation is thermodynamically favored over the first one. This complex 

therefore belongs to the special class of compounds that display the phenomenon of 
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potential inversion. The simulation of the cyclic voltammograms, which was necessary 

to reveal this phenomenon in the first place, also assigned largely different electron 

transfer coefficients to the first (+ = 0.15/0.25) and second (++ = 0.70/0.75) 

oxidations of Ru2
eBTD2 or Ru2

vBTD2 respectively. This indicates a small structural 

reorganization during the first, but a large one during the second oxidation. Both effects 

are clear consequences of the aptitude of the BTD derivative to form quinone-type 

structures in oxidized diruthenium complexes of this type.  

Similarly to their electrochemical characteristics, IR spectroscopic measurements on 

Ru2NA and Ru2BTD assigned comparable electron densities to the {Ru} fragments as 

in the phenylene-bridged complex Ru2Ph due to the similar energy of the characteristic 

stretching frequency of the carbonyl ligand. The energetically closely spaced double-

band feature in the mixed-valent state alongside the observation of a single stretch in 

the dicationic state indicates a fully delocalized nature to the unpaired charge across 

the entire -conjugated organometallic backbone. One must note here that the pattern 

of one strong Ru(CO) band at lower and one weak Ru(CO) band at higher energy 

results from an increased splitting between the asymmetric and symmetric C≡O 

combination modes, which is specific to the monooxidized state. The adoption of a 

quinoid structure was further supported by the observation of a C=C stretch which 

agrees well with computed data obtained for such a mode. Interestingly, the C=N 

stretch unique to Ru2BTD did not decrease in energy to such an extent as to infer the 

formation of a C-N single bond and of N=S double bonds that would be accompanied 

by such a bonding change. This suggests that the quinoid structure of the central 

arylene unit is only adopted on the side opposite of the thiadiazole ring while the C-C 

bond shared between the six- and five-membered rings maintains a more “aromatic” 

character.  

In the other two complexes with elongated linkers, the introduction of the second BTD 

results in a slightly higher energy of the Ru(CO) stretch. Their unipositively charged 

mixed-valent radical cations also show two-band patterns for the carbonyl stretches. In 

both cases, the two CO bands are much more split and have similar intensities, thereby 

defying their assignment to the symmetrical and antisymmetrical modes of a 

compounds featuring two electronically identical metal carbonyl units. Rather, the 

splitting is due to an intrinsically localized ground state with a diabatic electron 

exchange on the timescale of IR spectroscopy. This renders both Ru2
eBTD2

•+ and 

Ru2
vBTD2

•+ moderately coupled Class  mixed-valent compounds with charge 

distribution parameters of  = 0.24 and 0.31, respectively. Both are larger when 

compared to their phenylene-based parent compounds. The increased delocalization 
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can be traced back to their propensity to undergo quinoidal distortion, especially in the 

light that an electron-poor bridging ligand should attenuate the hole-based charge 

exchange in oxidatively generated mixed-valent systems. The asymmetric charge 

distribution in Ru2
eBTD2

•+ was further confirmed by the observation of a rather intense 

stretching vibration of the central C≡C triple bond. Last but not least the adoption of a 

quinone-like structure of the dicationic complex Ru2
eBTD2

2+ was further supported by 

the observation of unique absorption bands associated with the stretch of a cumulene-

type fragment as it can form in doubly oxidized compounds containing an internal 

ethynediyl moiety.  

EPR spectroscopic investigations confirmed the fully delocalized nature of the mixed-

valent forms of Ru2NA•+ and Ru2BTD•+ through the observation of a signal with 

hyperfine-splittings to all four 31P nuclei and both 99/101Ru nuclei at giso-values close to 

that of the Landè-factor, identical to what is observed for Ru2Ph•+.The dications of both 

complexes were, however, EPR-inactive. This contrasts with the observation made for 

Ru2Ph2+, but is in line with the prediction made by the rule of OVCHINNIKOV. The latter 

states that a system will always adopt the structure with the highest number of paired 

spins, i.e. in this case a singlet state with concomitant formation of a quinonedimethide 

structure. The slower timescale of the EPR experiment as compared to that of IR 

spectroscopy led to the observation of a signal which assigns a fully delocalized nature 

to the unpaired spin density in Ru2
eBTD2

•+ and in Ru2
vBTD2

•+. The obtained giso-values 

were in both cases closer to the Landè-factor (2.016/2.011) than their phenylene 

counterparts (2.034/2.016). This is again baffling as the electron-withdrawing nature of 

BTD should reduce the spin density on the bridging ligand. Contrary to their shorter 

congeners, the dications of both complexes are EPR-active, confirming at least a 

partial population of the open-shell forms. Temperature-dependent measurements 

however suggest a diamagnetic ground state, contrary to what has been found for the 

dibutoxy-functionalized derivative of Ru2Ph2+.  

While Ru2NAn+ is very similar in terms of its electronic spectrum in the UV/Vis/NIR 

region of the electromagnetic spectrum to parent Ru2Phn+, the characteristics of the 

three BTD-containing complexes are heavily influenced by the electron-accepting 

nature of the thiadiazole heterocycle. The absorption features in the NIR region 

associated to the presence of either a fully (Ru2BTD•+) or partially delocalized 

(Ru2
eBTD2

•+ and Ru2
vBTD2

•+) Class  mixed-valent system assume the character of a 

charge-resonance or inter-valence charge transfer transitions and show an even 

stronger structuring than usual. This is probably due to the extra dipole introduced by 

the BTD moieties and/or additional vibrational modes such as the characteristic C=N 

stretch that the low-energy electronic transitions can couple with.  
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In summary, the use of a proquinoidal motif such as BTD in mixed-valent 

divinylarenylene diruthenium complexes aids in the delocalization of the unpaired 

charge/spin and promotes the formation of a closed-shell configuration in the doubly 

oxidized forms. Its electron-withdrawing character furthermore adds a charge-transfer 

component to most electronic transitions in the Vis/NIR region of the electromagnetic 

spectrum, rendering these compounds highly polyelectrochromic.  
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4. Dibenzoylmethane-modified, Multinuclear Vinyl 

Ruthenium Complexes 

4.1. Introduction 

In the previous chapter it could be shown that the degree of electronic coupling in 

mixed-valent styryl ruthenium complexes can be improved through the incorporation of 

proquinoidal building blocks into the divinylarylene bridge. The findings disclosed 

therein also add to the numerus examples showing how sensitive the extent of 

charge/spin (de)localization is to the length of the bridging ligand.131,192,193 As 

mentioned in the general introduction (Chapter 1, Figure 10), additional redox-active 

units within the path of charge transport add additional energy levels. This can aid 

diabatic electron transfer if the frontier orbitals of this bridging redox unit are similar in 

energy and symmetry to those of the terminal entities. The easiest approach is thereby 

the employment of identical redox-active units, both at the termini as well as within the 

conjugated path. In the case of multinuclear diruthenium complexes of the type as 

discussed in this work, this was already attempted through their interconnection by 

terephthalate and its derivatives.89,92,93,102 While the synthesis of such complexes is 

straightforward and generally high yielding, the goal of enabling electronic 

communication across these dicarboxylate linkers was not reached, as they 

intrinsically act as insulators towards the exchange of charge between two vinyl 

ruthenium units. In a similar attempt, p-bis(3-acetylacetonato)benzene was used to 

connect two ruthenium complexes of the type Ru(CO)(PiPr3)2(CH=CH-4-C6H4-R) (R = 

OMe, CF3), however with similar results.194 Inspired by the rather recent findings that 

trimetallic macrocycles comprised of subunits containing both the {Ru}-(CH=CH) 

functionality as well as an anionic chelate in form of a carboxylate show IVCT 

transitions between the subunits when transformed to their mixed-valent mono-

/dications,103 a similar endeavor was undertaken using the -ketoenolato motif as the 

chelating ligand instead.  

 

Figure 48|: Skeletal structures of a macrocyclic triruthenium styryl complex based on 3-ethynylbenzoate103 

and of two ruthenium styryl fragments bridged by bis(3-acetylacetonato)benzene.194  
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-Ketoenolato ligands and their nitrogen analogs, β-diketiminates, constitute an 

important class of ditopic ligands and are cherished in transition metal chemistry due 

to their tendency to form stable coordination compounds along with their aptitude to 

enable electronic finetuning by varying their donor capabilities from strongly electron-

donating to even mildly electron-accepting. This renders them especially valuable in 

catalysis.195,196 Acetylacetone is the simplest 1,3-dione and its anion, acetylacetonate 

(acac-), forms coordination compounds with basically every transition metal or LEWIS 

acid.197 The increased lipophilicity of such compounds relative to the halide salts, 

commonly used as the starting materials in complex synthesis, renders acac 

complexes ideal precursors for follow-up reactions in less polar solvents. The high 

binding affinity of -ketoenolato ligands to transition metals is not only a consequence 

of their chelating nature and generally favorable six-membered chelate ring structure, 

but also the resonance stabilization of the respective anion, which can develop 

aromatic-like character when a transition metal ion is coordinated.198–200 The reaction 

of the 16 VE ruthenium styryl complex Ru(CO)Cl(PiPr3)2(CH=CH-Ph) with the 

potassium salt K+ acac- to give the 18 VE complex Ru(acac)(CO)(PiPr3)2(CH=CH-Ph) 

under formal elimination of KCl was reported on by WERNER as early as 1986.65 The 

group around Prof. WINTER has since used -ketoenolato ligands, in particular 

substituted dibenzoylmethanes (DBzMs), to electronically finetune the occupied 

DBzM-based frontier orbitals of the {Ru}-(CH=CH) fragment in vinyl 

ruthenium-metallocene conjugates to foster the formation of valence tautomers in their 

mixed-valent state.79,79,201 It could be shown that acac- serves as an electron donor, 

while the perfluorinated derivative hexafluoroacetylacetonate (hfac-) serves as an 

acceptor, shifting the oxidation potential of the ruthenium based oxidation to E1/2
+/2+ = 

400 mV and thereby to higher values than that of the 16 VE chloro-complex congener 

(E1/2
+/2+ = 355 mV).31 Although this clearly shows that -ketoenolato-based orbitals 

interact with the occupied states of a {Ru}-(CH=CH) moiety, no definite non-innocent 

character could be assigned to those ligands in this particular environment. This 

matches the general consensus that -ketoenolates are best described as innocent, in 

contrast to their -congeners. The latter constitute a large class of non-innocent ligands 

as mentioned in Chapter 1.1, 3.1 and 6 in the form of dioxolenes.202 Likewise, β-

diketiminates203 also have been reported to be oxidizable to the neutral radical, 

rendering them potentially non-innocent as well. Recent investigations on a trans-

Cr(hfac-)2(pyz)2 complex (pyz = pyrazine) have shown that this ligand can act as an 

electron acceptor to form a complex which is best described as 

Cr(hfac-)(hfac2-)2(pyz)2.204 One should note however that this non-innocence is most 
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likely not of any relevance in the context of bridged bis(alkenyl) diruthenium complexes 

as in their singly oxidized, mixed-valent state the reducing properties of the ligand, i.e. 

the occupied states, are far more important. 

 

Figure 49|: Skeletal structures of the vinylruthenium complexes based on ethynyl-functionalized 

dibenzoylmethane. 

In contrast to the mentioned 3-ethynylbenzoate-based building block used in the 

trimetallic macrocycles in Figure 48, the organic test platform chosen here was a 

4,4’-diethynyl-functionalized dibenzoylmethane (1,3-diphenylpropan-1,3-dione). The 

desired complex would then comprise of two five-coordinated {Ru}-(CH=CH) 

fragments in the 4,4’-positions, while the central -ketoenolato motif serves as a 

chelate ligand towards a Ru(CO)(PiPr3)2(CH=CH-4-C6H4-R) (R = OMe, CF3) moiety, 

once deprotonated. This approach was chosen over the attempt to form cyclic 

structures for two reasons: For once, the higher binding strength of the -ketoenolate 

might suppress ligand scrambling, which is essential for the high-yielding synthesis of 

carboxylate-based ruthenium-containing macrocyclic architectures. The other is that 

introducing an oxidizable styryl ruthenium entity into the binding pocket within the 

bridging ligand might allow to modulate the efficacy of diabatic charge transfer between 

the two peripheral vinyl ruthenium moieties across the -conjugated linker. Considering 

that the central, six-coordinated styryl ruthenium fragment is conceivably easier to 

oxidize than the five-coordinated ones at the vinyl ends of the bridge, such a situation 

is only realized in the dicationic states of such complexes, in which the central and one 

peripheral redox unit are oxidized. In order to allow for a comparison with a similar 

system with a non-oxidized central styryl ruthenium unit, the initial redox sequence 

needs to be inverted such that at least one of the peripheral vinyl ruthenium entities is 

oxidized prior to that bound inside the central cavity. One conceivable way to access 

such a constellation is to replace the chloro ligands at the peripheral sites by strongly 

donating acac- ligands, thereby increasing the valence count at those sites to 18, and 
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possibly to also use a less strongly donating styryl ligand at the central ruthenium 

moiety. These systems would constitute the intramolecular electron transfer 

equivalents to single molecule conductance measurements with external gating of the 

relevant molecular states and hence represent a great starting point for a comparison 

between both techniques.205–207  

4.2. Synthesis and Characterization 

The 4,4’-diethynyldibenzoylmethane, which presents the central ligand motif in this 

series of compounds, was synthesized according to a procedure published by CHENG 

et. al.208 First 4’-bromoacetophenone was reacted with methyl-4-bromobenzoate in a 

CLAISEN condensation in THF using NaH as the base to give 1,3-bis(4-bromophenyl)-

propane-1,3-dione (9), Scheme 4). This was followed by a SONOGASHIRA C-C cross-

coupling reaction with TMSA in NEt3 with subsequent removal of the TMS protecting 

groups under alkaline conditions. The targeted building block 1,3-bis(4-ethynylphenyl)-

propane-1,3-dione (10) was obtained in an overall yield of 34%. The limiting step was 

thereby the CLAISEN condensation. As this type of reaction is very sensitive towards 

residual moisture, running these reactions on a relatively small scale of 25 mmol often 

gives yields below 50% (43% in this case) due to side reactions including ALDOL 

condensation of the acetophenone or ester hydrolysis.  

With this building block in hand, the respective multinuclear ruthenium complexes were 

synthesized. The dinuclear complex Ru2DBzM-H was obtained by double 

hydroruthenation with the hydride precursor H{Ru} in dichloromethane in 83% yield 

after several washings of the crude product with hexane. Due to the presence of the 

five-coordinated {Ru} moieties at both ends of the molecule, it could not be used as a 

precursor for the synthesis of the trimetallic compounds as, on deprotonation, the 

bidentate monoanionic O^O chelate would replace a chloro ligand, thus leading to a 

coordination polymer of ill-defined structure. This was clearly evident from the fact that 

Ru2DBzM-H could not be purified to a satisfactory degree, indicating that it slowly 

reacts with itself - even in the absence of a base. For this reason, this compound will 

only be included in the discussion of the NMR spectroscopic signatures of these 

complexes but will be excluded from the discussion of the (spectro)electrochemical 

investigations. The rate of auto-reaction is expected to even increase once oxidized, 

due to the increase in LEWIS acidity of the coordination centers. To alleviate the 

problem of auto-reaction, a complex was devised in which the enolic proton would be 

replaced by a nonredox-active LEWIS acid. For this purpose the BF2 fragment was 

chosen as it forms stable, electrically neutral coordination compounds with -
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ketoenolato ligands.209 A more electron-rich fragment such as Rh(COD) (COD = 1,5-

cyclooctadiene), which should impede hole-based charge transfer to a lesser degree, 

unfortunately proved itself incompatible with the terminal alkyne functionalities.210 The 

synthetic approach to the trinuclear coordination compounds therefore started by first 

coordinating the ethynyl-functionalized -ketoenolato ligand to the respective LEWIS 

acid. For BF2 as the central motif, compound 10 was reacted with 1.55 equivalents of 

BF3‧Et2O in CH2Cl2 giving an intensely green-fluorescing solution. After removal of the 

solvent and addition of acetone to the resulting crude solid, the pure product was 

precipitated from solution by the addition of hexane to provide a yield of 63%. The 

diruthenium complex Ru2DBzM-BF2, which does not show any detectable 

fluorescence, was then synthesized in an analogous procedure to Ru2DBzM-H and 

obtained in a yield of 79% as a purple solid.  

The exclusively ruthenium-based trimetallic complexes were synthesized in a similar 

fashion starting from the five-coordinated precursor complexes 

Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-R) (RuOMe: R = OMe; RuCF3: R = CF3), which 

themselves are obtained by the reaction of H{Ru} with the respective phenylacetylene 

derivative.83 A solution of RuOMe or RuCF3 in CH2Cl2 was added dropwise to one 

equivalent of compound 10, which was dissolved in a mixture of dichloromethane and 

MeOH, in the presence of an excess of KHCO3. The red or pink color of the added 

solution would quickly disperse to leave a yellow solution behind, indicating a fast 

reaction, which is also driven by the formation of insoluble KCl. To ensure full 

conversion the solutions were nevertheless stirred overnight at r.t. Attachment of the 

peripheral vinylruthenium moieties followed the same general reaction scheme as for 

the two already mentioned compounds. Both, Ru2DBzM-RuOMe and Ru2DBzM-

RuCF3, were obtained in good yields of 89% and 79%, respectively, as red solids. For 

the synthesis of Ru2
acacDBzM-RuCF3, Ru2DBzM-RuCF3 was reacted with two 

equivalents of acetylacetone in an analogous procedure. The product was obtained in 

an 89% yield as an orange solid. The reaction scheme for the synthesis of all five 

compounds is depicted in Scheme 4. 
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Scheme 4|: Reaction scheme for the synthesis of the five dibenzoylmethane-based complexes. 

 

All compounds could be identified by their characteristic resonances in their 1H-, 

13C{1H}- and 31P{1H}-NMR spectra (Table 6). Additional information is provided by the 

19F{1H}-NMR spectra of the fluorine containing complexes. The presence of two 16 VE 

besides one 18 VE ruthenium entities in two of the five complexes of this series renders 

the chemical shifts of the vinylic protons and the phosphorus nuclei of the PiPr3 ligands 

a particularly useful probe for confirming their constitution and demonstrating the 

impact of coordinative (un)saturation on those shifts. The simplest to interpret spectra 

are those of Ru2DBzM-BF2 as it only contains one kind of vinyl ruthenium entity. It will 

therefore be discussed first.  
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Table 6|: Selected 1H and 31P{1H} NMR data for the complexes. 

 solvent 

 [ppm] 

H
per H

per H
cen H

cen Hmeso 31Pper 31Pcen 

Ru2DBzM-H 

CD2Cl2a 9.24 6.14 - - 6.75 38.75 - 

C6D6 9.46 6.46 - - 6.70 39.03 - 

Ru2DBzM-
BF2 

CD2Cl2 9.64 6.25 - - 7.02 39.32  - 

Ru2DBzM-
RuOMe 

CD2Cl2 
8.91/

8.89b 
6.11

/6.08b 
8.86 6.39 6.71 

38.48/
38.44b 

35.19 

Ru2DBzM-
RuCF3 

CD2Cl2 
9.03/

9.02b 
6.22

/6.18b 
9.75 6.68 6.83 

38.49/
38.47b 

35.54 

Ru2
acacDBzM

-RuCF3 
CD2Cl2 

9.37/
9.34b 

6.54
/6.49b 

9.71 6.60 6.77 
35.83/

35.77b 
35.60 

a) Signals given for the enolate form; b) Set of signals caused by the chemical inequivalency of two 

peripheral {Ru}-(CH=CH) fragments. 

In CD2Cl2 solution the characteristic resonance of the vinylic H proton of Ru2DBzM-

BF2 is found at 9.64 ppm. This renders it comparable to the BTD-containing complexes 

discussed in the previous chapter and to other styryl ruthenium complexes with 

electron-accepting 4-substituents.84,128 The electron-accepting properties of the 1,3-

dione motif in general, and of the -ketoenolato BF2-fragment in particular, are further 

reflected by the chemical shift of the acidic proton on the -ketoenolato ligand in 

between the carbonyl/enolate carbon atoms (Hmeso), which is found at  = 7.02 ppm. 

This represents the largest downfield shift in this series. The same holds true for the 

31P resonances of the phosphine ligands.  

In the case of the parent compound Ru2DBzM-H, in CD2Cl2 solution a set of two 

resonance signals of differing intensity is observed for the protons on the divinyl-DBzM 

moiety; an excerpt showing the signals corresponding to H is depicted in Figure 50. 

The cause is the presence of both the, -diketone and -ketoenolate tautomers in the 

comparatively polar CD2Cl2 solvent. This was proven by recording 1H-NMR spectra in 

C6D6, where only a single set of signals was observed. It most likely corresponds to 

the enol tautomer based on the observation made for acetylacetone.211 Once the 

proton is replaced by a different LEWIS acidic center, the chelate is present only in the 

enolate form. This phenomenon was therefore not observed for any of the other 

compounds of this series. The solvent dependence of the chemical shifts, in particular 

that of H is a clear token of the propensity of the five-coordinated {Ru} moiety to 

interact with surrounding solvent molecules. The signal corresponding to Hmeso is less 

affected by a change in solvent but more so by the electronic properties of the LEWIS 
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acid present inside the coordination pocket. Thus, in Ru2DBzM-H, its resonance is 

found at a 0.27 ppm higher field than in Ru2DBzM-BF2 in qualitative agreement with 

the difference in the HAMMETT parameters (p(BF2) = 0.48 / p(H) = 0.00).212  

Coordination of the ruthenium styryl complexes RuOMe or RuCF3 to the -ketoenolato 

ligands has several effects. For once, three pairs of signals corresponding to H and 

H are observed. This is the result of not only the presence of a set of two five-

coordinated {Ru} centers (peripheral) and one hexa-coordinated (central), but also of 

the chemical inequivalence of the two peripheral moieties as one is in a relative trans 

position to the carbonyl ligand of the central {Ru} moiety while the other is opposite to 

the 4-methoxy/4-trifluoromethyl styryl ligand. 

 

Figure 50|: The H resonance signal in the 1H-NMR spectrum of Ru2DBzM-H in C6D6 (top) and in CD2Cl2 

(bottom). 

To unambiguously assign the signals of the 1H-, 13C{1H}- and 31P{1H}-NMR spectra, 1H-

1H-NOESY (nuclear OVERHAUSER enhancement spectroscopy) was performed on 

Ru2DBzM-RuCF3 (see Figure 51). The observation of through-space coupling of H
cen  

with a proton on the benzoyl moiety allowed, with the aid of additional 2-D NMR techniques, 

for an unequivocal assignment of the different signals. From these investigations it 

could be concluded that the proton resonances found at lower field (higher ppm-values) 

originate from the styryl ligand which is opposite to carbonyl ligand. This agrees with 

chemical intuition as CO constitutes a more strongly electron-accepting ligand than the 
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-styryl ligand. As the 4-methoxystyryl ligand in Ru2DBzM-OMe constitutes an even 

stronger donor, these findings most likely also hold true for this complex.  

  

Figure 51|: Structural asymmetry of trimetallic complexes highlighted at the example of Ru2DBzM-RuCF3 

(left). Excerpt from the corresponding 1H-1H-NOESY NMR-spectrum showing cross-correlation of H
cen 

and benzoyl-based proton highlighted by blue dots. 

The small shift differences between the resonances of corresponding signals indicate 

that the disparities between the peripheral styryl units are rather small. In Ru2DBzM-

RuOMe the shift difference amounts to only  = 0.02 ppm for H
per. For Ru2DBzM-

RuCF3 this value is even smaller, in agreement with a higher similarity of the electron 

deficient styryl ligand with the CO ligand. Hence, no further differentiation between 

these two redox centers apart from NMR spectroscopy was detectable. The average 

values of (H
per) of ca. 8.9 ppm for the more electron-rich compound and ca. 9.0 ppm 

for Ru2DBzM-RuCF3 show that the styryl ruthenium fragment constitutes a significantly 

weaker LEWIS acid than BF2 (H
per = 9.64 ppm), rendering the -ketoenolato motif 

more electron rich. Interestingly this effect is expressed to a somewhat lesser degree 

for the chemical shift of Hmeso, with a value of 6.71 ppm for Ru2DBzM-RuOMe and one 

of 6.83 ppm for Ru2DBzM-RuCF3, respectively. The significant influence of the 4-

substituent in the para-position of the styryl moiety at the central ruthenium atoms is 

impressively demonstrated by the difference in the chemical shift of H between the 

peripheral and central moieties. The resonance for H
cen in Ru2DBzM-RuOMe is found 

at 8.86 ppm and therefore slightly upfield of those of the peripherally appended styryl 

units. In Ru2DBzM-RuCF3 however, this signal is shifted by 0.9 ppm to lower field, to 

9.75 ppm, and now appears 0.72 ppm downfield of the corresponding H resonances 

of the peripheral units. Quite noteworthy, OMe for CF3 substitution induces a downfield 

shift of the H resonances of the peripheral styryl ruthenium sites by 0.13 ppm. One 

however cannot deduce from those shifts an inversion in the redox sequence between 

these two complexes, as the 18 VE motif is still oxidized first (see Chapter 4.3).  
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In Ru2
acacDBzM-RuCF3, which is solely comprised of six-coordinated {Ru} fragments 

with valence electron counts of 18, the resonances of both peripheral vinyl protons are 

shifted to lower field by ~0.3 ppm. This observation is generally made for complexes of 

this type.65 The additional electron density provided by acac- as compared to the Cl- 

ligands is however evident from the upfield shift of the 31P resonances by 2.7 ppm, that 

of (Hmeso) by 0.06 ppm, as well as those of 0.04 ppm (H) and of 0.08 ppm (H) for the 

vinylic protons of the central vinylruthenium moiety.  

4.3. Electrochemistry 

In order to assess the general redox properties of the newly synthesized compounds, 

cyclic voltammetry (CV) as well as square-wave voltammetry (SWV) studies were 

performed. The supporting electrolyte of choice was CH2Cl2/NBu4BArF in order to 

maximize half-wave potential splittings, as electronic communication between the 

peripheral redox units was expected to be rather small due to the geometry, length and 

electron-poor character of the bridging ligand. The collected data are summarized in 

Table 7. 

Table 7|: Electrochemical data for all complexes. 

complex 
E1/2

0/+ 

[mV] 

E1/2
+/2+ 

[mV] 

E1/2
0/+//+/2+ 

[mV] 

E1/2
2+/3+ 

[mV] 

E1/2
+/2+//2+/3+ 

[mV] 
Kc

+ Kc
2+ 

Ru2DBzM-BF2 395 505 110 - - 73 - 

Ru2DBzM-RuOMe -192 309 501 397 88 3‧108 31 

Ru2DBzM-RuCF3 52 315 263 403 88 2800 31 

Ru2
acacDBzM-

RuCF3 
-45 45 90 252 207 33 3200 

All potentials in CH2Cl2 at r.t. relative to the Cp2Fe0/+ redox couple (E1/2 = 0.00 mV); 0.05 M NBu4BArF as 

the supporting electrolyte. 

As expected for a complex containing two vinyl ruthenium moieties, Ru2DBzM-BF2 

shows two reversible oxidations. They are found at E1/2
0/+ = 395 mV and E1/2

+/2+ = 505 

mV, respectively. While the redox splitting is too small to be fully resolved by CV, two 

separate peaks corresponding to the individual half-wave potentials are clearly 
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discernable in the square-wave voltammograms. The electron-withdrawing influence 

of the central BF2--ketoenolato fragment is clearly evident as the recorded half-wave 

potentials are at the higher end of the range established for uncharged diruthenium 

complexes of this kind.84,90 The deduced half-wave potential splitting of E1/2 = 110 mV 

seems comparatively large for a complex with a Ru-Ru distance of 18.04 Å (calculated 

by DFT). For comparison, the E-stilbene bridged complex Ru2Ph2, discussed in the 

previous chapter shows a value for E1/2 of 49 mV at a similar, crystallographically 

determined Ru-Ru distance of 18.29 Å.178 One has however to keep in mind that for 

the CV measurement of the latter compound the comparatively more strongly 

coordinating hexafluorophosphate anion was used. Nevertheless, the calculated 

comproportionation constant of Kc = 73 for the monocation predicts a maximum 

concentration of the mixed-valent form of 81% after loss of one equivalent of charge.  

  

 

 

Figure 52|: Cyclic voltammograms of Ru2DBzM-BF2 during an oxidizing (top left) and reducing (bottom) 

scan. Square-wave voltammogram of an oxidizing scan (top right). In CH2Cl2/NBu4BArF at a scan rate of 

v = 100 mV/s. 

A feature unique to Ru2DBzM-BF2 in this series is the observation of a reduction 

process within the accessible redox window of the used electrolyte. It is found at 

E1/2
0/- = -1550 mV and not fully reversible at a scan rate of v = 100 mV/s with a 

peak-current ratio ipox / ipred of 0.60. It is also characterized by a smaller cathodic peak 

prior to the main redox event as evident from the graph at the bottom of Figure 52. 
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Although triphenylamines (TPAs) generally compare well with the vinylruthenium 

moiety in terms of their redox-chemistry,186,201 the electron-donating properties of the 

metal-based redox moiety seem to be expressed to a greater extent in the present 

case, as the reported reduction potential for the TPA-based analog of Ru2DBzM-BF2 

is with E1/2
0/- = -930 mV significantly shifted to a more anodic potential.213 Interestingly, 

an additional cathodic peak was also observed in this case but it’s missing if no redox-

active unit is attached to the DBzM motif.214  

The introduction of an additional ruthenium styryl complex fragment as in Ru2DBzM-

RuOMe leads to the observation of a total of three oxidation waves. The first is found 

at E1/2
0/+ = -192 mV while the second redox event seemingly involves the transfer of 

two electrons with a median half-wave potential of 353 mV. Deconvolution of the 

respective square-wave voltammogram affords two peaks of equal intensities at 

309 mV and 397 mV. The latter can be assigned to the stepwise formation of the di- 

and trication, respectively. The significantly lower redox potential attributed to the first 

oxidation of Ru2DBzM-RuOMe compared to Ru2DBzM-BF2 lets one confidently 

assume that the first oxidation of this triruthenium complex involves the central, hexa-

coordinated {Ru} moiety, which is associated with the higher valence electron count. It 

also agrees well with the data obtained for the dibenzoylmethane-capped ferrocenyl 

ruthenium styryl conjugates published by WINTER et. al.79 and shown in Figure 53. 

 

Figure 53|: Skeletal structure of the dibenzoylmethane-capped ferrocenyl ruthenium styryl conjugates 

studied by Winter et. al.79 

The smaller redox splitting for the two processes associated with the oxidation of the 

peripheral redox units (i.e. the +/2+ and 2+/3+ couples of Ru2DBzM-RuOMe) of 88 mV 

as compared to the value of 110 mV in Ru2DBzM-BF2 either suggests a diminished 

extent of electronic coupling between the two chemically equivalent vinyl ruthenium 

fragments or a decrease in electrostatic repulsion for the charging process to the fully 

oxidized state. The latter would imply a relatively higher contribution of the -

ketoenolate bridge to hosting the positive charge(s) in Ru2DBzM-RuOMe2+, despite 

the presence of an additional polaron on the central ruthenium styryl moiety. In this 

respect it is also revealing that the stepwise oxidation of the peripheral styryl ruthenium 

units in Ru2DBzM-RuOMe occurs at lower potentials than those in Ru2DBzM-BF2. The 
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diminished half-wave potential difference naturally leads to a smaller value for Kc of 

only 31. This in turn gives a theoretically achievable maximum concentration of the 

mixed-valent dication after the formal release of two electrons of 74%.  

  

Figure 54|: Cyclic voltammogram (left) and square-wave voltammogram (right) of Ru2DBzM-RuOMe in 

CH2Cl2/NBu4BArF at a scan rate of v = 100 mV/s. 

The replacement of the electron-donating methoxy substituent for an accepting 

trifluoromethyl group in Ru2DBzM-RuCF3 leads to an anodic shift of the first oxidation 

by roughly 240 mV to E1/2
0/+ = 52 mV vs. the ferrocene/ferrocenium redox couple. In 

the corresponding five-coordinated compounds RuCF3/RuOMe, this difference 

amounts to 265 mV. The oxidation potentials of the second and third oxidations are 

only modestly affected, though. Both are shifted by ca. 6 mV to higher potential as 

determined by deconvolution of the square-wave voltammogram and found at 

E1/2
+/2+ = 315 mV and E1/2

2+/3+ = 403 mV, respectively. In consequence, the value for 

E1/2
2+/3+ is unaltered at 88 mV.  

  

Figure 55|: Cyclic voltammogram (left) and square-wave voltammogram (right) of Ru2DBzM-RuCF3 in 

CH2Cl2/NBu4BArF at a scan rate of v = 100 mV/s. 

Coordinative saturation of the peripheral {Ru} entities in Ru2
acacDBzM-RuCF3 leads 

indeed to the desired inversion in the redox sequence. As evident from Figure 56 the 
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two closely spaced oxidation events now occur as the first two redox couples when 

scanning to more positive potential. Their associated redox potentials could again only 

be derived through deconvolution of the SW voltammogram. With values of 

E1/2
0/+ = -45 mV for the first and E1/2

+/2+ = 45 mV for the second oxidation, they are 

shifted cathodically by ca. 350 mV when compared to Ru2DBzM-RuCF3, while the 

value for E1/2 remains almost identical with 90 mV. The shift is thereby the 

consequence of both the increase in electron density on the peripheral ruthenium 

entitites, the absence of a positive charge on the molecule prior to these charging 

processes, and the concomitantly lower electrostatic contributions. The third oxidation, 

consequently located on the central {Ru}(CH=CH-4-C6H4-CF3) moiety, is anodically 

shifted by 200 mV to E1/2
2+/3+ = 252 mV with respect to Ru2DBzM-RuCF3. Two effects 

are likely to contribute to this sizable anodic shift. First and foremost the 

dibenzoylmethane-type ligand changes from a strong to a less strong donor as the 

peripherally appended {Ru} moieties are oxidized, thereby also diminishing the 

electron density of the styryl ruthenium moiety which is coordinated to the central 

chelate pocket. Secondly, the oxidation of this latter entity now has to overcome 

electrostatic repulsion exerted by the two already oxidized peripheral styryl ruthenium 

moieties, which form the arms of the dibenzoylmethane-type chelate ligand. In the 

same vein, the average cathodic shift of the peripheral styryl ruthenium entities of ca. 

360 mV (0 mV in Ru2
acacDBzM-RuCF3 vs. 359 mV in Ru2DBzM-RuCF3) is clearly 

larger that that of 260 mV in the Ru(CO)Cl(PiPr3)2(CH=CH-Ph) vs. 

Ru(acac)(CO)(PiPr3)2(CH=CH-Ph) pair of complexes. This clearly illustrates the impact 

of electrostatic destabilization of higher oxidations in such complexes.  

  

Figure 56|: Cyclic voltammogram (left) and square-wave voltammogram (right) of Ru2
acacDBzM-RuCF3 

in CH2Cl2/NBu4BArF at a scan rate of v = 100 mV/s. 



Dibenzoylmethane-modified, Multinuclear Vinyl Ruthenium Complexes 

86 

 

4.4. IR Spectroelectrochemistry 

For uncharged complexes containing a penta-coordinated {Ru} styryl moiety, the 

Ru(CO) stretch is usually found in the range of 1910 to 1920 cm-1,74,83,90,91,186 while in 

the 18 VE congeners it is bathochromically shifted to 1895 to 1905 cm-1.83,89,103,201 The 

sensitivity of the energy of the carbonyl stretch of individual M-C≡O entities towards 

the electron density at the corresponding metal atom will therefore be of great help in 

further pinpointing the redox sequence in this series of compounds. The GEIGER 

parameter deduced from the relative shifts of bands of chemically equivalent {Ru} 

moieties will also be employed to assess the degree of electronic coupling. Attention 

will also be paid to the shifts of -ketoenolate-based C=O or C=C stretches to provide 

information on its potential non-innocent character and, in consequence, its propensity 

to foster charge transfer as pointed out in Chapter 1.1. Like in the previous chapter, 

DFT-based vibrational analysis will be consulted in order to assign the bands to the 

corresponding vibration(s). This is expected to be particularly vital due to the chemical 

and electronic similarity of the individual {Ru} moieties in the triruthenium complexes. 

To keep computational time to a reasonable level, the PiPr3 ligands were replaced by 

PMe3 as this reduces the number of possible rotational conformations and vibrational 

modes significantly, while the electronic properties are basically unaltered at this level 

of theory (pbe1pbe1/6-31G(d)). The data collected from both, experiment as well as 

the quantum chemical calculations, are gathered in Table 8.  

In Ru2DBzM-BF2 the characteristic Ru(CO) stretch is found at 1918 cm-1 (see Figure 

57, left). This confirms the electron-accepting nature of the BF2--ketoenolate fragment 

as already inferred by the voltammetric investigations. Naturally, DFT predicts the 

presence of both, an in-phase and an out-of-phase vibration of the two carbonyl 

ligands. The calculated energies of 1917 cm-1 and 1919 cm-1 agree with the 

experimental data exceptionally well. In the C=O/C=C stretching region of ketoenolate 

ligand we note a strong band located at 1490 cm-1, which is slightly “contaminated” by 

C=C vibrations of the BArF- anion of the supporting electrolyte. The quantum chemical 

calculations assign this band to the asymmetric C=C-C stretch of the central -

ketoenolate fragment with small contributions from a quinoid stretch of the phenylene 

groups at an energy of 1467 cm-1. Another band at 1505 cm-1 can be made out in the 

experimental spectrum, which corresponds to the symmetric C=O stretch of the -

ketoenolate with a predicted energy of 1504 cm-1. 
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Figure 57|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2DBzM-BF2 during the first 

(left) and second oxidation (right) in the Ru(CO) and ligand-based C=O/C=C stretching regions. 

Table 8|: Experimental and calculated (in brackets) energies of characteristic IR bands of the complexes 

in their various oxidation states. 

̃ [cm-1] (calc. pbe1pbe/6-31G(d)) 

complex IR label neutral monocation dicationa tricationb ∆ρ 

Ru2DBzM-
BF2 

Ru(CO) 
1918 

(1917, 1919) 
1922, 1978 

(1921, 1967)) 
1982 

(1974, 1975) 
- 0.06 

C=O 
1505 

(1504) 
1506 

(1506) 
1533 

(1508) 
-  

C=C-C 
1490 

(1467) 
1489 

(1458) 
1533 

(1506) 
-  

Ru2DBzM-
RuOMe 

Ru(CO) 

1897, 1914 
(1900, 1913, 

1914) 

1917, 1955 
(1915, 1916, 

1947) 

1922, 1961, 
1978 

(1918, 1949, 
1967) 

1966, 1981c 
(1989, 1998, 

1999) 
~0.05 

C=O 
1588, 1550 

(1576, 1552) 
1584, 1571 

(1542, 1510) 
1584, 1573 

(1546, 1505) 
1584, 1571c 

(1571) 
 

C=C-C 
1518, 1486, 

1470 
(1495, 1467) 

1514, 1486, 
1470 

(1492, 1466) 

1514, 1486, 
1470 

(1492, 1466) 

1514, 1486, 
1470c 
(1494) 

 

C=Cquinone - 
1598 

(1584) 
1602 

(1585) 
1603c 
(1603) 

 

Ru2DBzM-
RuCF3 

Ru(CO) 
1900, 1913 

(1904, 1913, 
1914) 

1918, 1973 
(1916, 1917, 

1963) 

1920, 1976 
(1919, 1966, 

1968) 

1980 
(1999, 2000, 

2001) 
~0.05 

C=O 
1579 

(1551) 
1565 

(1539) 
1565 

(1540, 1551) 
1565  

C=C-C 
1486, 1518 

(1467, 1494) 
1483, 1510 

(1465, 1491) 

1471, 1483, 
1510 

(1466, 1489) 

1516 
(1494) 
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C=Cquinone - 
1601, 1610 

(1601, 1599) 
1610 

(1599, 1572) 
1610 

(1568) 
 

Ru2
acacDBzM-
RuCF3

 

Ru(CO) 

1899 

(1902, 1905, 
1906) 

1904, 1966 

(1906, 1908, 
1956) 

1909, 1968 

(1912, 1960, 
1962) 

1978 

(1999, 2000, 
2001) 

~0.05 

C=O 
1577, 1592 

(1571, 1585 ) 
1576, 1590 

(1564, 1584 ) 
1577, 1590 

(1567, 1584 ) 
1565 

(1567) 
 

C=C-C 
1486, 1518 

(1492, 1517) 
1469, 1517 

(1475, 1519) 
1470, 1520 

(1491) 
1520 

(1497) 
 

C=Cquinone - 
1606 

(1609) 
1567, 1608 

(1577, 1609) 
-  

a) Triplet state assumed, b) Quartet state assumed, c) Data unreliable due to partial decomposition. 

Applying an oxidizing potential to the solution of Ru2DBzM-BF2 leads to a decrease in 

absorbance and a marginal blueshift of the original Ru(CO) band to 1922 cm-1 while 

another carbonyl band at 1978 cm-1 grows in. At the point of highest intensity of the 

band in the NIR (see Figure 67, right), the maximum concentration of the mixed-valent 

species was presumably reached. The fact that upon further oxidation the Ru(CO) 

band at lower energy band basically vanishes and is fully replaced by a band at 1982 

cm-1 renders the radical cation a weakly coupled mixed-valent system of Class  

according to the ROBIN and DAY classification. The deduced GEIGER parameter of 0.06 

expresses the rather weak electronic communication as predicted in the introduction. 

It can be explained for once by the electron-poor nature of the -conjugated bridge,84 

as well as by the pseudo meta substitution pattern at the central -ketoenolate 

fragment, which is known to hamper electron transfer due to quantum interference by 

experiment215 as well as by theory.216 One has to note, however, that the quantum 

interference rules, which govern the transport properties in metal-molecule-metal 

junctions, are potentially overruled by orbital symmetry considerations for optically 

induced charge-transfer transitions as it is the case in mixed-valent compounds.217,218

  

The calculated Ru(CO) stretching energies support the notion that the 1,3-

diketoenolato moiety in this scenario can be understood as an analog to a meta-

substituted benzene in that the energies of the Ru(CO) stretches in the dicationic state 

agree significantly better if a triplet ground state for this species is assumed. Thus, the 

pattern of two closely spaced ̃(C≡O) bands at 1974 and 1975 cm-1 computed for the 

triplet state provides a much better match with the experimentally observed single 

̃(C≡O) band at 1982 cm-1 than that of two wider separated bands at lower energies of 

1961 cm-1 and 1970 cm-1 computed for the energetically higher-lying singlet state 

(GT-S = -64 kJ/mol). A triplet ground state of Ru2DBzM-BF2
2+ also complies with 
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OVCHINNIKOV’S rule and the experimental observations for dioxidized meta-phenylene-

bridged divinyl diruthenium complexes.88 The C=O and C=C stretches experience a 

general intensity decrease during the first oxidation while no specific band vanishes 

entirely or no new one grows in. With increasing concentration of the dication 

Ru2DBzM-BF2
2+ these bands further lose intensity, while a new, equally intense band 

grows in at ca. 1533 cm-1. As the calculated energies of the 1,3-dionate based C=O 

and C=C stretches are computationally predicted to be very similar in energy (1508 

cm-1 and 1506 cm-1), they most likely form a composite band which underlies this 

absorption. Experiment and theory agree well in regard to the shift of this C=C vibration 

from the neutral to the dicationic forms with a value of ∆̃ ≈ 40 cm-1.  

  

  

  

Figure 58|: Charge densities according to NBO analysis on different parts of Ru2DBzM-BF2 (top left), 

Ru2DBzM-RuOMe (top right), Ru2DBzM-RuCF3 (bottom left), and Ru2
acacDBzM-RuCF3 (bottom right) in 

all accessible oxidation states. 

While one might interpret this blueshift in the stretching vibrations associated to the -

ketoenolato ligand as an indicator for its non-innocene, Natural-Bond-Orbital (NBO) 

analysis (see Figure 58, top left) indicates that the {Ru} and the styryl moieties hold 
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most of the positive charge(s), while the relative negative charge attributed to the -

ketoenolato ligand is diminished only slightly. The charge density on the BF2 moiety 

also stays nearly unaffected across all three oxidation states.  

Incorporation of the hexa-coordinated {Ru} fragment in Ru2DBzM-RuOMe leads to the 

observation of a composite Ru(CO) band which can be deconvoluted into two bands 

at 1897 and 1914 cm-1 with relative intensities of ca. 1:2. This reflects the chemical 

inequivalence of the two types of styryl ruthenium fragments in this complex. The 

calculated energies of 1900 cm-1, 1913 cm-1 and 1914 cm-1 agree exceedingly well the 

experimental findings. The C=O/C=C section of the IR spectrum is comparatively 

convoluted in comparison to Ru2DBzM-BF2 with distinct bands at 1588 cm-1,1550 cm-1, 

1518 cm-1, 1486 cm-1 and 1470 cm-1.  

  

Figure 59|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2DBzM-RuOMe during the first 

oxidation (top, left) in the Ru(CO) and ligand-based C=O/C=C stretching regions. Deconvolution of the 

Ru(CO) bands in the neutral (bottom right) and monocationic state (top right).  

The two bands at higher energies are likely a combined stretching vibration of the 

-ketoenolato-based C=O bonds and the C=Cvinyl stretch of the RuOMe fragment as 

deduced from analyzing the calculated vibrations at 1576 cm-1 and at 1552 cm-1. The 

other three bands in this region likely correspond to the C=C-C stretch of the chelate 

ligand with calculated energies of 1495 cm-1 and 1467 cm-1. The increase in the number 

of these vibrations is most probably triggered by the asymmetry introduced by the 

central styryl ruthenium fragment, allowing for the presence of new, non-degenerate 

modes.  

Conversion to Ru2DBzM-RuOMe•+ leads to a hypsochromic shift of the more intense 

Ru(CO) band to 1917 cm-1 (̃calc = 1916, 1915 cm-1) and the appearance of a new band 

at 1955 cm-1 (̃calc = 1947 cm-1) with the concomitant disappearance of the weaker, 

lower energy band of the neutral complex. The energy of the latter corresponds well 
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with the Ru(CO) stretch of a unipositively charged, electron-rich styryl ruthenium 

complex,78 confirming that the 18 VE constituent of this triruthenium complex is 

oxidized first. The small blueshift of 3 cm-1 of the C≡O stretches at the peripheral sites 

points towards a mere electrostatic influence by the polaron rather than a more 

substantial contribution of the Ru-appended DBzM ligand to the oxidation. This is again 

confirmed by the NBO analysis (Figure 58, top right). Thus, the computed total charge 

density at the central Ru-styryl fragment decreases by 0.86 e-, while both of the 

peripheral styryl ruthenium fragments experience only a minor difference of 0.14 e. 

Further support is provided by the limited spectroscopic changes in the C=O/C=C 

region during oxidation. Most prominent is the growth of a new band at 1598 cm-1 which 

can be assigned to the quinone-type C=C stretch of the 4-methoxystyryl ligand, for a 

comparison see Figure 148. The ketoenolate-based bands experience a slight drift in 

energy and jointly gain in oscillator strength as the change in dipole moment is 

increased due to the positive charge on the central ruthenium styryl moiety.  

In Ru2DBzM-RuOMe2+ a three-band pattern is observed for the Ru(CO) stretches (see 

Figure 60). The band of lowest energy is found at 1922 cm-1 while the other two are 

located at 1961 cm-1 and at 1978 cm-1 as determined through deconvolution.  

 

 

 

Figure 60|: Changes of the IR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2DBzM-RuOMe during the 

second oxidation in the Ru(CO) and ligand-based C=O/C=C stretching regions (left). Deconvolution of the 

Ru(CO) bands in the dicationic state (right). 

Based on the results of Ru2DBzM-BF2
•+, weak electronic coupling can be assumed 

between the two peripheral redox sites, putting forward that the band of lowest energy 

corresponds to the Ru(CO) stretch of the remaining, formally neutral 16 VE {Ru} moiety 

and the band of intermediate energy is that of the RuOMe based redox unit. This leaves 

the band of highest energy for the formally oxidized, peripheral styryl ruthenium moiety. 

This band assignment is fully supported by the quantum chemically predicted energies 
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of 1918 cm-1, 1950 cm-1 and 1967 cm-1. One should note here that these values are 

obtained regardless of whether a singlet or triplet state is assumed for the dication. The 

influence of removing a second electron on the ketoentolate/aryl C=O and C=C 

stretching region of the IR spectrum is limited as no new bands fade or grow in with 

only minor changes in the intensities of some of the absorption features.  

  

Figure 61|: Changes of the IR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2DBzM-RuOMe during the 

third oxidation in the Ru(CO) and ligand-based C=O/C=C stretching regions (left). Deconvolution of the 

Ru(CO) bands in the tricationic state (right). 

With increasing concentration of the tricationic species Ru2DBzM-RuOMe•3+, the band 

at 1922 cm-1 loses in intensity while the double-band feature shifts to higher energy. 

Unfortunately, full conversion to the tricationic species could not be achieved in an 

OTTLE cell as the over-potential needed to drive the electrolysis to completion led to 

degradation. Deconvolution suggests a shift to 1980 cm-1 for the peripheral redox units 

and to 1963 cm-1 for the central one. The charge delocalization parameter for the 

peripheral redox units is, due to the heavily convoluted C≡O stretching region, hard to 

determine, but most likely very similar to that in Ru2DBzM-BF2
•+

. This is despite the 

presence of the less strong electron-withdrawing nature of the oxidized RuOMe 

fragment. The chemical instability of the fully oxidized species prohibits a discussion of 

the change in absorption spectra in the C=O/C=C region. The differences in the 

calculated frequencies between input structures in either the doublet or quartet spin 

states are again negligible.   

As expected the Ru(CO) stretches of the two different {Ru} fragments in Ru2DBzM-

RuCF3 also required deconvolution and yielded a Ru(CO) stretch for the hexa-

coordinated complex fragment of 1900 cm-1 and one of 1913 cm-1 for the two penta-

coordinated moieties. The blueshift of only three wavenumbers for the central Ru(CO) 

stretch compared to Ru2DBzM-RuOMe is within the margin of error introduced by 
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deconvolution. It does, however, agree well with what is obtained by the quantum 

chemical calculations (̃calc = 1904, 1913, 1914 cm-1). The influence on the Ru(CO) 

stretches of the peripheral {Ru} units is negligible. The C=O/C=C region is similarly 

structured to the previously discussed complex Ru2DBzM-RuOMe. However, fewer 

bands could be assigned to specific vibrations. The ketoenolato-based C=O stretch is 

most likely located at 1579 cm-1 (̃calc = 1551 cm-1), which compares to the band at 

1588 cm-1 in Ru2DBzM-RuOMe. The slightly higher LEWIS acidity of the RuCF3 

fragment thus leads to a decrease in the C-O bond order as the donating -orbital in 

the -ketoenolato ligand is a C=O bonding orbital.199,219 The considerably lower ̃(C=O) 

energy of 1504 cm-1 in Ru2DBzM-BF2 supports the notion that the C=O band energy 

of the -ketoenolato ligand decreases with increasing -acidity of the coordinated 

LEWIS acid. The sp3-hybridized character of the boron atom within the BF2 units 

however might exaggerate this trend as it is lacking orbitals of - or -symmetry to 

potentially alter the electron density on and in consequence the bond order of the C=O 

bond. The C=C-C stretches are found at the same energy as in Ru2DBzM-RuOMe with 

one fewer band. 

  

Figure 62|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2DBzM-RuCF3 during the first 

oxidation (top, left) in the Ru(CO) and ligand-based C=O/C=C stretching regions. Deconvolution of the 

Ru(CO) bands in the neutral state (right). 

In the singly oxidized form the expected two-band pattern emerges for the Ru(CO) 

stretches with bands at 1918 cm-1 and 1973 cm-1 in a 2:1 intensity ratio. In analogy to 

Ru2DBzM-RuOMe•+ the low-energy vibration corresponds to the C≡O stretches of the 

two peripheral sites. This band is hence inductively shifted to higher energy by 5 cm-1. 

This supports the hypothesis that the polaron nearly entirely resides on the central 

RuCF3 fragment, so only electrostatic effects come into play. That the non-innocence 

of the styryl ligand is smaller in the CF3-substituted complex is evident by the 

comparatively larger shift ̃(C≡O) of 60 cm-1 as compared to that of ̃(C≡O) = 41 
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cm-1 in Ru2DBzM-RuOMe0/•+. The NBO analysis (Figure 58, bottom left) illustrates this 

as it predicts a relatively larger change in the charge density on the central {Ru} entity 

than on the styryl ligand when compared to its 4-methoxystyryl counterpart. The -

diketonato-based C=O and C=C stretches experience a slight redshift in agreement 

with the increased electron affinity of the oxidized ruthenium styryl fragment. At 1610 

cm-1 a new band with a shoulder at 1601 cm-1 gains intensity. In contrast to Ru2DBzM-

RuOMe•+, where this vibration clearly corresponds to the quinoid stretch of the 4-

methoxystyryl ligand, the quantum chemical analysis virtually assigns no oscillator 

strength to the analogous vibration of Ru2DBzM-RuCF3
•+. Vibrations of matching 

character on both benzoyl moieties at roughly 1600 cm-1 are predicted instead. This 

would assign a higher, but still limited degree of non-innocent character to the 

dibenzoylmethane chelate ligand. This is rationalized by the more metal-centered 

nature of the local HOMO of the central styryl ruthenium fragment. The reluctance of 

the 4-(trifluoromethyl)phenyl unit to undergo quinoidal distortion will also play an 

important role. The CF3-substituted styryl ligand lacks the mesomeric stabilization of 

the positive charge as provided by the lone pairs on the heteroatoms in phenols, 

anilines or halogenated arenes. Consulting the change in charge density in Figure 58 

(bottom, left) this relatively higher contribution of the DBzM moiety seems to be limited 

to the styryl sidearms as the charge density on the -ketoenolato ligand does not 

change in Ru2DBzM-RuCF3 up until its tricationic state.  

The IR-signature of the dication Ru2DBzM-RuCF3
2+ (see Figure 63, left) is comparable 

to that of its methoxy congener in terms of the Ru(CO) stretches with bands at 1920 

cm-1 and 1976 cm-1. Although the two styryl ruthenium units are intrinsically different, 

the band at higher energy could not be deconvoluted into two separate bands. This is 

supported by DFT with values for ̃calc(C≡O) of 1966 cm-1 and 1968 cm-1, respectively. 

The ketoenolate-based C=O and C=C stretches remain essentially unaltered 

compared to the monocation, which is in reasonable agreement with the calculated 

number of bands and their respective energies. This provides further proof for the 

innocence of the -ketoenolato ligand even when serving as part of the styryl ligand.  
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Figure 63|: Changes of the IR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2DBzM-RuCF3 during the 

second (left) and third (right) oxidation in the Ru(CO) and ligand-based C=O/C=C stretching regions. 

The trication Ru2DBzM-RuCF3
3+ also suffers from a limited chemical stability as is 

evident from the presence of a residual band associated with the dication before 

decomposition sets in (see Figure 63, right). It is however not as severe as in 

Ru2DBzM-RuOMe3+. The higher stability of the CF3-substituted styryl complex is likely 

due to the slightly higher LEWIS acidity of the RuCF3 fragment, which can hence better 

tolerate the loss in overall binding strength of the chelating ligand. The predicted 

energies for the individual Ru(CO) stretches are with 1999 cm-1, 2000 cm-1 and 2001 

cm-1 not only virtually identical, but also again significantly higher in energy than the 

experimentally obtained value of 1980 cm-1. Obviously, quantum chemistry 

underestimates the contribution by the dibenzoylmethane motif to the charge 

distribution in the tricationic state. The same holds true for Ru2DBzM-RuOMe3+. The 

experimentally obtained data for the peripheral styryl ruthenium moieties are nearly 

identical for the two complexes, while the C≡O stretch assigned to the central, hexa-

coordinated ruthenium moiety is by 10 cm-1 lower in energy as compared to Ru2DBzM-

RuCF3. This is the expected energy difference when comparing oxidized styryl 

ruthenium complexes with 4-anisyl and 4-trifluoromethylphenyl ligands.83  

Coordinatively saturating the peripheral ruthenium coordination centers by replacing 

the Cl- ligands by acac- furnishes Ru2
acacDBzM-RuCF3. The near chemical equivalence 

of all three {Ru} moieties results in a composite band for the three Ru(CO) stretches at 

1899 cm-1. The theoretical values of 1902 cm-1, 1905 cm-1 and 1906 cm-1 also argue 

for very similar electron densities on all three {Ru} fragments. The introduction of two 

further -ketoenolato ligands naturally leads to the presence of additional C=O und 

C=C bands in the mid-IR. In general, they are however very similar in energy to those 

of found in Ru2DBzM-RuCF3 except for the band at 1592 cm-1. This band could clearly 

be assigned to the C=O stretch of the peripheral acac ligands.  
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Figure 64|: Changes of the IR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2
acacDBzM-RuCF3 during 

the first oxidation in the Ru(CO) and ligand-based C=O/C=C stretching regions. 

Oxidation to Ru2
acacDBzM-RuCF3

•+ leads to a loss in intensity and a slight blueshift of 

the original Ru(CO) band to 1904 cm-1and the appearance of an additional Ru(CO) 

band at 1966 cm-1. This band pattern does not per se allow for a clear statement 

whether inversion of the redox sequence with respect to Ru2DBzM-RuCF3 prevails. 

DFT calculations however support that this is indeed the case as the mode of highest 

energy, at ̃calc = 1956 cm-1, is now assigned to a Ru(CO) stretch of one of the peripheral 

{Ru} moieties. The other two modes are predicted to be at 1908 cm-1 and 1906 cm-1. 

They are assigned to the central and the formally neutral, peripheral {Ru} center. This 

is consequently also reflected by the NBO analysis (Figure 58, bottom right) as the 

majority of the positive charge resides on (one of) the peripheral styryl ruthenium units. 

Please note that this graphic does not differentiate between the two chemically equal 

redox sites. Interestingly, the limited contribution of the central RuCF3 moiety to the 

first oxidation, as inferred by the NBO analysis, leaves a fingerprint in the IR spectrum 

in form of a band at 1606 cm-1. This band could unambiguously be assigned to the 

quinoidal C=C stretch of one of the two benzoyl fragments on the DBzM ligand (̃calc = 

1609 cm-1). The DBzM based C=O stretch at 1576 cm-1 remains virtually unaltered in 

energy but gains in intensity, which is most likely due to the increased asymmetry of 

the overall charge distribution within this ligand. The asymmetric C=C-C stretch of the 

latter motif also experiences a slight redshift by 17 cm-1 to 1469 wavenumbers, which 

is correctly mirrored by the calculated value. 
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Figure 65|: Changes of the IR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2
acacDBzM-RuCF3 during 

the second oxidation in the Ru(CO) and ligand-based C=O/C=C stretching regions. 

With further oxidation to the corresponding dication (see Figure 65) the low-energy 

Ru(CO) band continues to decrease in intensity and is shifted to 1909 cm-1, while the 

one at higher energy displays an exactly opposite behavior and is now found at 1968 

cm-1. According to results from the vibrational analysis, which again yields nearly the 

same values for both possible spin states, the hypsochromic band comprises the two 

coupled C≡O stretching modes of the two peripheral {Ru} entities with ̃calc = 1960 cm-1 

and 1962 cm-1, respectively. One can therefore safely assume that the redox sequence 

is completely inverted by coordinatively saturating the outer ruthenium centers. The 

section of the IR spectrum between 1650 cm-1 to 1450 cm-1 is not very different in 

Ru2
acacDBzM-RuCF3

2+ than it is for the monocation with the exception of a shoulder at 

1567 cm-1 which might be due to a DBzM-based quinoidal C=C stretch as suggested 

by a mode at a predicted energy of 1577 cm-1. 

 

Figure 66|: Changes of the IR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of Ru2
acacDBzM-RuCF3 during 

the second oxidation in the Ru(CO) and ligand-based C=O/C=C stretching regions. 
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Despite the increase in electron density on the chelate ligand through coordinative 

saturation of the peripheral redox sites, full conversion to the tricationic state could not 

be achieved before decomposition set in (see Figure 66). Nevertheless, the band at 

relatively higher energy is clearly shifted to even higher energy and now found at 1978 

cm-1. Deconvolution of this absorption feature into two bands did not improve the 

overall fit under consideration of the residual signal by the dication. Moreover, DFT 

calculations predict very similar energies of the respective vibrations with differences 

of only two wavenumbers between the individual modes. The computed ̃(C≡O) 

energies of ca. 2000 cm-1 are again significantly higher than what is found in the 

experiment, analogously to what was noted for the other complexes of this series. The 

assumed spin state has again no impact on the energy of these vibrations. The 

similarity of Ru2
acacDBzM-RuCF3

3+ with Ru2DBzM-RuCF3
3+ is maintained in the C=C 

and C=O stretching region of the central dibenzoylmethane motif as the number of 

indicative vibrations is lower compared to the other oxidation states while the energy 

of the remaining, clear features is very similar between them.  

In general it can be said that the ambiguity of the “true” position of any particular 

Ru(CO) band in the triruthenium complexes, which is a consequence of their electronic 

similarity, does not allow for the precise determination of the charge-delocalization 

parameter. Using the obtained data for Ru2
acacDBzM-RuCF3 the obtained value of 

~0.05 must be seen as equal to that of Ru2DBzM-RuCF3 or Ru2DBzM-RuOMe. The 

infrared signatures of these complexes in their various oxidation states are therefore 

not a viable probe to investigate, how a change in the oxidation state of the central 

redox moiety influences the electronic communication between the two peripheral 

ones. Furthermore, no clear indication for a non-innocence of the -ketoenolato ligand 

within the analysis of the framework of a dibenzoylmethane molecule was obtained. 

4.5. UV/Vis/NIR Spectroelectrochemistry 

Although analysis of the band shifts and pattern of the Ru(CO) stretching vibrations in 

di- or generally multinuclear styryl ruthenium complexes constitute a particularly useful 

tool to assess the degree of charge (de)localization in their mixed-valent forms, they 

limit the overall picture of electron transfer to only the diabatic pathway. Electronic 

absorption spectroscopy, especially in the NIR region, sheds light on the adiabatic 

processes as well, thereby providing an additional tool to evaluate the strength of 

electronic coupling between the chemically equivalent as well as inequivalent redox 

centers. In IR-SEC measurements the carbonyl ligand provided conclusive information 

on the redox state of the analyte. Such an exact probe is however absent in 
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UV/Vis/NIR-SEC measurements, so at any given potential the relative amounts of each 

species are not precisely known. This is particularly important in oxidation states of 

lower thermodynamic stability, i.e. a small E1/2 value relative to the neighboring 

oxidation states. Furthermore, the propensity for the higher oxidized forms to undergo 

degradation due to the loss in binding strength of the chelate ligand is potentially 

increased by the irradiation with ultraviolet light. For this reason, the assignment of 

molar absorption coefficients to the oxidized forms of lower thermodynamic/kinetic 

stability was waived. To aid with the band assignment to specific transitions, TD-DFT 

calculations were employed. The experimentally collected data for all four complexes 

in all their accessible redox states as well as the corresponding calculated transitions 

are collected in Table 9.  

Table 9|: UV/Vis/NIR data of the complexes in their various oxidation statesa 

 charge max [nm] ( [M-1 cm-1]) 

TD-DFT calc. transitions 

 [nm] contribution (minor) character 

Ru2DBzM-
BF2 

0 575 (64600) 503 H → L π - π*/MLCT 

1+ 

470 (-), 510 (-), 560 (-), 
710 (-),1560 (-) 

1728 

649 

511 

β-H → β-L 

β-H-3 → β-L (α-H → α-L) 

α-H → α-L (β-H → β-L+1)  

IVCT 

π - π*/IVCT 

π - π*/IVCT 

2+ 

500 (31400), 710 (sh), 
~960 (-) 

899 

666 

474 

β-H → β-L (β-H-1 → β-L) 

β-H-2 → β-L 

α-H → α-L 

MLCT 

π - π* 

π - π* 

Ru2DBzM-
OMe 

0 

430 (43300) 478 

407 

H → L 

H-1 → L 

ML-L’CT 

π - π* 

1+ 

435 (43100), 735 (4800), 
~1000 (2900) 

1030 

905 

646 

437 

 β-H-1 → β-L 

β-H-2 → β-L 

β-H-7 → β-L 

a-H → a-L 

L-ML’CT 

L-ML’CT 

π - π* 

π - π* 

2+ 

440 (-), 670 (-), 735 (-), 
~1000 (-) 

 H → L 

H-2 → L; (H → L) 

 

Ru2DBzM-
CF3

 0 

375 (sh), 430 (52400) 437 

407 

H → L 

H-1 → L 

ML-L’CT 

π - π* 
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1+ 

435 (33000), 570 (sh), 

660 (sh), ~800 (sh), 1280 
(3600) 

1377 

1099 

686 

450 

 β-H-1 → β-L 

β-H-2 → β-L 

β-H-7 → β-L 

a-H → a-L; (β-H → β-
L+1) 

L-ML’CT 

L-ML’CT 

π - π* 

π - π* 

2+ 

430 (-), 570 (-), 660 (sh), 
~800 (-) 

 H → L 

H-2 → L; (H → L) 

 

Ru2
acacDBzM-

CF3 

0 

330 (29500), 380 (sh), 
583 (38700) 

661 

364 

351 

H → L 

H → L+4; (H-4 → L) 

H → L+4; (H-6 → L; H-4 
→ L) 

ML-L’CT 

ILCT 

ML-L’CT 

1+ 

998 (-), 1120 (-), 1550 (-), 
1860 (-) 

1339 

885 

β-H → β-L; (α-H → α-L) 

α-H → α-L 

IVCT 

ML-L’CT 

2+ 

695 (sh), 756 (74000) 814 

717 

H → L  

H-2 → L; H → L 

π - π* 

π - π*, MLCT 

3+     

a) In CH2Cl2/0.1 M NBu4BArF 

The absorption profile of Ru2DBzM-BF2 is dominated by a strong absorption feature at 

max  = 575 nm (max = 64600 M-1 cm-1) which is responsible for this compound’s vibrant 

purple color, reminiscent of the permanganate anion (see Figure 67, left). According 

to the TD-DFT calculations, and in agreement with the spectroscopic data collected for 

other difluoroboron dibenzoylmethane coordination compounds,220,221 it is the result of 

a -* transition on the DBzM ligand with partial MLCT character from the electron-rich 

vinyl ruthenium entities to the electron-poor BF2--ketoenolato moiety. The latter 

component expresses the auxochromic influence of the vinyl ruthenium moiety as the 

transition is considerably redshifted relative to other difluoroboron dibenzoylmethanes 

with electron-donating substituents such as methoxy222 (max = 412 nm) or 

dimethylamino223 (max = 481 nm). The rigidity of the -conjugated system and the 

polymethine nature of these compounds renders them also attractive luminophors.224 

For Ru2DBzM-BF2 however no luminescence could be detected by the naked eye, so 

further studies were omitted.  
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Figure 67|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF) of Ru2DBzM-BF2 during the 

first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right) 

  

Figure 68|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral Ru2DBzM-BF2 and graphical 

representations of MOs with the largest contributions to the relevant transitions. 

Gradual oxidation of the analyte with concomitant formation of Ru2DBzM-BF2
•+ leads 

to the replacement of the band at 575 nm by three, closely spaced bands with max 

values of 560 nm, 510 nm and 470 nm alongside the formation of a shoulder at 710 

nm. TD-DFT does not predict the presence of three closely spaced transitions but only 

a single one at calc = 511 nm, so that its structuring is likely due to vibrational 

coexcitations. The other band is predicted to be the result of a transition at calc = 649 

nm. Both transitions are of mainly -* character with an underlying IVCT character as 

the respective donor and acceptor spin orbitals are biased to a different styryl 

ruthenium entity. In addition, a weak NIR band is discerned. Its absorptivity is so weak 

that in the UV/Vis/NIR spectrum it is merely visible as a lift in the signal’s background. 

It can however be clearly located by the NIR detector of the IR spectrometer used for 

the IR-SEC experiments. It is found at 6410 cm-1, which corresponds to a max of 

1560 nm. The calculated excitation wavelength of 1728 nm agrees well with the 

experiment, while the relative absorptivity of this transition is overestimated by the 

calculations. As evident from Figure 69 this band is the result of a -HOSO to -LUSO 

transition and hence corresponds to the intervalence charge transfer transition from 
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the formally reduced styryl ruthenium moiety to the oxidized congener. The fact that 

even the transitions of higher energies inherit such IVCT character points towards the 

pronounced asymmetric charge distribution across the dibenzoylmethane backbone.  

 

 

 

Figure 69|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic Ru2DBzM-BF2
•+

  and 

graphical representations of MOs with the largest contributions to the relevant transitions. 

Oxidizing the sample further to give Ru2DBzM-BF2
2+ leads to a sharpening and a 

blueshift of the main Vis band to 500 nm while the shoulder at ca. 710 nm is maintained. 

As was the case for the prediction for the Ru(CO) bands, the spectral profiles computed 

for the triplet-state agree significantly better with the experimental findings as those for 

the singlet state as evident from Figure 71. Both transitions in the visible spectrum are 

characterized as ligand-based -* transitions with computed wavelengths of calc = 

474 nm and 666 nm. The hypsochromically positioned band thereby corresponds to 

the HOSO-LUSO transition within the -manifold, while the one at lower energy 

corresponds to the -HOSO-2 to -LUSO transition. The disappearance of the low-

energy NIR band concomitant with the formation of the dication (see Figure 70, right) 

confirms its IVCT nature. The rise in absorbance above 8000 cm-1 (1250 nm) with a 

max at ca. 960 nm likely corresponds to a predicted transition at calc = 899 nm. It arises 

from a shift of electron density from the ruthenium ions and their respective chloro 

coligands to the DBzM backbone. The lack of a clean isosbestic point however points 

towards a rather limited stability of Ru2DBzM-BF2
2+ under the conditions of 

UV/Vis/NIR-SEC. 
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Figure 70|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF) of Ru2DBzM-BF2 during the 

second oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right) 

  

   

Figure 71|: TD-DFT calculated UV/Vis/NIR absorption spectrum of diationic Ru2DBzM-BF2
2+ in the singlet 

state (top left) and the triplet state (top right) and graphical representations of MOs with the largest 

contributions to the relevant transitions. 

  



Dibenzoylmethane-modified, Multinuclear Vinyl Ruthenium Complexes 

104 

 

Ru2DBzM-RuOMe and Ru2DBzM-RuCF3 show UV/Vis absorption spectra very similar 

to Ru2DBzM-BF2. Both are dominated by a single band at the high-energy edge of the 

visible spectrum at max = 430 nm (Figure 72, left). For the CF3-substituted derivative 

a shoulder can be identified at ca. 375 nm. For both, the character is best described 

as a -* transition within the dibenzoylmethane ligand with MLCT contributions from 

the peripheral styryl ruthenium moieties. In both cases it corresponds to the HOMO-1 

to LUMO transition. The charge-transfer component is however less pronounced as 

evident from the blueshift of this band by 5860 cm-1 compared to the BF2-analogue and 

in line with significantly diminished electron accepting properties of the only mildly 

LEWIS-acidic metal entity bound by the ketoenolato chelate. The transition between the 

immediate frontier orbitals, i.e. a charge transfer from the hexa-coordinated styryl 

ruthenium moiety to the DBzM ligand, is predicted to be at calc = 478 or 437 nm, 

respectively. The relatively low oscillator strength associated to this transition (see 

Figure 73) as well as energetic proximity to the dominating transition explains their 

absence as distinct features in the recorded spectra.  

  

  

Figure 72|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF) of Ru2DBzM-RuOMe (top) 

and Ru2DBzM-RuCF3 (bottom) during the first oxidation with corresponding excerpt from the IR/NIR 

spectrum (right). 



Dibenzoylmethane-modified, Multinuclear Vinyl Ruthenium Complexes 

105 

 

  

  

Figure 73|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral Ru2DBzM-RuOMe (top left) 

and Ru2DBzM-RuCF3 (bottom left) and graphical representations of MOs with the largest contributions to 

the relevant transitions at the example of Ru2DBzM-RuOMe. 

With increasing concentration of monocationic Ru2DBzM-RuOMe•+ on traversing the 

first oxidation the formation of two distinct bands at 735 nm and ~1000 nm becomes 

evident while the dominant absorption band at higher energy is virtually unchanged. In 

the corresponding spectrum of Ru2DBzM-RuCF3
•+ this band however loses in intensity 

and becomes similarly structured as it was observed for Ru2DBzM-BF2. The radical 

cations also feature a weak band in the NIR (see right panels in Figure 72). The latter 

is redshifted in Ru2DBzM-CF3
•+ (7800 cm-1; 1280 nm) as compared to its methoxy 

congeners (10000 cm-1; 1000 nm). For both radical cations this absorption feature is 

most likely a composite band of transitions at predicted wavelengths of calc = 1030 nm 

and 905 nm for the methoxy and calc = 1377 nm and 1099 nm for the trifluoromethyl 

compound (see Figure 74). For both molecules they constitute the transitions from the 

HOSO-1/HOSO-2 to the LUSO within the -manifold and are best described as charge-

transfer transitions from the diruthenium appended DBzM conjugate to the hexa-

coordinated styryl ruthenium entity. Due to this similarity, EDDM and corresponding 

orbital contour plots are only shown for Ru2DBzM-RuOMe•+. The redshift of these 

transitions in Ru2DBzM-RuCF3
•+ compared to Ru2DBzM-RuOMe•+ is a direct 

consequence of the increased electron-withdrawing properties of the trifluoromethyl 
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substituent as it lowers the energy of the unoccupied acceptor orbital. Furthermore, the 

band found at a max value of 735 nm in the methoxy substituted radical cation and at 

ca. 800 nm in the trifluoromethyl congener is predicted by the quantum chemical 

calculations to correspond to mainly a -* transition on the central styryl ruthenium 

moiety with minor charge-transfer contributions by the dibenzoylmethane ligand. The 

relation between the calculated wavelengths of 646 nm (R = OMe) and 686 nm (R = 

CF3) mirrors the observed redshift for this band for the CF3-substituted congener. 

These findings agree well with what is found for the corresponding band in the oxidized, 

penta-coordinated precursor complexes with max values of 625 and 692 nm, 

respectively, when also considering the bathochromic shift caused by the CT 

contributions.83,225 

  

 

 

 

Figure 74|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic Ru2DBzM-RuOMe•+ (top 

left) and Ru2DBzM-RuCF3
•+ (bottom left) and graphical representations of MOs with the largest 

contributions to the relevant transitions at the example of Ru2DBzM-RuOMe. 



Dibenzoylmethane-modified, Multinuclear Vinyl Ruthenium Complexes 

107 

 

  

Figure 75|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF) of Ru2DBzM-RuOMe 

during the second oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

Upon further oxidation to the dication Ru2DBzM-RuOMe2+ the absorbance in the NIR 

and in the range of ca. 600 to 800 nm increases further while the band at 440 nm 

remains virtually unaltered. Of particular note is the formation of a new feature at 670 

nm. As in the mixed-valent dication three redox-active moieties are present, two of 

which are chemically inequivalent, a large number of potential electronic transitions 

between them is possible. The propensity of these low-energy IVCT-type transitions to 

couple with vibrational modes adds to the difficulty of band assignment due to the 

entailed line broadening. The recorded UV/Vis/NIR spectrum (Figure 75, left) agrees 

better with the computed spectra of the dication in the triplet state (Figure 76, top left) 

rather than the singlet state (Figure 76, bottom left) in analogy to the observations 

made for Ru2DBzM-BF2
2+ as it reproduced the relatively strong absorptivity in the 

region between 600 to 1000 nm. The ambiguous nature of the results from IR 

spectroscopy regarding the strength of electronic coupling on the basis of diabatic 

electron transfer between the two terminally appended, mixed-valent styryl ruthenium 

moieties, also holds true for the adiabatic process as the predicted IVCT band at calc 

= 1752 nm (Figure 76, left) is not observed in the experimental spectrum (Figure 75, 

right). Based on the finding for Ru2DBzM-BF2
•+ the classic IVCT would only be 

discernable as a lift in the spectral background and therefore concealed easily by more 

strongly absorbing NIR bands. The small drift in the predicted values for these two 

transitions to 1120 nm and 859 nm respectively, compared to 1030 and 905 nm, 

supports this hypothesis. While for both redox states the predicted character of a 

−ketoenolato to RuOMe charge-transfer is identical (compare to Figure 74, bottom 

middle), in the dication, the donor moiety is naturally confined to the formally reduced 

styryl ruthenium arm (see Figure 76, top right). These two moieties can therefore be 

understood as an asymmetric, mixed-valent system. The increase in the absorptivity 

of this band is due to the augmenting of this former type of transition by IVCT from the 

reduced to the oxidized peripheral styryl ruthenium entity. In analogy to the previous 
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reasoning, the band at max = 735 nm is likely to maintain its dominantly -*-based 

character (compare to Figure 74), supported by the predicted transition at calc = 645 

nm. As a consequence, the newly formed band at max = 670 nm and calc = 610 nm is 

likely the result of a transition with very similar character with the additional CT 

contribution from the six-coordinated, central 4-methoxystyryl ruthenium fragment to 

the oxidized, peripheral styryl ruthenium entity. 

  

  

Figure 76|: TD-DFT calculated UV/Vis/NIR absorption spectrum of diationic Ru2DBzM-RuOMe2+ in the 

triplet state (top left) and the singlet state (bottom left) and graphical representations of MOs with the 

largest contributions to the relevant transitions. 

For Ru2DBzM-RuCF3
 the differences in the UV/Vis/NIR spectral properties between 

the mono- and dication seem to be even more nuanced than for its 4-methoxy 

substituted analog. As evident from Figure 77 one can only note an increase in 

absorbance of the bands at 570, 660, ca. 800 and 1280 nm.  
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Figure 77|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF) of Ru2DBzM-RuCF3
2+ 

during the second oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

The similarly small changes observed during the IR spectroscopic investigations of 

Ru2DBzM-RuCF3
2+ (see Figure 63) suggest that the oxidation of one of the terminally 

appended redox entities affects the relevant orbitals even less in Ru2DBzM-RuCF3
2+ 

than it does in Ru2DBzM-RuOMe2+. Oxidation of one of the peripheral styryl ruthenium 

moieties introduces a second acceptor moiety besides the RuCF3 entity in the chelate 

pocket. That this additional electron acceptor is very similar in energy to the first one is 

not only inferred by their very similar Ru(CO) stretching energies to the point where 

deconvolution could not be performed (vide supra), but is also supported by the change 

in character of certain transitions. While the difference in the computed electronic 

spectra for a closed-shell or an open-shell configuration are smaller for the 

trifluoromethyl-substituted complex as compared to the methoxy congener, the triplet 

state still seems to be again the more reasonable option. The accompanying 

calculations predict a transition at calc = 1076 nm with main contributions by the 

HOSO-1 and LUSO+1 within the -manifold with, at first glance, a character similar to 

that for the radical cation (see Figure 74, bottom middle). However, while for 

Ru2DBzM-RuOMe2+ this charge-transfer character from the -ketoenolato to the hexa-

coordinated styryl ruthenium entity is maintained (vide supra), in Ru2DBzM-RuCF3
2+ 

the electron-accepting orbitals are nearly equally distributed over the oxidized 18 VE 

and 16 VE styryl ruthenium moieties (see Figure 78, top right). The extension of the 

-LUSO+1 across both of these two oxidized fragments also manifests itself in two 

additional transitions at calc = 592 and 575 nm with predominantly CT character in 

which the reduced styryl ruthenium fragment acts as the electron donor. The large 

number of involved orbitals does not allow for the identification of one specific donor 

orbital (see Figure 78, bottom right). 
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Figure 78|: TD-DFT calculated UV/Vis/NIR absorption spectrum of diationic Ru2DBzM-RuCF3
2+ in the 

triplet state (top left) and the singlet state (bottom left) and graphical representations of MOs with the 

largest contributions to the relevant transitions. 

As mentioned during the discussion on the IR spectroscopic properties of the 

triruthenium complexes, full conversion to their respective trication could not be 

achieved in an OTTTLE cell. This instability, which is most likely the result of the loss 

in donor capacity of the chelate ligand, seems to be only exaggerated by the irradiation 

with light, as continued electrolysis under the conditions of UV/Vis/NIR-SEC only led 

to degradation with no observable isosbestic points. Their discussion will therefore be 

omitted. 
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Figure 79|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF) of Ru2
acacDBzM-RuCF3 

during the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

Coordinative saturation of the terminally appended {Ru} moieties by acac- has no 

significant impact on the UV/Vis absorption spectrum of Ru2
acacDBzM-RuCF3 (see 

Figure 79, left) compared to Ru2DBzM-RuCF3. The dominant absorption feature is 

found a max = 450 nm with a comparable molar absorption coefficient of max = 

52100 M-1 cm-1 and corresponds to the HOMO to LUMO transition. The small redshift 

of 760 cm-1 relative to the corresponding HOMO-1 to LUMO transition in Ru2DBzM-

RuCF3 is the result of the small increase in the energy of the occupied frontier orbital 

through the attachment of the donating acac- ligands. This transition is however found 

at significantly higher energy (̃ = 4830 cm-1) compared to the boron-containing 

analog, showcasing the rather low LEWIS acidity of the central RuCF3 fragment 

compared to BF2. 

  

Figure 80|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral Ru2
acacDBzM-RuCF3 (left) 

and graphical representations of MOs with the largest contributions to the relevant transition. 

Oxidation to monocationic Ru2
acacDBzM-RuCF3

•+ has a similar impact on the 

absorption characteristics in the visible range as for its congener with two terminal 

16 VE moieties, in that the prominent Vis band starts to fade while a shoulder at ca. 

550 nm starts to form alongside a distinct peak at 740 nm. The increase in absorptivity 
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in the near infrared is however more substantial and extends across the entire range 

of the detector of the UV/Vis/NIR spectrometer. Based on what is observed during the 

second oxidation (vide infra), this band comprises of at least two underlying transitions 

at ca. 1250 nm (8000 cm-1) and ca. 2500 nm (4000 cm-1). The latter of these 

corresponds to the IVCT transition between the two peripheral styryl ruthenium entities 

- a consequence of the inversion in the locus of the first oxidation. The predicted calc 

value of 2315 nm fits surprisingly well to the suspected max value around 2500 nm. 

Although mainly a transition between the -HOSO and -LUSO, it contains admixture 

by the -HOSO-1 (see Figure 81, middle left), hinting at the energetic similarity 

between the formally reduced, peripheral styryl ruthenium entity and the central styryl 

ruthenium moiety inside the chelate pocket. The inverse of this transition with a 

dominant contribution by the -HOSO-1 is predicted to be located at calc = 1952 nm 

and can therefore contribute similarly to the NIR absorbance (Figure 81, middle right).

  

Curiously, according to the TD-DFT calculations (see Figure 81, top left) the IVCT 

between the non-equivalent redox sites actually produces the band of higher 

absorptivity. This implies that adiabatic electronic coupling between the peripheral and 

central redox moieties is actually stronger than that between the two terminally 

appended styryl ruthenium moieties. The third transition in question has a predicted 

calc value of 1066 nm and is similar in character to the band found at 1250 nm in 

Ru2DBzM-RuCF3
•+ or at 1000 nm in Ru2DBzM-RuOMe•+ (compare to Figure 74, 

bottom middle). In the present case however the central -ketoenolato ruthenium 

moiety and the formally reduced {Ru}(acac) entity, while the electron acceptor is 

formed by the oxidized, peripheral styryl ruthenium moiety (Figure 81, bottom left). The 

distinct feature at the low-energy edge of the visible spectrum at max = 740 nm 

(calc = 661 nm) is reminiscent of the band found at 735 nm, or ca. 800 nm, respectively, 

in the two previously discussed triruthenium complexes. Its character can be described 

as a -* transition on the oxidized styryl ruthenium moiety, however with additional 

CT contribution by the two RuII atoms.  
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Figure 81|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic Ru2
acacDBzM-RuCF3

•+ 

(top left) and graphical representations of MOs with the largest contributions to the relevant transition. 

Removal of a second electron to furnish Ru2
acacDBzM-RuCF3

2+ has a comparable 

impact on its Vis spectrum compared to that of the two previously discussed complexes 

(see Figure 82). The DBzM-based -* transition continues to lose in intensity while 

the shoulder at ca. 550 nm and the peak at 740 nm become more strongly absorbing. 

The triplet state-based quantum chemical calculations match the experimentally 

obtained spectrum again better (Figure 83, top left) than those with an assumed spin 

state of S = 0 (Figure 83, bottom left). In consequence, the increase in absorptivity of 

these two bands confirms their nature as transitions directed to orbitals located on the 

two peripheral, radical cationic styryl ruthenium moieties. In the NIR the band predicted 

to occur at calc = 1066 nm also continues to grow while maintaining its character of a 
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MLCT from all three acac ruthenium entities to the styryl moieties of the DBzM 

backbone. In the NIR spectrum (Figure 82, right) it is visible as a sperate band at ca. 

10500 cm-1 (950 nm). At lower energies, the intensity of the band with a max of ca. 

8000 cm-1 (1250 nm) also increases. This band can be assigned to transitions at 

calc = 2196 nm or 1707 nm, both of which are best described as CTs from the central 

RuCF3 fragments to the oxidized diruthenium-appended DBzM chelating ligand. The 

former one corresponds to the HOSO to LUSO transition while for the latter the 

HOSO-1 denotes the donor orbital, both within the -manifold. The concomitant 

decrease in absorbance below 6000 cm-1 is a token that the transition of lowest energy 

in Ru2
acacDBzM-RuCF3

•+ is indeed the IVCT transition between the two terminally 

appended mixed-valent styryl ruthenium entities. 

  

Figure 82|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF) of Ru2
acacDBzM-RuCF3

2+ 

during the second oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

Although converting the two peripheral styryl ruthenium moieties into 18 VE complexes 

also renders the dibenzoylmethane chelating ligand slightly more electron-rich, this is 

not sufficient to stabilize the exhaustively oxidized species Ru2
acacDBzM-RuCF3

3+ to a 

point where it can be generated and analyzed under the conditions of UV/Vis/NIR-SEC. 

Its instability is potentially even increased as compared to Ru2DBzM-RuOMe and 

Ru2DBzM-RuCF3, since in dicationic Ru2
acacDBzM-RuCF3

2+ the DBzM ligand has 

taken the full brunt of the oxidation while in the former two complexes it is shared 

between the styryl ligands of the central styryl ruthenium and the DBzM moiety. 
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Figure 83|: TD-DFT calculated UV/Vis/NIR absorption spectrum of diationic Ru2
acacDBzM-RuCF3

2+ in 

the triplet state (top left) and the singlet state (bottom left) and graphical representations of MOs with the 

largest contributions to the relevant transitions. 

4.6. EPR spectroscopy 

EPR spectroscopic analysis of the triruthenium DBzM-based complexes in their 

oxidized, paramagnetic states became at times challenging due to their limited 

thermodynamic stabilities as indicated by their low comproportionation constants. 

Another problem is their tendency to decompose, which applies in particular to the fully 

oxidized forms. The chemical similarities between the individual redox-active moieties 

pose additional problems in identifying the respective redox site. This holds particularly 

true for Ru2
acacDBzM-RuCF3

•+, Ru2DBzM-RuCF3
2+ and Ru2DBzM-RuOMe2+. The 

relatively high oxidation potentials of the fully oxidized forms further complicated their 

generation as the solubility of the required oxidant 1,1’-diacetylferrocenium 

hexafluoroantimonate (E1/2 = 490 mV), is very limited in CH2Cl2. The prolonged reaction 

times required for generating the oxidized form therefore pose an additional problem. 

The stronger but more soluble oxidants such as tris-(4-bromophenyl)amminium 

hexafluoroantimonate (“Magic Blue”, E1/2 = 700 mV)226 is also not without its problems, 

which is either due to its inherently strong EPR signal and its propensity to undergo a 

dehalodimerization reaction with its reduced triphenylamine form to give the mixed-
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valent N,N’-tetrakis-(4-bromophenyl)benzidine radical cation (“Blues Brother”), which 

has a significantly lower oxidation potential (E1/2 = 460 mV)227 and also shows a strong 

EPR signal. “Magic Blue” could however be used to generate Ru2DBzM-BF2
2+ and 

Ru2
acacDBzM-RuCF3

3+ by titration at -20 °C and repeated recording of EPR spectra 

until the onset of formation of the signal corresponding to “Blues Brother” was 

observed. As the diruthenium complex Ru2DBzM-BF2 constitutes the simplest 

molecule in this series it will again be discussed first. Table 10 compiles the EPR data 

of all complexes in this series. 

Table 10|: EPR data of the complexes in all accessible oxidized states. a) Simulation of the recorded 

spectrum was not conducted due to the ambiguity as to the compound’s identity. 

 charge giso hfs [Gauss] 

Ru2DBzM-BF2 

+ 2.039 - 

2+ 2.042 2x 31P (22.1), 1x 1H (12.5), 1x 1H (9.6),1x 99/101Ru (13.5) 

Ru2DBzM-RuOMe 

+ 2.037 1x 99/101Ru (14.4) 

3+ 2.042 -a 

Ru2DBzM-RuCF3 

+ 2.038 1x 99/101Ru (14.4) 

3+ 2.040 -a 

Ru2
acacDBzM-RuCF3 

+ 2.035  - 

2+ 2.037 - 

3+ 2.044 - 

 

The radical cation Ru2DBzM-BF2
•+

 was generated by stirring a solution of the neutral 

complex over substoichiometric amounts of Ac2FcSbF6. It shows an isotropic signal at 

room temperature with a giso-value of 2.039 (see Figure 84, top left). The rather high 

giso-value reflects the electron-poor nature of the DBzM ligand and a relatively large 

metal contribution to the unpaired spin density. Unfortunately, no discernable hyperfine 

splitting could be made out. This is most likely the result of overlapping hfs’s to the 31P 

nuclei of the phosphine ligands, as for such a weakly coupled Class  system, coupling 

to two pairs of phosphorus nuclei of slightly different magnitude is expected.91 

Additional coupling to hydrogen atoms of the bridging moiety and the “pseudo”-meta 

substitution pattern of the linker will further add to line broadening.88 Especially the 

latter two arguments hold true for the other complexes of this series as well.  
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Figure 84|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of Ru2DBzM-BF2 in the 

monocationic at r.t. (top left) and the dicationic state at -20 °C (bottom left) in CH2Cl2 solution along with 

the contour plots of the respective calculated spin density (right side). Signal marked with * denotes the 

signature of the decomposition product of the used oxidant “Magic Blue”. 

Oxidation with a slight excess over 2 eq. of “Magic Blue” at -20 °C (vide supra) gave 

Ru2DBzM-BF2
2+ in a sufficiently large ratio to the radical cation so that its signature 

would not compromise the overall signal (see Figure 84, bottom left). The presence of 

a signal in general and its high intensity in particular, highlight that the open-shell, 

polaron pair form dominates in this complex, as predicted by OVCHINNIKOV’S rule. The 

corresponding spin density confirm that the central -ketoenolato unit bears an only 

small proportion of the overall spin density compared to both styryl ruthenium moieties. 

As is typical for five-coordinated ruthenium alkenyl complexes the EPR signal shows 

hfs to both 31P nuclei of the phosphine ligands. Its magnitude of A(31P) = 22.1 G is 

comparable to that observed for mononuclear, radical cationic, five-coordinated styryl 

ruthenium complexes. This is a clear token that the dioxidized form of Ru2DBzM-BF2 

can be treated as two chemically linked identical halves in terms of its spin distribution. 

Furthermore, hfs to one 99/101Ru nucleus of 13.5 G and a set of protons with A(1H) = 

12.5 G and 9.6 G were necessary to successfully replicate the recorded spectrum 

through simulation. Distinct coupling to two different protons is another hint that most 

of the spin density is located on the {Ru} and vinyl fragments.  

Based on the results by cyclic voltammetry and IR spectroscopy (vide supra) one can 
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safely assume that the unpaired spin in Ru2DBzM-RuOMe•+ mainly resides on the 

central hexa-coordinated styryl ruthenium moiety. Our DFT results agree with this 

rationale, assigning essentially the entire spin density to the RuOMe moiety (Figure 

85, top right). The recorded EPR spectrum of Ru2DBzM-RuOMe•+, which was 

generated by reacting the neutral complex with ferrocenium BArF-, shows an isotropic 

signal at giso = 2.037 with A(99/101Ru) = 14.4 G to one Ru nucleus (see Figure 85, top 

left). The corresponding five-coordinated precursor complex also shows an isotropic 

signal in fluid solution, however at higher field with a giso-value of 2.01483 and hfs to the 

two phosphorus nuclei with a coupling constant of A(31P) = 5.6 G. The absence of this 

hfs and the increase in giso-value is the typical fingerprint for hexa-coordinated 

ruthenium vinyl complex radical cation.89,93,103,201 The latter trend is a direct 

consequence of the increase in valence electron count from 16 to 18, which lowers the 

contribution of the non-innocent styryl ligand to the overall spin density. Of all things, 

the DBzM-capped ferrocene styryl ruthenium conjugates previously studied in the 

WINTER group, break this trend by displaying large hyperfine splitting constants to the 

phosphine ligands with A(31P) ≈ 95 Gauss and even to the proton in meso-position of 

the -ketoenolato chelate with A(1H) = 12 G.79 The lack of the latter coupling for the 

complexes discussed herein is especially surprising in the light that the absence of an 

additional conjugated, mixed-valent moiety in 4-position (Fc vs. OMe) should, as the 

relatively higher giso-value implies, lead to an even higher hfs to Hmeso. Based on this 

result and in contrast to the findings made for the hetero bimetallic conjugate, no non-

innocenct character can be ascribed to the dibenzoylmethane ligand. A possible 

explanation for the absence of this characteristic hfs might be the larger energetic 

mismatch between the DBzM-based frontier orbital and that of the central styryl 

ruthenium entity for the triruthenium complexes of this series.  

The EPR signature of Ru2DBzM-RuCF3
•+ is very similar to that of its 4-methoxy 

congener, also showing an isotropic signal in fluid solution with a giso-value of 2.038 

and hfs to one Ru nucleus of identical magnitude with A(99/101Ru) = 14.4 G (see Figure 

85, bottom left). The computed spin density plot shown in Figure 85 supports that 

virtually the entire spin density is located on the RuCF3 fragment. The negligible 

increase in the giso-value is an additional indicator for the relatively high “metal” 

character of the unpaired spin and consequently the impact of the 4-substituent.  
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Figure 85|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of monocationic 

Ru2DBzM-RuOMe•+ (top left) and Ru2DBzM-RuCF3
•+ (bottom left) at r.t. in CH2Cl2 solution along with the 

contour plots of the respective calculated spin density (right side).  

The dicationic species of both Ru2DBzM-RuOMe and Ru2DBzM-RuCF3 could not be 

generated in sufficiently large quantities compared to their neighboring redox states. 

Especially the rather low E1/2
2+/3+ of ca. 100 mV quickly lead to contamination of the 

EPR signal due to the presence of the tricationic species, while only partial oxidation 

to the dication is not a feasible option as well because, in contrast to the first oxidation, 

the background is no longer diamagnetic. This was further complicated by the lack of 

an oxidizing agent of suitable redox potential - compare E1/2(AcFcSbF6) = 270 mV to 

the E1/2
+/2+ value of the complexes of ≈ 300 mV - as well as the incompatibility with 

either Ac2FcSbF6 or “Magic Blue” in general.  

Treatment of Ru2DBzM-RuOMe with an excess over three equivalents of Ac2FcSbF6 

furnished an EPR signal very similar to that of Ru2DBzM-BF2
2+ with an observed 

giso-value of 2.041 (Figure 86, top left), showcasing the oxidation of the two terminally 

appended five-coordinated styryl ruthenium moieties. While spin pairing can be ruled 

out as a phenomenon between the chemically equivalent redox moieties due to the 

pseudo meta substitution pattern, this is not necessarily the case between two spins 

on two chemically inequivalent sites. The still relatively poor electronic communication 
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between them, as established through the previously conducted IR and UV/Vis/NIR 

spectroscopic measurements as well as inferred by the lack of evidence for the non-

innocence of the DBzM ligand, makes a doublet spin ground state however very 

unlikely for Ru2DBzM-RuOMe3+. In consequence, as characterization by IR could not 

be conducted due to the thermal instability, the similarity to the spectrum recorded for 

Ru2DBzM-BF2
2+ prohibits a statement whether this compound is present as the 

respective trication or has decomposed into the paramagnetic, dicationic diruthenium 

complex and is missing the central styryl ruthenium moiety. As not only Ru2DBzM-

RuCF3
3+ (Figure 86, top right) but also Ru2DBzM-H2+ (Figure 86, bottom) show 

spectra of very similar shape and nearly identical giso-values of 2.040 for the RuCF3 

derivative and of 2.042 for the complex with the empty chelate pocket, no clear 

statement in terms of their identity can be made. 

  

 

Figure 86|:EPR spectrum most likely corresponding to tricationic Ru2DBzM-RuOMe3+ (top left) and 

Ru2DBzM-RuCF3
3+ (top right) as well as dicationic Ru2DBzM-H2+ (bottom) in CH2Cl2 solution. Signal 

marked with * denotes the signature of the used oxidant Ac2FcSbF6. 

Oxidation of Ru2
acacDBzM-RuCF3 with substoichiometric amounts of ferrocenium BArF- 

allowed for the generation of solely its monocationic form which shows a significantly 

broadened isotropic signal in fluid solution (Figure 87, top left). As inferred by the 

previous analytical techniques and predicted by DFT (Figure 87, top right), the entire 

spin density is concentrated on one half of the divinyl diruthenium appended DBzM 

moiety without contribution by the acac- ligand. This renders the spectrum of 
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Ru2DBzM-BF2
•+ more suitable for a comparison than that of the two other triruthenium 

complexes. The giso-value of 2.035 associated to the EPR signal of Ru2
acacDBzM-

RuCF3
•+ is slightly smaller than that recorded for Ru2DBzM-BF2

•+. At first sight this is 

against the commonly observed trend of a larger giso-value with an increasing VE count. 

However, the more strongly pronounced electron-withdrawing character of the 

difluoroboron moiety compared to RuCF3 is potentially overcompensating this effect.  

  

  

  

Figure 87|:EPR spectrum of Ru2
acacDBzM-RuCF3 in the monocationic (top left) and dicationic state 

(middle left) at r.t. as well as tricationic state (bottom left) at -20 °C in CH2Cl2 solution along with the contour 

plots of the respective calculated spin densities (right side). Signal marked with * denotes the signature of 

the decomposition product of the used oxidant “Magic Blue”. 

Further oxidation to either the dication or what is likely to contain the trication does not 

have a significant impact on either the resonance energy or shape of the EPR signal. 

The fingerprint of the doubly charged form Ru2
acacDBzM-RuCF3

2+ is virtually identical 

to that of the radical cation (Figure 87, middle left). The signal obtained after careful 
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titration with “Magic Blue” differs slightly in that the associated giso-value is increased 

to 2.044, matching with what has been found for the other triruthenium complexes 

(Figure 87, bottom left). The lack of resolved hyperfine splittings is again in line for 

what is expected for oxidized hexa-coordinated styryl ruthenium complexes. 

4.7. Summary 

In this chapter the attempt was made to utilize 4,4’-divinylruthenium-functionalized 

dibenzoylmethane (DBzM) as an electron/hole conduit and to reversibly alter the 

electron density within the linker by employing it as a chelating ligand to a third 

ruthenium-based redox unit in the form of the 4-substituted styryl ruthenium complexes 

RuOMe or RuCF3. The ensuing subject was then to assess the degree of charge and 

spin (de)localization in the various mixed-valent states of these systems via the 

established spectroscopic toolbox of IR, UV/Vis/NIR and EPR spectroscopy. The 

central ligand building block, bis-(4,4’-ethynyl)dibenzoylmethane was obtained through 

the CLAISEN condensation of 4-bromoacetophenone and 4-bromo-methylbenzoate, 

followed by the introduction of the ethynyl functionalities by SONOGASHIRA coupling with 

TMSA. The desired compound was then obtained after removal of the TMS protecting 

groups under alkaline conditions. To specifically assess the degree of electronic 

communication between the peripheral vinyl ruthenium entities in the radical cationic, 

mixed-valent state, a derivative of the DBzM-based bridge was devised in which the 

central ligand pocket is occupied by a non-redox active LEWIS acid. Here, the choice 

fell on the difluoroboron fragment (Ru2DBzM-BF2), as it forms stable and electrically 

neutral coordination compounds with -ketoenolato ligands. Its use was further 

motivated by chemical instability of the diruthenium complex with an empty chelate 

pocket (Ru2DBzM-H) towards reacting with itself over time. This also rendered 

Ru2DBzM-H not suitable for the synthesis of the triruthenium complexes to give ill-

defined oligomers. For the synthesis of Ru2DBzM-RuOMe and Ru2DBzM-RuCF3 the 

diethynyl-functionalized chelate ligand was first reacted with the penta-coordinated 

complexes RuOMe or RuCF3 followed by the hydroruthenation reaction with 

HRu(CO)Cl(PiPr3)2 to attach the terminally appended vinyl ruthenium moieties. For the 

trifluoromethyl derivative, the peripheral {Ru} moieties were also transformed into the 

18 VE variants by replacing the chloro ligand for acytelacetonate to give Ru2
acacDBzM-

RuCF3. The rationale behind this was to invert the redox sequence so that the first 

oxidation would not occur at the central redox site as is the case for Ru2DBzM-RuOMe 

and Ru2DBzM-RuCF3, but at one of the peripheral styryl ruthenium moieties. This was 

done to be ultimately able to compare the influence of either an oxidized or a reduced 
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central {Ru} entity on the degree of electronic coupling between the peripheral, mixed-

valent redox sites.  

All complexes were characterized by means of NMR spectroscopy. The signals 

corresponding to the central styryl ruthenium moiety compare well to those observed 

for other hexa-coordinated complexes of this type and are generally governed by the 

properties of the substituent in 4-position. Likewise, the electron-withdrawing character 

of the central -ketoenolato moiety was reflected by the shift of the 31P and 1H 

resonances to relatively lower field. In case of the triruthenium complexes the 

observation of slight differences in the 31P and 1H resonances (e.g. (H) ≈ 0.02 ppm) 

on either arm of the DBzM ligand were thereby a consequence of the relative 

disposition of these arms towards the carbonyl or the styryl ligand on the central {Ru} 

moiety. Through the help of NOESY NMR spectroscopy it was found that the signals 

at higher field correspond to the arm positioned trans to the carbonyl ligand, in 

agreement with its stronger -accepting character compared to the -bonded styryl 

ligand.  

The sequence of the individual redox processes in the trinuclear complexes could be 

determined by the typical pattern of two closely spaced one-electron oxidations for the 

stepwise oxidations of the peripherally appended styryl ruthenium entities with a half-

wave potential splitting in the range of 88 mV to 110 mV. These processes are the only 

anodic redox events in the BF2 adduct and constitute the first two redox couples in the 

complex Ru2
acacDBzM-RuCF3 with exclusively 18 VE {Ru} entities. In the other 

trinuclear complexes with five-coordinated terminal ruthenium sites the redox 

sequence differs in that the 18 VE {Ru} entity residing in the central coordination pocket 

is oxidized first.  

IR spectroscopy confirmed the electron-poor character of the complex Ru2DBzM-BF2 

by virtue of a Ru(CO) stretch at 1918 cm-1. The presence of a two-band pattern in the 

monocationic form with a large energy splitting (̃ = 56 cm-1) not only points towards 

a rather metal-based oxidation (a direct consequence of the electron-poor styryl 

ligand), but also leads to a small GEIGER parameter ∆ρ of 0.06, classifying Ru2DBzM-

BF2
•+ as a weakly-coupled Class   mixed-valent compound. This characteristic can 

most likely be transferred to the triruthenium complexes as well. However, the chemical 

similarity between the individual {Ru} moieties made it hard or even impossible to 

assign a certain carbonyl stretch to a specific entity, especially in the oxidized forms, 

despite the use of DFT to aid with band assignment. In consequence, the exchange of 

a formally RuCF3 moiety in Ru2
acacDBzM-RuCF3

•+ by an oxidized one in Ru2DBzM-

RuCF3
2+ has no detectable impact on the extent of diabatic electron transfer between 
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the mixed-valent, terminally appended styryl moieties. Additional analysis of changes 

in the DBzM-based C=O and C=C stretches and their comparison with the data 

obtained by the quantum chemical calculations did not provide any hint towards a 

potential non-innocent character of the central -ketoenolato moiety. Together with the 

pseudo meta substitution pattern of the central chelate ligand, strong electronic 

coupling was not expected in the first place. In the case of the triruthenium complexes, 

oxidation of both peripheral redox sites destabilized the coordination compounds to a 

degree where full conversion to the respective trications could not be achieved. This 

can most likely be traced back to a decrease in the chelate’s donor capability towards 

the central coordination site and is a token of the rather weak LEWIS acidity of the 

[Ru(CO)(PiPr3)2(CH=CH-Ar)]+ complex fragment. This is also expressed by the findings 

that Ru2DBzM-BF2
2+, with the much stronger LEWIS acid BF2 in the central coordination 

pocket, showed a much higher stability despite its even larger oxidation potential.  

The optical properties of all neutral complexes are dominated by a broad -* transition 

at the blue-edge of the visible spectrum, while that of Ru2DBzM-BF2 has additional CT 

contributions from the ruthenium-based donors to the difluoroboron -ketoenolato 

acceptor. This imposes a considerable redshift to max = 575 nm and a purple color 

impression instead of a red color (max ≈ 430 nm). Oxidation by one electron led in all 

cases to an intensity decrease of this band and is accompanied by the growth of 

multiple new bands in the visible (max ≈ 510 - 800 nm) and in the near infrared (max ≈ 

1000 nm and 2000 nm). In Ru2DBzM-RuOMe•+ and Ru2DBzM-RuCF3
•+ the latter 

bands are rather weak in intensity and the result of excitation from the formally reduced 

divinyldiruthenium DBzM backbone to the oxidized central styryl ruthenium complex 

fragment. In Ru2DBzM-BF2
•+ and Ru2

acacDBzM-RuCF3
•+ these low-

intensity/low-energy bands correspond to classical IVCT transitions between the 

terminally appended, mixed-valent styryl ruthenium entities. For Ru2
acacDBzM-RuCF3

•+ 

an additional transition from the central styryl ruthenium moiety to the oxidized, 

peripheral redox unit is predicted at similar energy and likely contributes to the 

observed IVCT band. The low intensity and broadening of the NIR absorption does 

unfortunately not allow for any further assignment. In consequence a direct comparison 

with the NIR absorptions of the dicationic forms of Ru2DBzM-RuOMe and Ru2DBzM-

RuCF3 cannot be made, in analogy to the results by IR spectroscopy. So regrettably, 

investigations of both the adiabatic as well as the diabatic pathways for charge 

exchange in the mixed-valent state do not provide a handle to assess the influence of 

the redox state of the central redox-active moiety. The fully oxidized, tricationic species 

were again not accessible by means of SEC due to decomposition, which was even 
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accelerated by the irradiation with higher energy photons.  

EPR spectroscopy on the oxidized forms also proved itself to be incapable of providing 

any information on the extent of electronic coupling as the recorded signals of the 

corresponding mixed-valent forms did not show resolved hyperfine splittings. For 

Ru2DBzM-BF2
•+ only a broadened isotropic signal was observed with a giso-value of 

2.038, pointing towards a relatively large contribution by the metal center to the overall 

spin density. The dicationic form Ru2DBzM-BF2
2+ shows a rather intense EPR signal, 

suggesting that the open-shell spin state constitutes the dominant form, in agreement 

with OVCHINNIKOV’S rule. The closely spaced second and third oxidations of Ru2DBzM-

RuOMe and Ru2DBzM-RuCF3 even made it impossible to generate their dicationic 

forms by chemical oxidation. Both monocationic forms also showed an isotropic signal 

with resolved hfs to one ruthenium nucleus. The respective trications were potentially 

generated. The corresponding giso-values of ca. 2.04 and dominant triplet hyperfine 

splitting pattern to two 31P nuclei are basically identical to those observed in Ru2DBzM-

BF2
2+ or Ru2DBzM-H2+, preventing a definitive statement towards their structural 

identity. For Ru2
acacDBzM-RuCF3 all three paramagnetic oxidation states (+, 2+, 3+) 

could be generated by chemical oxidation. The recorded EPR spectra differed only 

slightly in the associated giso-value with an increase from 2.035 in the radical cation to 

2.044 for the trication. The overall shape remained a broadened, isotropic signal as is 

typically the case for six-coordinated styryl ruthenium complexes of this type. 

In summary, the DBzM motif as the -conjugated backbone does not lend itself for 

studying the influence of an unpaired charge/spin in the charge transmission pathway 

of a diruthenium-appended mixed-valent system. This is in part due to its pseudo meta 

terphenyl structure as well as its electron-poor character, hampering any 

communication. To this adds the fact that the strongly non-innocent character of the 

styryl ligand on the centrally positioned redox unit virtually pulls the unpaired 

spin/unipositive charge away from the ruthenium ion and therefore from the conjugated 

pathway whose conductivity it is supposed to influence. 

  



Diketopyrrolopyrroles as Bridging Ligands for Styryl Ruthenium Complexes 

126 

 

5. Diketopyrrolopyrroles as Bridging Ligands for 

Styryl Ruthenium Complexes 

5.1. Introduction 

The aim set for the current and following chapter is to identify a bridging ligand which 

can facilitate electronic communication between two terminally appended, 

mononuclear styryl ruthenium units. The resulting complexes of the general type 

{Ru(CO)(PiPr3)2(CH=CH-C6H4-R)}2(-bridge) are then to be used as testbeds for future 

derivatives containing the divinylphenylene diruthenium complex fragment to furnish 

oligomers with high charge carrier mobilities across the entire chain in their oxidatively 

doped, mixed-valent sates. This potentially renders them interesting candidates as 

model systems for molecular wires.228 As mentioned in the General Introduction, the 

energy and overlap of bridge-based orbitals relative to those of the terminally attached 

redox units is vital to achieve charge and spin delocalization in mixed-valent systems 

with a strongly non-innocent bridging ligand. Scenarios best described by the potential 

energy surfaces shown in Figure 6-Figure 8 are therefore most desirable. Aryl-

substituted diketopyrrolopyrrols (3,6-bis-aryl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-

diones) or simply DPPs, that have been modified in such a way as to act as dianionic, 

bis-chelating ligands constitute new additions to the large family of potential non-

innocent ligands.229,230  

Diaryl diketopyrrolopyrrols are one of the later additions to the field of pigments which 

find industrial scale application. Their main use is as red pigments in high demand 

applications as they show superior resistance to mechanical, radiative and thermal 

stress.231,232 Only rather recently have their (opto)electronic properties become the 

focus of current research. They distinguish themselves by rather small optical 

bandgaps as inferred by their color, high charge-carrier mobilities and excellent quality 

as emissive materials because of their high fluorescence quantum yields and small 

STOKE-shifts. Current, research focuses strongly on their application as charge-carrier 

materials in organic field-effect-transistors (OFETs)233,234 or organic photovoltaics235,236 

as well as in sensors specific to certain anions or metals.237,238 While numerous 

synthetic approaches have been developed, driven by their industrial application, the 

most commonly used is the condensation of a succinic acid ester with two equivalents 

of an aryl cyanide under strongly alkaline conditions. Derivatization of the aryl 

substituents allows for the exact tuning of their optical properties by varying the electron 

density. The use of 4-chlorobenzonitrile furnishes a rather famous red pigment named 

Pigment 254, which is more commonly known as Ferrari Red. Their application as 
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anionic, ditopic ligands to transition metal coordination centers is of even more recent 

vintage and was first reported in 2000 by LANGHALS, LORENZ and coworkers. By 

replacing the lactamic protons for triphenylphosphine complexes of group 11 metals 

the solubility is drastically increased in analogy to N-alkylation while the fluorescence 

quantum yield varies greatly with the nature of the metal ion (see Figure 88, top 

middle).239,240 KANBARA et.al. expanded on this idea by introducing a second ligating 

group adjacent to the amide donor through replacement of the phenyl substituent for a 

2-pyridyl group, furnishing dipyridylketopyrrolopyrrole (DPPP). DPPP acts as a 

bidentate, dianionic bis-chelating ligand. The work of KANBARA focused merely on the 

modulation of DPPP’s luminescent properties by chelating either a [Ph2B]+ or 

[(dpvm)Pt]+ complex fragment (dpvm = dipivaloylmethane).241 The first use of DPPP as 

a chelating ligand in mixed-valent transition metal complexes was reported by KAIM 

and LAHIRI in 2017. In their studies on ruthenium-based complexes with either 

2,2’-bipyridine (bipy), 2-phenylazopyridine (pap) or acac- spectator ligands (see Figure 

88, top right), they were able to clearly assign a non-innocent character to the DPPP 

ligand. In particular the redox amphoteric nature of this ligand in this specific 

environment, implying that it can be both reduced and oxidized, is exciting. For 

derivatives with electron-poor aryl groups, such is as the case for pyridyl, only the one-

electron reduction constitutes a reversible process. A reversible oxidation is only 

observed in congeners bearing electron rich aryl groups such as thienyl.242,243 

 

Figure 88|: Skeletal structures of the general motif of diaryl diketopyrrolopyrrols (top left), group 11 

triphenylphosphine complexes by LANGHALS239 (top middle), ruthenium complexes by KAIM (top right and 

bottom), 35,244  

In 2018 the same authors reported on a similar set of complexes based on the DPPP 

ligand, but employing [RuH(CO)(PPh3)2]+ as the metal-containing fragment (see Figure 
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88, bottom). The latter bears close resemblance to the styryl ruthenium complexes 

discussed in this work. The possible combinations in the relative dispositions of the 

four equatorially bonded donor atoms yielded these complexes as a mixture of isomers. 

For both isomers, one reversible oxidation as well as one partially reversible reduction 

was found. While the structural difference between the two isomers had a small but 

measurable impact on the electrochemical and spectroscopic signatures, both redox 

processes could be identified to be dominantly localized on the pyrrolopyrrole core, 

confirming the non-innocence of the DPPP ligand. Only recently in 2019, LAHIRI et.al. 

were able to build on their findings by building tetranuclear macrocycles in which DPPP 

acts as a ligand to p-cymene ruthenium fragments interconnected by 4,4’-bipyridine. 

While these macrocycles can act as a host to pyrene guest molecules and quench their 

fluorescence, they show rather poorly reversible redox chemistry. The instability of the 

oxidized forms was traced back to the meager donor properties of the p-cymene 

ligand.245 JIN et. al. developed this motif further based on rhodium p-cymene 

coordination centers and were able to form stable trefoil knots by the use of more 

flexible pyridine-based linkers.246  

Inspired by these findings we set out to investigate the applicability of DPPP and its 

thienyl analogue DTPP as bridging ligands to mononuclear styryl ruthenium complex 

fragments of the type [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-R1)]+. The adjustability of the 

relative energy of the HOMO by varying the substituent R1, as stated in Chapter 1.2, 

should thereby be used to gauge the orbital overlap between styryl ruthenium- and 

diketopyrrolopyrrole-based frontier orbitals. The sequence from strongly electron-

withdrawing (R1 = CF3) to strongly electron-donating (R1 = NMe2) substituents was 

divided more subtly by also investigating the complexes with R1 = Me or OMe. For the 

dinuclear complexes bridged by DTPP only the trifluoromethyl- and methoxy 

substituents were considered. The results of this endeavor are subject of this chapter. 

 

Figure 89|: Skeletal structures of the DPPP-based (left) and DTPP-based (right) diruthenium complexes. 
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5.2. Synthesis and Characterization 

The required starting materials, the 16 VE styryl ruthenium complexes 83,186,247 as well 

as the free diketopyrrolopyrrole ligands, were synthesized according to published 

procedures.241 The identities and purities of the former were merely confirmed by 1H, 

31P{1H} and, if applicable, 19F{1H} NMR spectroscopy, with the exception of the toluoyl 

derivative (R1 = Me, RuMe) as it has not been reported in literature previously (see 

Experimental Section in Chapter 9.4). It was obtained under the same reaction 

conditions as the other complexes in a 92% yield. The diaryl diketopyrrolopyrrole 

derivatives were obtained through the condensation of dibutylsuccinate with either 2-

cyanopyridine, 2-cyanothiophene or 6-methyl-2-cyanopyridine to give DPPP, DTPP or 

MeDPPP, respectively. The so-called “succinic route” was first discovered by chemists 

at Ciba-Geigy LTD (now Novartis AG), who also uncovered the underlying reaction 

mechanism.248 As the formation of the succinic ester anion requires strongly alkaline 

conditions and relatively high temperatures, in a first step sodium tert-amylate was 

formed by reacting sodium with dry tert-amyl alcohol containing catalytic amounts of 

FeCl3 at elevated temperatures. To this hot solution the benzonitrile derivative is added 

followed by the succinic ester. Slow addition of the ester thereby guarantees a low 

concentration in solution which prevents the formation of side products through 

CLAISEN condensation. Heating overnight ensures the formation of the cyclized 

compound which is subsequently precipitated from the solution by protonation. The 

generally poor solubility of diketopyrrolopyrroles in most solvents at ambient conditions 

allows for a straightforward purification procedure by washing the solid with copious 

amounts of water, MeOH and dichloromethane to remove any byproducts. The fact 

that this property limits in-solution characterization such as NMR spectroscopy 

complicates the structural identification of the DPP precursors. On the other hand, only 

the product would be insoluble in such a wide range of solvents because of the strong 

intermolecular attraction forces such as - stacking and hydrogen bonding between 

the lactamic amide functionalities. All three ligands were therefore used as obtained. 

The electron poor derivatives DPPP and MeDPPP are vibrant red in the solid with a 

strong yellow fluorescence as a very dilute DMSO solution while the electron-rich 

DTPP is burgundy red and shows an orange fluorescence.  

As the main focus in this chapter is on the properties of the pyridyl-substituted 

diketopyrrolopyrroles, the complexes based on this bridging ligand will be discussed in 

more detail in the following. Differences to the thienyl derivatives RuOMe-DTPP or 

RuCF3-DTPP are mentioned where necessary. All dinuclear complexes were 

synthesized according to a general procedure as it is depicted in Scheme 5. The ligand 
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was first deprotonated using two equivalents of sodium methoxide in methanol. This 

solution (or often suspension) was then added to a vigorously stirred solution of the 

corresponding ruthenium complex in CH2Cl2. Upon addition an immediate color change 

from pink (R1 = CF3) or purple (R1 = NMe2) to aegean or dark sapphire was observed. 

Subsequent stirring for 1 hour at room temperature was found to be sufficient for full 

conversion. Purification was then achieved similarly as described in the previous 

chapter by removal of the solvents under reduced pressure followed by the dissolution 

in dichloromethane and centrifugation to remove NaCl and unreacted DPPP. The solid 

obtained after solvent evaporation was finally washed with MeOH to remove 

ruthenium-based decomposition products. Through this method the different 

complexes were obtained in yields of 71% to 81%. The DTPP-bridged complexes were 

synthesized in an analogous fashion with slightly lower yields of 58% (R1 = CF3) or 

60% (R1 = OMe) (see Chapter 9.4).  

Scheme 5|: Synthesis of the DPPP- and DTPP-bridged complexes. Skeletal structures of the three 

different conceivable isomers are only shown for the DPPP complexes. 

 

As reported by KAIM and LAHIRI the use of a precursor complex with a prochiral 

configuration of its equatorial ligands, hydrido and carbonyl in their,244 or carbonyl and 

styryl in this case, can lead to the formation of different geometric isomers of the 

product complexes. As shown in Scheme 5 for the dinuclear complexes of this series, 
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three different isomers can be formulated. Two isomers adopt centrosymmetric 

structures and have both carbonyl ligands either in a trans-position to the nitrogen atom 

of the central amide or trans to the pyridine N-donors. These isomers are denoted as 

the H- and I-isomers, mimicking their rough shapes when drawn as their skeletal 

structures (see Scheme 5). The third isomer lacks an inversion center and has one 

CO ligand trans to the pyrrolide donor and the other opposite to the pyridyl moiety. 

These non-centrosymmetric forms are dubbed the L-isomers. The 1H- and 31P{1H}-

NMR spectra in CD2Cl2 clearly indicate the presence of two or even all three different 

isomers in solution. For RuCF3-DPPP and RuNMe2-DPPP NMR spectra are shown in 

Figure 90 and Figure 91 while for the complexes with R1 = Me or OMe they can be 

found in the Appendix (see Figure-SI 69 and Figure-SI 74). Spectra of the same 

samples in benzene-d6 (bottom graphs) show only one species for R1 = CF3 and Me. 

For R1 = OMe or NMe2 a second set of signals can still be made out, however in a 

lower abundance as compared to solutions in CD2Cl2. This indicates that the isomers 

can interconvert with a higher dynamic and/or more equal distributions in more polar 

solvents and through cleavage and reformation of the bond between the Ru ion and 

the pyridine donor. This renders the DPPP ligand hemilable. This is in stark contrast to 

what has been reported for the hydride congeners by KAIM and LAHIRI as here no 

dynamic equilibrium was reported. Instead the two isomers, with relative configurations 

that correspond to the H- and I-isomers, could even be chromatographically separated 

and investigated independently. For the styryl ruthenium complexes such an approach 

was not possible as the bond between the ruthenium ion and styryl ligand is prone to 

cleavage by both silica and alumina. Fractionated crystallization or crystallization in 

general was unsuccessful either, potentially due to the hemilable nature of the chelate 

ligand. That in fact the pyridine donor constitutes the labile ligand is confirmed when 

consulting the 1H- and 31P{1H}-NMR spectra of RuOMe-DTPP in CD2Cl2 solution. Here 

only one set of signals is observed, indicating a stronger bond between the Ru ion and 

the sulfur atom of the thienyl ligand, in line with the PEARSON acid-base concept.249 

  



Diketopyrrolopyrroles as Bridging Ligands for Styryl Ruthenium Complexes 

132 

 

 

 

Figure 90|: Excerpts from the NMR spectra of RuCF3-DPPP in CD2Cl2 (top) and C6D6 (bottom). Large 

window shows the 1H-NMR spectrum; the insets display the 31P{1H}-NMR spectra. The star symbol 

denotes 13C satellite signals of the solvent.  
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Figure 91|: Excerpts from the NMR spectra of RuNMe2-DPPP in CD2Cl2 (top) and C6D6 (bottom). Large 

window shows the 1H-NMR spectrum; the insets display the 31P{1H}-NMR spectra. The star symbol 

denotes 13C satellite signals of the solvent. 
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Figure 92|: Excerpts from the NMR spectra of RuOMe-DTPP in CD2Cl2. Large window shows the 1H-

NMR spectrum; the inset displays the 31P{1H}-NMR spectrum. 

The dominant form is thereby mostly likely the H-isomer, regardless of whether DPPP 

or DTPP are used, as this isomer puts the strongly -accepting carbonyl ligand 

opposite to the stronger amide donor compared to pyridine or thiophene.212 This is in 

line with what has been observed for related complexes with monoanionic chelate 

ligands derived from 2-hydroxypyridines or 5-hyroxyquinolines.83 To further support 

this hypothesis, two dimensional 1H-1H-ROESY (rotating-frame nuclear OVERHAUSER 

effect correlation spectroscopy) NMR experiments were conducted on RuCF3-DPPP 

in CD2Cl2 solution. While for the major isomer no hydrogen atoms of the styryl and the 

DPPP unit are in adequate proximity to show significant through-space coupling 

(Figure 93, c), the minor component shows a cross-signal between the -vinyl proton 

and the 6-H proton of the adjacent pyridine ring. A direct assignment of the NMR 

signals of this minor isomer to either the L- or the I-form was however not possible due 

to their generally low intensities and extensive overlap with the signals of the major 

isomer. It is nevertheless very likely that the minor product is the L-isomer due to the 

rough doubling in the number of individual proton resonances associated with the 

pyridine increments. The latter are inequivalent for the L- but not the I-isomer. 

Moreover, the I-isomer would put both carbonyl ligands in the electronically disfavored 

trans-position to the pyridine donor. The 31P{1H}-NMR spectra of the DPPP complexes 

with R1 = CF3 or NMe2 shown in the insets of Figure 90 further support this hypothesis 
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as in CD2Cl2 solution at least three or even four distinctly different resonance signals 

are observed. The signal of greatest intensity (~90%) is thereby always found at 

relatively higher field. A set of singlets of two equal integration is found at lower fields, 

shifted by ca. 0.1 and 1 ppm. This is a clear indicator to the presence of the L-isomer 

as it is the only non-centrosymmetric form which leads to two chemically different 

environments and therefore two resonances of the phosphine ligands. For R1 = NMe2 

(see Figure-SI 79) a signal of even lower intensity is observed which is shifted by an 

additional 0.3 ppm to higher field, supporting the presence of small amounts of the I-

isomer. Analogously in C6D6 solution the signals corresponding to the L- and I-forms 

vanish entirely or are significantly reduced in intensity.  

 

 

Figure 93|: a) Graphical elucidation of styryl- and pyridyl-based hydrogen atoms that show through-space 

coupling in the 1H-1H ROESY NMR spectrum shown in c); b) Illustration of how steric clash between vinylic 

hydrogen atoms and the methyl group in 6-position prevent the formation of the L- and I- isomers in 

RuCF3-MeDPPP. 

A solvent dependency of the isomeric ratios is further supported by DFT calculations 

on the pbe1pbe/6-31g-d level of theory utilizing the polarizable continuum model 
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(PCM) to model solvation effects. The geometry optimized structures of slightly 

truncated models of the individual isomers with PMe3 instead of PiPr3 ligands show a 

general preference for the H-isomer. Calculations predict only minor energy differences 

between the different isomers in CH2Cl2, which are within the error margins at this level 

of theory of ca. 4 kJ/mol. In benzene, there is a more clear-cut energy ordering of G(H) 

< G(L) < G(I) in full agreement with the experimental findings. Table 11 compiles 

the experimentally observed and computationally predicted isomeric ratios of RuCF3-

DPPP in dichloromethane and benzene solution.  

Table 11|: Ratios of different isomers of RuCF3-DPPP in dichloromethane and benzene according to 
31P{1H}-NMR spectra and DFT calculations. a) The accuracy of the combination of pbe1pbe and 6-31G(d) 

is ~4 kJ/mol. 

 CH2Cl2 C6H6 

 
relative integrals of 

31P resonances 

∆G vs. H-isomer 

[kJ/mol]a 

relative 

amount 

relative integrals of 

31P resonances 

∆G vs. H-isomer 

[kJ/mol]a 

relative 

amount 

H 0.85 0 40% 1 0 96% 

I 0.15 -0.7 50% 0 +14.6 0% 

L 0 +3.6 10% 0 +8.1 4% 

 

In an effort to enforce the formation of only a single isomer, a modified DPPP ligand 

with a methyl substituent in the 6-position on the two pyridyl rings (MeDPPP) was 

employed. The increased steric demand around the pyridine-N donor should prohibit 

the formation of the L- and I-isomers as the styryl unit would be in too close proximity 

to said methyl group in these isomers (see Figure 93, b). This proved to be successful 

as the 1H- and 31P{1H}-NMR spectra of RuCF3-MeDPPP in CD2Cl2 display the 

resonance signals of only one centrosymmetric isomer (see Figure 94). It is however 

worth mentioning that the propensity of the pyridine ligand towards decoordination is 

not cured by this approach as samples of RuCF3-MeDPPP in CD2Cl2 show clear signs 

of decomposition after a few hours. The appearance of a signal at 57 ppm in the 

31P{1H}-NMR spectrum has proven itself to be a clear indicator for decomposition in the 

context of ruthenium styryl complexes bearing PiPr3 ligands. Furthermore, reacting the 

dianion of MeDPPP with the electron-rich precursor complex RuNMe2 resulted in 

immediate decomposition of the ruthenium styryl complex under elimination of the 

styryl ligand and the formation of the MeDPPP-bridged ruthenium hydride complex as 

evident from the characteristic hydride resonance in the 1H-NMR spectrum with the 
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triplet coupling pattern to the 31P nuclei of the phosphine ligands at (Ru-H) = -12.96 

ppm. (Figure 95). 

 

Figure 94|: Excerpts from the NMR spectra of RuCF3-DPPP in CD2Cl2. Large window shows the 1H-NMR 

spectrum; inset a) displays the 31P{1H}-NMR spectrum; inset b) displays the 31P{1H}-NMR spectrum after 

leaving the sample in the solvent overnight. 

 

Figure 95|: Excerpts from the NMR spectra of an attempt to synthesize RuNMe2-MeDPPP in CD2Cl2. Large 

window shows the 1H-NMR spectrum; inset displays the 31P{1H}-NMR spectrum.  
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5.3. Electrochemistry 

As the poor solubility of common supporting electrolytes prohibits the use of benzene 

for electrochemical studies, the electrochemical properties of the diruthenium 

diketopyrrolopyrrole complexes were examined in the CH2Cl2/0.05 M NBu4BArF 

electrolyte used also in the previous chapters, despite the presence of two or even 

three isomers in solution. 31P{1H}-NMR experiments on samples of RuCF3-DPPP did 

not show a significant increase in the relative amount of the suspected L-isomer when 

measured in this electrolyte. Table 12 collects the electrochemical data of all seven 

complexes of this series. 

Table 12|: Electrochemical data of the DPPP and DTPP complexes. 

 E1/2
0/+ [mV] E1/2

+/2+ [mV] E1/2 [mV] Kc
+ E1/2

0/- [mV] 

nBu2-DPPP 710a    -1595 

RuCF3-DPPP -95 410a 505 3•108 -1950a 

RuCF3-MeDPPP -100 450a 550 2•109 −b 

RuMe-DPPP -130 80 210 3560 -1980a 

RuOMe-DPPP -195 -45 150 350 -1990a 

RuNMe2-DPPP -440 -360 80 23 -1990 

RuCF3-DTPP 90 410 320 2580 -2000a 

RuOMe-DTPP -125 40 165 620 -b 

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

concentrations: 0.05 M (NBu4BArF); a) Only partially reversible; b) Redox process lies outside of the 

accessible potential window. 

The redox behavior of the compounds of this series is best explained starting with 

RuNMe2-DPPP. As is the typical case for ruthenium styryl complexes, one reversible 

one-electron oxidation process can be observed in the cyclic voltammogram per styryl 

ruthenium fragment. This complex therefore features two closely spaced oxidations 

with half-wave potentials of E1/2
0/+ = -440 mV and E1/2

+/2+ = -360 mV (see Figure 96). 

The deduced half-wave potential splitting E1/2 of just 80 mV is the expected signature 

for the stepwise oxidation of two styryl ruthenium units that are clamped together by a 

fairly extended bridging ligand, which may support some degree of electronic coupling 

(compare to E1/2 = 110 mV for Ru2DBzM-BF2). As the penta-coordinated precursor 

complex RuNMe2 itself displays a second, reversible oxidation,83 RuNMe2-DPPP 

displays additional, however only partially reversible oxidations at higher potentials. 
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The redox amphoteric nature of the DPPP ligand potentially also adds to the large 

number of observed processes within the potential window of the electrolyte 

combination. RuOMe-DPPP and RuMe-DPPP behave similarly, showing two 

consecutive, reversible, anodic waves at -195 mV and -45 mV, or at -130 mV and +80 

mV with an increased half-wave potential splitting of 150 mV or 210 mV, respectively. 

The anodic shift of the potential of the first process of RuOMe-DPPP of 245 mV with 

respect to its RuNMe2-DPPP congener resembles that of 325 mV for their five-

coordinated Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-R1) precursors, or that of ca. 250 mV for 

six-coordinated OMe- and NH2-substituted congeners with bidentate 2-

hydroxypyridine-derived coligands.83 For the latter two complexes the first, more 

cathodic wave is associated with an overlapping, smaller wave at lower potential, which 

is obviously due to the L-isomer. No such feature is however noted for the second 

oxidation. Scanning to higher potentials again reveals the presence of additional, only 

partially reversible electron transfers.  

 

Figure 96|: Cyclic voltammograms of the complexes in CH2Cl2 / 0.1 M NBu4BArF in the anodic potential 

range. 

The two complexes with CF3-substituted styryl ligands deviate from the other DPPP-

based complexes in that they exhibit only a single reversible wave. The additional 

smaller feature cathodic of the main wave in the cyclic voltammograms of the complex 
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RuCF3-DPPP again testifies to the simultaneous presence of the L-isomer, which is 

absent in RuCF3-MeDPPP. The half-wave potential E1/2
0/+ of ca. -100 mV is suspiciously 

shifted strongly cathodically to that of +400 mV for the parent five-coordinated styryl 

complex RuCF3, or those of +220 mV to +270 mV for the aforementioned six-

coordinated 18 VE derivatives bearing a deprotonated 2-hydroxyquinoline or 2-

hydroxypyridine chelate ligand. This is a first hint that, at least for these two complexes, 

the first oxidation is not styryl ruthenium-based but receives significant contributions 

from or primarily involves the DPPP bridging ligand, similarly to what KAIM, LAHIRI and 

coworkers have reported for the related ruthenium hydride complexes shown in Figure 

88.35,244 The second, again only partially reversible oxidation is found at >+400 mV for 

both compounds. The large potential separation between the two anodic waves is 

clearly incompatible with stepwise oxidations of the outer styryl ruthenium entities. Two 

possible scenarios explaining this behavior are either the stepwise, twofold oxidation 

of (mainly) the central DPPP ligands, or first a charging of the central DPPP ligand 

followed by stepwise one-electron oxidations of the peripheral styryl ruthenium units. 

The latter variant is akin to what KAIM and coworkers have observed in their work. Both 

scenarios can plausibly explain the limited chemical stabilities of the doubly oxidized 

forms of the CF3-substituted derivatives, either by the strongly decreased electron-

donating capabilities of the central ligand, similarly to what has been observed for the 

dibenzoylmethane-linked complexes discussed in the previous chapter, or by the 

enhanced electrostatic repulsion between the two equally charged polarons located on 

two non-innocent ligands coordinated to the same ruthenium ion.  

Changing the aryl substituent on the diketopyrrolopyrrole skeleton from 2-pyridyl to 2-

thienyl renders the second oxidation of the CF3-derivative RuCF3-DTPP fully 

reversible. More surprising is the anodic shift of both the first and second oxidations to 

+90 mV and +410 mV, respectively, despite the introduction of an electron-donating 

substituent. Along with the reduction in half-wave potential splitting from >500 mV to 

320 mV, these results suggest that either the two positive charges in the dicationic form 

are further apart or electronic coupling is decreased in the mixed-valent form. RuOMe-

DTPP behaves as expected based on the results of the DPPP-analog in that both 

reversible oxidations are shifted cathodically to -125 mV and 40 mV accompanied by 

a diminished value for E1/2 of 165 mV. This value is however also larger than in 

RuOMe-DPPP, suggesting a higher contribution of the bridging ligand to both redox 

processes. The results across the entire series of complexes indicate that the nature 

of the first redox process changes significantly as a function of the nature of R1.  

It is also worth mentioning that, although the oxidation potentials are unusually low and 

that, except for the CF3-substituted congeners of DPPP, both oxidation processes are 
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chemically highly reversible, the stabilities of the oxidized forms of the DPPP-linked 

complexes are far inferior to those of oxidized styryl ruthenium complexes with other 

coligands. The radical cations noticeably decompose within few minutes, and the 

dications proved to be too unstable for any further characterization. This might be 

traced to the redox non-innocence of the diketopyrrolopyrrole ligand and its 

involvement, at least in a certain degree, in every redox process.  

In addition to their anodic electrochemistry, all complexes of this study display a bridge-

based reduction (see Table 12 and Figure 97). The half wave potential of this process 

ranges from -1950 mV to -2000 mV and shows only a small but systematic cathodic 

shift as the electron densities of the attached styryl ruthenium entities increase. The 

charging process is in general chemically only partially reversible in the 

dichloromethane/NBu4BArF electrolyte, except, surprisingly, for RuNMe2-DPPP. 

 

Figure 97|: Cyclic voltammograms of the complexes in CH2Cl2 / 0.1 M NBu4BArF in the cathodic 

potential range. 

For RuOMe-DTPP it is even outside of the accessible potential range of the solvent 

and can only be inferred. Introduction of the 6-methyl group at the pyridyl substituents 

of the DPPP ligand has obviously a similar effect of also shifting the reduction wave to 

outside the accessible potential window of the CH2Cl2-based supporting electrolyte. A 

reason for why the reduction is inaccessible in RuCF3-MeDPPP but remains just within 

the solvent window for RuCF3-DTPP, although the 6-methyl-2-pyridyl unit is still being 
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considered an inferior electron donor to 2-thienyl, is the increase in torsion angle 

between the aryl substituent and the DPP skeleton for the latter. This in turn is the 

result of the relative angle of the donating lone pair, which is in thiophene close to 54° 

rather that 90° in pyridine. The cathodic shift of the reduction potentials in the DPPP-

based complexes of roughly 400 mV as compared to N,N’-dibutylated DPPP with an 

E1/2
 0/- of -1595 mV can be traced back to the fact that the charge of the formally 

dianionic ligand is not wholly compensated by electron donation to the styryl ruthenium 

fragments which constitute only mild LEWIS acids. 

5.4. IR Spectroelectrochemistry 

The charge sensitivity of the Ru(CO) stretch towards the nature of the ligand in relative 

trans position will be of particular use for the complexes of this series as it can act as 

a probe to determine the relative configuration around the Ru ion, i.e. whether the CO 

ligand is opposite to the formally anionic amide donor or to the neutral 

pyridine/thiophene. Furthermore, the relative shift of the carbonyl band upon charging 

of the neutral complex to the radical cation will be exploited to experimentally probe 

the locus of the primary redox site. Due to the insufficient stability of the higher oxidized 

forms, characterization of the oxidized forms by IR, UV/Vis/NIR as well as EPR 

spectroscopy could only be performed for the neutral and singly oxidized forms. The 

only exception is RuOMe-DTPP as for this compound clear isosbestic points could be 

made out during the second oxidation process when monitored by IR or UV/Vis/NIR 

spectroscopy. Formulation of the charge delocalization parameter  will be impossible 

however, not only for the lack of a reversibly addressable dication, but also for the fact 

that the complexes in this series seem to undergo oxidatively induced isomerization. 

RuCF3-MeDPPP forms the only exception as isomerization was intentionally blocked by 

the introduction of the 6-methyl substituent on the pyridyl unit. This complex is 

consequently discussed first. 
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Table 13|: Experimental and calculated (based on the respective H-, L- and I-isomer) energies of 

characteristic IR bands of the complexes in their various oxidation states. 

 IR label 

neutral monocation dication 

Exp. H L I Exp. H L I Exp. 

RuCF3-
DPPP 

Ru(CO) 1900 1900 
1900, 
1922 

1921 
1920, 
1950 

1921 
1919, 
1941 

1933 
 

C=Oamide 1606 1607 1606 1606 1611 1640 1638 1637  

RuCF3-
MeDPPP 

Ru(CO) 1900 1905 
1906, 
1930 

1929 1923 1925 
1924, 
1947 

1942 
 

RuMe-
DPPP 

Ru(CO) 1896 1897 
1897, 
1921 

1919 
1912, 
1946 

1917 
1913, 
1943 

1929 
 

C=Oamide 1604 1611 1607 1606 
1609, 
1632, 
1648 

1640 
1636, 
1671 

1636 

 

RuOMe-
DPPP 

Ru(CO) 1895 1896 
1896, 
1918 

1917 
1908, 
1949 

1915 
1903, 
1953 

1925, 
1936 

 

C=Oamide 
1604 1610 1607 1606 1605 1639 1635, 

1661 
1607, 
1634 

 

RuNMe2-
DPPP 

Ru(CO) 1894 1894 
1894, 
1916 

1916 
1934, 
1960 

1900, 
1923 

1899, 
1947 

1920, 
1949 

 

C=Oamide 1604 1610 1607 1606 1604 1606 
1616, 
1644 

1614, 
1641 

 

RuCF3-
DTPP 

Ru(CO) 1902 1919 - - 
1916, 
1941 

1939 - - 
 

C=Oamide 1575 1604 - - 1575 1642 - -  

RuOMe-
DTPP 

Ru(CO) 1898 1914 
1915, 
1935 

1933 
1906, 
1957 

1935 
1935, 
1950 

1947 
1962 

C=Oamide 1577 1606 1609 1610 1577 1642 1642 1635 
1572, 
1585 

 

In neutral RuCF3-MeDPPP the characteristic Ru(CO) band is found at 1900 cm-1. This 

is at the same energy as in the unsubstituted congener RuCF3-DPPP. The former 

complex crucially differentiates itself in that its radical cation is significantly less stable 

to the point that SEC in an OTTLE cell could not be conducted, as no isosbestic point 

was observed. RuCF3-MeDPPP•+ was generated by chemical oxidation using one 

equivalent of ferrocenium BArF- as the oxidizing agent. Immediate recording of the 

spectrum reveals a band at 1923 cm-1 (see Figure 98). 
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Figure 98|: IR spectra of complex RuCF3-MeDPPP in the neutral and monocationic state in the C≡O 

stretching region (left). Oxidized with ferrocenium BArF- in DCM. Contour plot of the -LUSO of HRuCF3-
MeDPPP•+ (right). 

A blueshift of only 23 cm-1 is in line with a mainly DPPP-based oxidation, which affects 

both ruthenium styryl entities equally. The quantum chemical calculations support this 

finding by placing over 90% of the unpaired spin density (see Figure 107) and most of 

the positive charge according to the NBO analysis on the bridge (Figure 99). The 

computed energy for the Ru(CO) stretch of 1925 cm-1 is in excellent agreement with 

the experimental results. The strong bias of the first oxidation towards the bridging 

ligand also explains the limited stability of even the singly oxidized form of this complex, 

as it weakens the Ru-DPPP bonds. In contrast, the HOMO of a typical styryl complex 

with redox non-innocent coligands is antibonding between the Ru ion and the styryl 

ligand, such that oxidation actually strengthens the -metal-carbon bond. 

 

Figure 99|: Charge densities on different parts of the one-electron oxidized complexes in this series 

according to NBO analysis. The H, L or I superscript denotes the most stable isomer of the cationic 

complex. 
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Figure 100|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of RuCF3-DPPP during the first 

oxidation (top left) in the Ru(CO) and ligand-based C=O stretching regions. Changes in the Ru(CO) bands 

intensity of RuCF3-DPPP•+ over 60 minutes and spectrum obtained after subsequent reduction (bottom 

left; reducing agent: decamethylferrocene). Contour plot of the -LUSO of LRuCF3-DPPP•+ (top right). 

The other four DPPP-based complexes with an unsubstituted pyridyl unit behave 

differently. For once, neutral RuCF3-DPPP, in analogy to the results of the NMR and 

CV experiments, shows additional bands in its IR spectrum hinting at the presence of 

at least one more isomer. The band at 1900 cm-1 dominates, however. Electrochemical 

oxidation produces a pattern of two Ru(CO) bands at 1920 and 1950 cm-1 (Figure 100) 

with the former band being the more intense of the two. Three different scenarios can 

explain this observation. The first one is that RuCF3-DPPP•+ constitutes an 

electronically moderately coupled mixed-valent system where the positive charge is 

unevenly distributed across the two {Ru} entities as is described in Chapter 1.2 and 

illustrated in Figure 12. Such a behavior would imply a more styryl ruthenium-centered 

oxidation, in contrast to the bridge-dominated oxidation observed in RuCF3-MeDPPP. 

The similar redox potentials associated with the first oxidation however point to a 

negligible increase in the energy of the occupied DPPP-based frontier orbitals by 

methylation of the pyridine ring. The second possibility is the coexistence of two 

valence tautomers, which differ in respect to the identity of the primary redox site, i.e. 

the DPPP bridge or one of the terminal styryl ruthenium entities. In this case one would 

expect a pattern of three Ru(CO) bands, however: A set of two bands corresponding 
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to the formally oxidized and neutral {Ru} entity, respectively, as well as a third one of 

intermediate energy, which encompasses the combined stretch of both in the DPPP-

based valence tautomer. The third option is a redox-induced isomerization from the 

centrosymmetric H-form to the L-isomer, where the individual ruthenium entities are 

electronically and structurally distinct owing to the relative dispositions of the two 

different N-donors with respect to the styryl and carbonyl ligands. The latter explanation 

seems the most likely scenario based on the following reasoning: Chemical oxidation 

with one equivalent of ferrocenium BArF- yields the same two-band pattern as was 

observed for the neutral form with the more intense band at lower energy. Over the 

course of 60 minutes this band loses drastically in intensity at the expense of the band 

at 1950 cm-1 to the point where they are of equal absorbance. As DFT predicts a two-

band pattern for the Ru(CO) stretches in LRuCF3-DPPP•+ at 1919 and 1941 cm-1 it is 

rather likely that this complex undergoes a redox-induced isomerization from the H- to 

the L-isomer. In this structure, the stronger pyrrolide donor has reoriented from trans 

to the CO ligand to trans to the styryl ligand. In consequence, -backbonding to the 

carbonyl ligand is weakened at this side, thus explaining the larger blueshift of the 

corresponding Ru(CO) stretch. EPR spectroscopy on a fresh sample of RuCF3-DPPP•+ 

further supports this as a two-component signal is observed. This will be discussed in 

greater detail in Chapter 5.5. Both analytical techniques also illustrate the chemical 

instability of the oxidized form as over the course of minutes the intensity of the high-

energy band actually surpasses that of that at lower energy, which is not represented 

by the calculations as they ascribe equal oscillator strengths to the Ru(CO) stretch at 

each fragment. This seems intuitive as the ruthenium-carbon-oxygen axes are 

perpendicular to each other in the L-isomer and should therefore change the dipole 

moment of the molecular vibrations in roughly the same manner. That decomposition 

is a competing process during this isomerization is further supported by the fact that 

the band at ca. 1920 cm-1 experiences a redshift as it decreases, hinting at the 

formation of a new, most likely neutral, species. Re-reduction of an aged, oxidized 

sample with an excess of decamethylferrocene supports the formation of the L-isomer 

during the oxidation along with a slow and only partial isomerization back to the H-

isomer upon re-reduction. Immediately after subjection to the reducing agent the band 

at 1950 cm-1 is strongly reduced in intensity, but does not vanish entirely, pointing out 

the significance of the competing decomposition reaction. Simultaneously a very broad 

absorption at ca. 1912 cm-1 can be identified (black solid line in in spectrum shown in 

bottom left corner of Figure 100). Over the course of a couple of minutes this broad 

band changes into a double-band feature with peaks at 1900 cm-1 as well as 1925 cm-1, 

which coincides with the predicted energy for neutral LRuCF3-DPPP. The limited 
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change in absorption spectrum over the course of minutes, however, does not allow 

for a definitive statement, if LRuCF3-DPPP readily converts back to the H-isomer.   

The DFT calculated charge-density distribution provides another rational argument for 

the formation of the L-isomer as it predicts a larger -conjugated path length of the 

generated hole as evident from Figure 100. The seemingly contrary information 

provided by the contour plot of the -LUSO and what the corresponding NBO analysis 

predicts in terms of the involvement of central bridging ligand can be alleviated through 

consideration of the actual information contents of these plots. While the NBO analysis 

provides information on how much charge, i.e. fractions of elemental charge, can be 

attributed to any atom or groups of atoms within the molecule, the contour plot of the 

-LUSO describes the probability density of the generated hole at any given point 

within the molecule. In the context of LRuCF3-DPPP•+ this implies that most of the 

oxidative load is compensated for by atoms within the two {Ru} fragments, while the 

hole, generated through the one-electron oxidation has a high probability density not 

only on the ruthenium atoms but also the linking diketopyrrolopyrrole moiety. 

  

  

Figure 101|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of RuMe-DPPP (top left) and 

RuOMe-DPPP (bottom left) during the first oxidation in the Ru(CO) and ligand-based C=O stretching 

regions. Contour plots of the -LUSO of RuMe-DPPP•+ (top right) and RuOMe-DPPP•+ (bottom right). 
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Replacement of the electron withdrawing trifluoromethyl groups by a methyl substituent 

in RuMe-DPPP results in an expected, yet subtle redshift of the carbonyl stretching 

energy of the neutral complex by 4 cm-1, to 1897 cm-1, which is again in good 

agreement with the calculated energy for HRuMe-DPPP. Here, too, the presence of 

small amounts of another isomer is expected. Upon oxidation this band gives way to a 

pattern of two similarly intense bands at 1912 cm-1 and 1946 cm-1 (Figure 101, top 

left). Compared to the energies for LRuCF3-DPPP•+ both bands are shifted to lower 

energy. This underlines a somewhat larger energy splitting of 34 cm-1as compared to 

30 cm-1 charge discrepancy between both {Ru} fragments. Although in RuOMe-DPPP 

the +M-effect of the methoxy substituent is employed, no effect on the energy of its 

carbonyl stretching frequency within the margin of error could be measured compared 

to the methyl-derivative. Consequently, the neutral compound is also assumed to be 

mainly composed of the H-isomer. Upon oxidation the single band at 1895 cm-1 again 

gives way to two new bands at 1908 cm-1 and 1949 cm-1. This continues the trend of a 

larger value for ∆̃(CO) with the increase in donor strength of the substituent R1. The 

calculated charge-density distribution based on the natural-bond-orbital analysis 

replicates this trend nicely and is further illustrated by the contour plots of the -LUSO 

on the right hand side in Figure 101. Assessment of the charge densities on the HRu 

and IRu fragments, reveals that with an increase in donor capacity of R1 the positive 

charge is distributed more unevenly as it moves away from the central DPPP ligand 

and onto the IRu and Istyryl fragments. In RuCF3-DPPP•+, the DPPP ligand holds a 

small negative charge of -0.01, implying that it is rather involved in the redox process 

compared to its analogs with R1 = Me or OMe. In the radical cation of the latter two 

complexes this charge decreases to -0.12 and -0.23, respectively, with a concomitant 

increase of the contribution by the Istyryl and Hstyryl fragments as can be inferred from 

the decreasing electron densities at these sites. Thus, the local charges increase from 

-0.17 to -0.12 and -0.05, and from -0.17 to -0.13 and -0.10. As stated above the {Ru}2-

DPPP unit is most involved in the redox process. The computed charge densities 

nevertheless show that the charge asymmetry between the two styryl ruthenium 

subunits increases when the styryl ligands become more electron-rich. This also 

illustrates a gradual shift of the oxidation, i.e. of the hole, from mainly the DPPP ligand 

to one of the styryl ruthenium entities as well as the general concept of having two non-

innocent ligands attached to every ruthenium ion. Comparison of the changes in the IR 

spectra of RuCF3-DPPP, RuMe-DPPP and RuOMe-DPPP during the SEC 

experiments also unearthes another effect in that the discrepancy in relative intensities 

between the high- and low-energy Ru(CO) bands of the respective radical cations is 

less pronounced for the latter two complexes with electron donating groups for R1. As 
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DFT predicts equal intensities for the carbonyl stretches, one can conclude that, rather 

than a shift in the equilibrium constant towards the formation of the cationic L-isomer 

the rate of isomerization changes, with the equilibrium favoring the L-isomer regardless 

of the identity of the substituent R1.  

Dimethylamino as the substituent R1 in RuNMe2-DPPP has no significant impact on 

the carbonyl stretching frequency compared to RuOMe-DPPP with the major band 

found at 1894 cm-1. That the L- and possibly the I-isomers are also present in solution 

can be inferred by the presence of a shoulder peak at higher energy, at ca. 

1920 cm-1(Figure 102, top left). 

  

  

Figure 102|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of RuNMe2-DPPP during the first 

oxidation (top left) in the Ru(CO) and ligand-based C=O stretching regions. Changes in the Ru(CO) bands’ 

intensities of RuNMe2-DPPP•+ over 60 minutes and spectrum of the re-reduced form (bottom left; reducing 

agent: decamethylferrocene). Contour plots of the -LUSO (top right) and the -HOSO (bottom right) of 
IRuNMe2-DPPP•+. 

Oxidation to RuNMe2-DPPP•+ again furnishes a two-band pattern with one much more 

intense and one weak band, however at higher energies of 1934 cm-1 and 1960 cm-1. 

Besides the increase in absolute energies of the carbonyl stretching frequencies a 

decrease in ∆̃(CO) is observed. In comparison to the other monocationic complexes 

discussed so far, the relative intensities of the high- and low-energy bands do not 
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match the expectations based on the behavior of the other complexes. DFT 

calculations provide a first hint at the origin of this difference. As evident from the data 

in Table 13 a pattern of two Ru(CO) bands is predicted for RuNMe2-DPP•+, regardless 

of whether the H-, L- or I-isomer are assumed. This finding can only be explained by a 

styryl ruthenium-based oxidation rather than a DPPP-centered one. This is in full 

agreement with the increased electron density on the styryl ligand due to replacement 

of the methoxy substituents by the even more strongly donating dimethylamino groups. 

The contour plots of the respective -LUSO (Figure 102, top right) fully agree with this 

notion as it is almost exclusively located on one of the styryl ruthenium moieties for all 

three isomers. As the experimentally obtained Ru(CO) stretching frequencies agree 

best with the computed data for the I-isomer, one might first assumed that HRuNMe2-

DPPP undergoes a twofold isomerization process during its oxidation to furnish 

IRuNMe2-DPPP•+ as a moderately strongly coupled Class  system according to the 

ROBIN and DAY classification. This consideration however neglects the fact that DFT 

ascribes equal oscillator strengths to the C≡O stretches of the carbonyl ligand at both, 

the formally oxidized and reduced ruthenium ions, regardless of whether the molecule 

exists in either the symmetric H-/I- or the asymmetric L-isomeric form. This is the 

predicted pattern for an intrinsically localized, mixed-valent system (for a comparison 

see the discussion on Ru2DBzM-BF2
•+ in Chapter 4.4, or the oxocarbon-bridged 

complexes of Chapter 6.4). Instead RuNMe2-DPPP•+ constitutes a particular case 

where oxidation is followed by rapid isomerization to the I-form so as to spread the 

charge evenly over both styryl ruthenium entities. The observation of two Ru(CO) 

bands with a spacing of 11 cm-1 and relative intensities of 1:100 for the high-/low-

energy C≡O bands is absolutely typical of mixed-valent divinyl-bridged complexes of 

Class  such as Ru2Ph•+, Ru2BTD•+ or Ru2NA•+ of Chapter 3.4. The spectroscopic 

changes observed when monitoring chemically oxidized RuNMe2-DPPP over time 

shown in the bottom left panel of Figure 102 provide further evidence that this specific 

Ru(CO) bands is maintained and only perturbated by the gradual appearance of (a) 

decomposition product(s). The electronic structure of RuNMe2-DPPP•+ is thus best 

represented by what is computed for the I-isomer of the radical cation of its anisyl 

congener RuOMe-DPPP•+ as shown in Figure 103. 
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Figure 103|: Contour plots of the -LUSO (left) and -HOSO (right) of IRuOMe-DPPP•+. 

This suggests that the increase in electron density on the styryl ligand by the 

dimethylamino substituent leads to either the false prediction by DFT of an intrinsically 

localized Class  configuration or the rare occurrence of a system which is on the verge 

of Class - behavior in that the slower time-scale of vibrational spectroscopy 

compared to electronic/optical spectroscopy indicates a Class  system, while the 

latter technique points towards an intrinsically localized ground state. The good 

agreement between the findings of the UV/Vis/NIR-SEC experiments on RuNMe2-

DPPP•+ and the TD-DFT calculations (vide infra) suggests that the latter case holds. 

So similarly to Ru2
vBTD2

•+, which could be shown to have a localized ground state by 

IR spectroscopy (see Chapter 3.4) but showed full delocalization of its unpaired spin 

on the slower EPR timescale (see Chapter 3.5), RuNMe2-DPPP•+ potentially shows 

similar behavior but on a faster timescale of between10-11 s to 10-14 s. The approach of 

using a functional other than pbe1pbe to change the extent of calculated charge 

(de)localization turned out to be unsuccessful in contrast to Ru2
eBTD2

•+ or Ru2
vBTD2

•+. 

Considering the styryl ruthenium entity as the terminal redox center and the DPPP 

ligand as the redox active bridge, the matching in frontier orbital energy realized by 

permutation of R1 possibly resulted in a scenario which is best described by the 

potential energy surface depicted on the left hand side of Figure 8.   

That the isomerization process from the I-form to the H- and in part also to the L-form 

is a reversible process, is suggested by chemical re-reduction of RuNMe2-DPPP•+ 

immediately after its formation by chemical oxidation. It furnishes a spectrum with 

bands at 1894 cm-1, 1917 cm-1 and 1947 cm-1 (see Figure 102, bottom left). The former 

two band positions agree exceptionally well with the theoretical predictions for the H- 

and L-isomers, respectively. The different band intensities probably reflect the different 

ratios of these two isomers, while the band at 1947 cm-1 marks the ever-present 

decomposition product. In contrast to the re-reduction experiment on RuCF3-DPPP•+ 

the band shape of the re-reduced form also did not change over time. This supports 

the notion that the rate of isomerization is increased as R1 becomes more electron-

donating, for both the oxidation as well as the re-reduction.  
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An IR-probe which potentially allows for an insight into the degree of ‘non-innocence’ 

of the DPPP bridge is the C=O stretch of the ketopyrrolide moiety. As evident from the 

corresponding entries in Table 13 the experimentally observed frequencies of all 

neutral complexes agree well with the predicted value. Unfortunately, this stretching 

vibration happens to be virtually unaffected by the electron density of the styryl ligand 

or its disposition relative to either the carbonyl or the alkenyl ligand. This surprisingly 

contrasts to the results of the quantum chemical calculations, which predict a significant 

blueshift of this vibration upon oxidation by roughly 30 cm-1 along with the appearance 

of the symmetric stretching mode in the L-isomers of the respective radical cations.

  

Exchanging the pyridyl substituent in DPPP for a thienyl moiety to obtain DTPP leads 

to a small blueshift in the Ru(CO) stretching vibration by 2 cm-1 for RuCF3-DTPP and 

by 3 cm-1 for RuOMe-DTPP. This trend stands in contrast to the observation made in 

the model complex Cr(CO)5L with L = thiophene or pyridine, as here a redshift is 

observed when the N-donor250 is replaced by the S-donor251 as inferred by the electron-

rich character of the thiophene molecule. DFT calculations predict an even larger 

blueshift of ca. 15 cm-1 as compared to the pyridyl derivatives, regardless of the 

assumed isomer. The deviation between the experimental and calculated values still 

remains the smallest for the H-isomer. The non-observation of cross-signals in the 

ROESY NMR experiment further make this isomer the most likely one. As in this isomer 

the heteroaryl ligand is in an orthogonal position relative to the charge sensitive label, 

the shift in the Ru(CO) frequency is more likely due to the influence that this moiety 

exerts on the donor capability of the pyrrolide ligand. Scheme 6 depicts conceivable 

resonance structures of the DPPP (top) and DTPP (bottom) dianions. As in the DTPP 

ligand the formulation of a thienyl anion suffers from a much larger energetic penalty 

compared to pyridyl, the negative charge is proportionally less localized on the 

heteroaryl moiety. This effect can be observed in the IR spectrum as the amide-based 

C=O stretch is by roughly 30 cm-1 lower in energy in the two DTPP-bridged complexes 

compared to their pyridyl analogues. 
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Figure 104|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) of RuCF3-DTPP (top left) and 

RuOMe-DTPP (top right) during the first oxidation in the Ru(CO) and the ligand-based C=O stretching 

regions. Changes in the Ru(CO) band intensities of RuCF3-DTPP•+ (middle left) and RuOMe-DTPP•+ 

(middle right) monitored over 60 minutes. Contour plot of the -LUSO of HRuCF3-DPPP•+ (bottom left) and 

LRuOMe-DPPP•+ (bottom right). 
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Scheme 6|: Different resonance structures of the dianions of DPPP and DTPP. 

 

Electrochemical oxidation of RuOMe-DTPP yields a pattern of two Ru(CO) bands of 

nearly equal intensities at 1906 cm-1 and 1957 cm-1. This presents the same situation 

as for RuCF3-DPPP•+, RuMe-DPPP•+ or RuOMe-DPPP•+ but does not indicate whether 

this is the signature of a Class  system or the result of an isomerization process. In 

spite of the higher oxidation potentials or Ru(CO) stretching frequencies of the DTPP-

based complexes, the bridging ligand itself can still be considered more electron-rich 

than the pyridyl substituted congener. This puts the locus of the first oxidation still on 

the bridging ligand. As, according to the DFT calculations, this seems to be the case 

also for LRuOMe-DTPP•+ (see the contour plot of the -LUSO in Figure 104 and the 

results of an NBO analysis in Figure 99), fast isomerization to the non-centrosymmetric 

isomer upon oxidation seems the most plausible scenario. This hypothesis is further 

supported by RuCF3-DTPP•+ as, in analogy to RuCF3-DPPP•+, the energy difference 

between the low- and high-energy Ru(CO) bands is lower in the complexes with 

electron-withdrawing substituents R1 (vide supra). As for RuCF3-DTPP•+ the band at 

1916 cm-1 dominates over the shoulder peak at 1941 cm-1. This indicates that the rate 

of isomerization seems again to be slower for the trifluoromethyl-substituted congener 

as implied by the higher LEWIS acidity of the corresponding styryl ruthenium entities 

obviously decelerates the isomerization through its higher ligand affinity. HRuCF3-

DTPP probably decomposes faster than it isomerizes as can be inferred from the 

disappearance of the NIR absorption features over the course of one hour (vide infra). 

These low-energy transitions reach into the Ru(CO) stretching regime, where they lead 

to an increasing absorbance and a lifting in the spectrum’s background (see Figure 

104, middle left).  
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Figure 105|: Changes of the IR spectra (CH2Cl2, 0.1 M NBu4BArF, r.t.) RuOMe-DTPP during the second 

oxidation in the Ru(CO) and ligand-based C=O stretching regions. 

Interestingly, recording IR spectra of RuOMe-DTPP•+ over a period of 60 min only 

showed very minor degradation (see Figure 104 middle right). In consequence, this 

compound constitutes the exception in this series, as generation and spectroscopic 

investigation of the dicationic form seems feasible. The IR spectrum shown in Figure 

105 reveals that the double-band pattern is replaced by a single band at 1962 cm-1. 

This corresponds to a blueshift of the high-energy band of the monocation by 6 cm-1. 

As the isomerization is most likely driven by the formation of a larger -conjugated 

system and/or the increase in -acidity of the styryl ligand as is the case for RuNMe2-

DPPP, the formation of the I-isomer of RuOMe-DTPP2+ seems reasonable. The 

oxidized forms of the anisyl complex with the DTPP bridging ligand are obviously more 

stable than those bridged by DPPP. This also goes along with a more even distribution 

of the positive charge(s) over the three redox-active constituents, the terminal styryl 

ruthenium fragments and the bridging ligand (see Figure 99).  

5.5. EPR Spectroscopy 

As mentioned in the previous chapter, EPR spectroscopy on the radical cations of the 

complexes of this series revealed itself to be of critical value to not only shed light on 

the primary locus of the unpaired spin density, but also to probe for the presence of 

more than one isomer. As RuCF3-MeDPPP with its sterically more demanding bridging 

ligand persisted as the H-isomer after one-electron oxidation, its EPR spectrum will be 

discussed first. Table 14 collects the recorded EPR data. 



Diketopyrrolopyrroles as Bridging Ligands for Styryl Ruthenium Complexes 

156 

 

Table 14|: Recorded and simulated EPR data of the singly and if applicable doubly oxidized 

compounds.  

 isomer giso hfs [Gauss] 

Bu2-DPPP•+ - 1.995 - 

RuCF3-MeDPPP•+ H 1.995 4x 31P (4.6), 2x 99/101Ru (2.4) 

RuCF3-DPPP•+ 

H 1.998 4x 31P (3.4), 2x 99/101Ru (3.2) 

L 2.012 1x 99/101Ru (8.2) 

RuMe-DPPP•+ 

H 2.009  4x 31P (12.0), 2x  99/101Ru (7.2) 

L 2.019 1x  99/101Ru (18.3), 1x  99/101Ru (13.5) 

RuOMe-DPPP•+ L 2.025 2x 99/101Ru (18.3) 

RuNMe2-DPPP•+ I 2.008 - 

 

  

  

Figure 106|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of RuCF3-MeDPPP•+ 

(top, left) and nBu2-DPPP•+ (bottom, left) in CH2Cl2 solution at -50 °C. Contour plot of the calculated spin 

density distribution in RuCF3-MeDPPP•+ (right side). 

Due to the chemical instability of all monocations in this series of complexes, samples 

for EPR spectroscopy were generated by chemical oxidation with ferrocenium BArF- 

and EPR spectra were recorded immediately at -40 °C or -50 °C to prevent 

decomposition during signal acquisition. Spectra at r.t. were recorded afterwards to 
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monitor any change in the signal’s appearance due to the suspected isomerization 

processes. The EPR spectrum of RuCF3-MeDPPP•+ and its simulation are depicted in 

Figure 106. This radical cation is characterized by an isotropic signal with a giso-value 

of 1.995, which matches that of the radical cation of the dibutyl-substituted, oxidized 

ligand nBu2-DPPP•+. This supports the previous findings of a DPPP-centered oxidation. 

Interestingly, for reproducing the experimental spectrum by simulation, hyperfine 

splitting to two 99/101Ru nuclei of 2.4 Gauss and to four 31P nuclei of 4.6 Gauss was 

required. This supports a situation, where two electronically equivalent styryl ruthenium 

entities are bridged by the singly oxidized DPPP•- ligand.  

 

Figure 107|: Calculated spin density distribution on different parts of HRuCF3-MeDPPP•+ and H/LRuCF3-

DPPP•+. Fragment exponent delineates the disposition of the indicated fragment in relation to DPPP bridge 

as based on the L-isomer. 
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Figure 108|: Experimental (black curve) and simulated (blue curve) EPR spectrum of RuCF3-DPPP•+ (top, 

left) in CH2Cl2 solution at -50 °C. Changes in the EPR signal’s intensity of RuCF3-DPPP•+ over 10 minutes 

at 20 °C (bottom left). Contour plot of the calculated spin density distribution in HRuCF3-DPPP•+ (top right) 

and LRuCF3-DPPP•+ (bottom right). 

As mentioned in the previous section, immediate subjection of a freshly prepared 

sample of the corresponding bis-RuCF3 complex RuCF3-DPPP•+ to the EPR 

spectrometer at -50 °C furnishes a two-component signal with relative intensities of ca. 

1:2. The signal at higher field (smaller g-value) constitutes the major component and 

shows a giso-value of 1.998 and hfs’s to two 99/101Ru nuclei of 3.2 Gauss and to all four 

31P nuclei of 3.4 Gauss. The relative increase in g-value and coupling strength to the 

ruthenium nuclei agrees well with the slight decrease in electron density on the DPPP 

bridge as it lacks the methyl substituents. It can therefore be safely assumed that this 

signal corresponds to the HRuCF3-DPPP•+ isomer. The other signal shows the 

fingerprint of a more metal based spin with an associated g-factor of 2.012 and 

resolved hfs to only one 99/101Ru nucleus with a coupling constant of 8.2 Gauss. As the 

calculated contribution of the {Ru} fragment which underwent isomerization from the 

H- to the L-isomer increases from 5.4% to 16.8%, this signal can be ascribed to the L-

isomer. Allowing the solution to warm to room temperature leads to an increase in 

linewidth so that any hyperfine splitting becomes unresolved in the high-field signal. 

More importantly its intensity decreases drastically over the course of 10 min while the 

signal associated to the L-isomer stays nearly constant. In a first approximation this 

reflects the scenario observed in the time-based IR experiment of an isomerization 
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process from the H- into the L-form. The fact that, despite ongoing isomerization, the 

signal attributed to the non-centrosymmetric isomer does not increase anymore can 

most likely be traced back to the ongoing, competing decomposition of RuCF3-DPPP•+. 

As the metal containing products of this reaction tend to be diamagnetic but still bear 

a carbonyl ligand, they are invisible in the EPR experiment but constitute a distinct 

feature in the IR spectrum. In particular ̃(CO) values of 1957 cm-1 and 1947 cm-1 are 

the alleged signatures of decomposition products containing the {Ru} fragment in either 

a five- or six-fold coordination environment.  

The signal recorded at -50 °C of RuMe-DPPP•+ immediately after oxidation is shown 

in the top left corner of Figure 109. It is dominated by a signal with a giso-value of 2.019 

and hyperfine splittings to two 99/101Ru nuclei of 18.3 and 13.5 Gauss, respectively. The 

underlying signal at higher field presumably has a giso-factor of 2.009 with hfs to two 

99/101Ru nuclei with a magnitude of 9.6 Gauss, as well as four 31P nuclei with A(31P) = 

19.2 Gauss.  

  

  

Figure 109|: Experimental (black curve) and simulated (blue curve) EPR spectrum of RuMe-DPPP•+ in 

CH2Cl2 solution at -50 °C (top left) and 20 °C (bottom left) Contour plot of the calculated spin density 

distribution in HRuMe-DPPP•+ (top right) and LRuMe-DPPP•+ (bottom right). 

In conjunction with the calculated spin density distribution (Figure 111) multiple 

conclusions can be drawn. Firstly, the dominant signal most likely corresponds to the 

L-isomer based on the findings for the CF3-substituted congener. The increase in the 

g-factor and in the magnitude of the hfs to the ruthenium nuclei is thereby supported 
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by the calculated increase in spin density on the IRu-fragment from 16.8% in LRuCF3-

DPPP•+ to 22.1% in LRuMe-DPPP•+. Including hfs to two instead of only one ruthenium 

atom was thereby necessary to match the observed intensity distribution. The minor 

signal is hence most likely the signature of the H-isomer due to the smaller giso-value 

and similar coupling pattern to that assigned to HRuCF3-DPPP•+. The relative increase 

in both giso-value and hfs’s to the ruthenium and phosphorus nuclei compared to the 

electron-poor derivative is again in full agreement with the calculated spin density 

distribution which assigns ca. 10% of the overall spin density to each of the two {Ru} 

moieties. Warming the sample to 20 °C yields a spectrum (Figure 109, bottom left) 

entirely comprised of the signal corresponding to LRuMe-DPPP•+, which fully agrees 

with an increase in the rate of isomerization. RuOMe-DPPP•+ continues the trend, as 

the EPR spectrum recorded at -50 °C seems to be entirely comprised of the signal 

attributed to the L-isomer alongside an additional increase in the giso-value to 2.025 

and a hfs coupling constant to two 99/101Ru nuclei of 18.3 Gauss.  

  

Figure 110|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of RuOMe-DPPP•+ 

in CH2Cl2 solution at -50°C (left). Contour plot of the calculated spin density distribution in LRuOMe-

DPPP•+ (right). 

The shift of the spin density away from the DPPP ligand and on to the styryl ruthenium 

moiety which underwent isomerization so that the styryl ligand is positioned opposite 

to the amide donor (the relative I-configuration) is reflected by the calculated spin 

density distribution (Figure 111). 
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Figure 111|: Calculated spin density distribution on different parts of H/LRuMe-DPPP•+ and LRuOMe-

DPPP•+. Fragment exponent delineates the disposition of the indicated fragment in relation to DPPP bridge 

as based on the L-isomer. 

As in IR spectroscopy, RuNMe2-DPPP•+ has a spectroscopic profile entirely different 

from all other oxidized complexes of this series it shows an isotropic signal with no 

resolved hyperfine splitting at a giso-value of 2.008 at both -50 °C and 20 °C.  

  

Figure 112|: Experimental (blue curve) and simulated (black curve) EPR spectrum of RuNMe2-DPPP•+ in 

CH2Cl2 solution at -50 °C (left). Contour plot of the calculated spin density distribution in IRuNMe2-DPPP•+ 

(right). 
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Figure 113|: Calculated spin density distribution on different parts of IRuNMe2-DPPP•+. Fragment 

exponent delineates bond fashion of said fragment in relation to DPPP bridge, based on the L-isomer. 

This is not only the commonly observed EPR characteristic for one-electron oxidized, 

six-coordinated styryl ruthenium complexes,83,89,102 but also supports the findings from 

the IR spectroscopic investigation as the smaller giso-value suggests a median 

character in between the more metal-centered spin of the L-isomer and the bridge-

based spin of the H-isomer for the other complexes. As the I-isomer constitutes the 

structure with the longest -conjugated pathway, encompassing both styryl ruthenium 

moieties and the DPPP bridge, this structure agrees best with the experimental 

findings. The localized nature of the computed spin density is once more not in discord 

with the presumed delocalized character due to the relatively slow timescale of EPR 

spectroscopy (see Chapter 3.5). 

5.6. UV/Vis/NIR Spectroelectrochemistry 

The low-lying LUMO of diaryl diketopyrrolopyrroles in conjunction with the electron-

donating and auxochromic properties of the styryl ruthenium complex fragment leads 

to a literally colorful combination of charge-transfer transitions imaginable for the 

complexes of this series. The redox-active nature of both, the metal-based 

chromophore as well as the bridging ligand, only adds to the number of possible 

transitions once these compounds are oxidized to their open-shell radical cations. 

Assignment of the corresponding electronic transitions is further complicated by the 

accompanying isomerization processes which, in particular in the case of the L-isomer, 

furnish systems with intrinsically inequivalent redox centers. Their description by 

potential energy hypersurfaces as shown in Figure 5 is already complicated on its own. 
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Adding ligand-based states to this scenario (see Figure 7 and Figure 8) will result in 

systems whose energy landscapes are fairly complex. This can ultimately lead to a 

large number of possible transitions. The assignment of certain transitions to any given 

spectral band in particular, will therefore not be feasible for the oxidized forms. 

Furthermore, optical spectroscopy on the DTPP-bridged complexes RuCF3-DTPP and 

RuOMe-DTPP was waived as the influence of the thienyl substituent on the extent/lack 

of electronic coupling between the styryl ruthenium moieties could already be 

determined to a satisfying degree by IR and EPR spectroscopy. The collected 

experimental and calculated data for the DPPP-bridged complexes are found in Table 

15.  

Table 15|: UV/Vis/NIR data of the complexes in their various oxidation statesa 

  
major 

isomer 
max [nm] ( [M-1 cm-1]) 

TD-DFT calc. transitions 

calc 
[nm] 

contribution (minor) character 

RuCF3-
MeDPPP 

0 H 

575 (sh) 

625 (21000) 

685 (41300) 

- - - 

+ H 

808 (-) 

845 (-) 

920 (-) 

1250 (-) 

- - - 

RuCF3-
DPPP 

0 H 

580 (sh) 

630 (18600) 

695 (39300) 

546 

628 

H-2 → L 

H → L 

ML-L’CT 

π - π* / ML’CT 

+ L 

580 (-) 

630 (-) 

695 (-) 

830 (-) 

870 (-) 

950 (-) 

2500 (-) 

593 

719 

742 

812 

884 

1882 

βH-1 → βL+1 

α/βH-2/H-1 → α/βL 

αH → αL (αH-1 → αL) 

αH → αL (αH-2 → αL) 

βH-2 → βL 

βH → βL (βH-1 → βL) 

ML-L’CT / π - π* 

ML-L’CT 

ML-L’CT 

ML-L’CT 

M-L’CT / L-L’CT 

ML-L’CT 

RuMe-
DPPP 

0 H 

590 (sh) 

635 (18900) 

 

584 

 

H-2 → L 

 

ML-L’CT 
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RuMe-
DPPP 

 

 

700 (33200) 644 H → L π - π* / ML’CT 

+ L 

610 (-) 

685 (-) 

915 (-) 

1030 (-) 

2200 (-) 

2600 (-) 

610 

720 

908 

962 

1825 

2210 

αH-2 →αL (βH-1 →βL+1) 

βH →βL+1 (αH-1 →αL) 

αH-2 →αL (αH →αL) 
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Figure 114|: UV/Vis/NIR spectrum (left) and excerpt from the NIR spectrum (right) of RuCF3-MeDPPP in 

the neutral and monocationic states. Oxidized with ferrocenium BArF- in CH2Cl2. 

  

Figure 115|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of RuCF3-DPPP during 

the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

As mentioned in Chapter 5.2 the color of the neutral DPPP-bridged complexes 

changes only slightly from a dark blue for RuCF3-DPPP and RuCF3-MeDPPP to a dark 

sapphire color for RuNMe2-DPPP. This redshift of the absorbance in the visible 

spectrum is hence also reflected by the corresponding UV/Vis/NIR spectra. The color 

impression is always dominated by a double-band feature which has its peaks at max 

= 695 nm and 630 nm for the trifluoromethyl substituted complex (Figure 115). The 

absorption maxima experience a constant and subtle bathochromic shift with an 

increasing electron-donating capability of R1 to max values of 700 nm and 645 nm in 

RuNMe2-DPPP (Figure 128). RuMe-DPPP (Figure 120) and RuOMe-DPPP (Figure 

123) naturally fall in between these two sets of values with maxima at 700 and 635 nm. 

The conformity in the band’s position in the latter two complexes reflects their electronic 

similarity as inferred by their identical Ru(CO) stretching frequencies (vide supra). 

Attachment of the methyl substituent to the pyridyl moiety in RuCF3-MeDPPP leads to 
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a small blueshift of both bands to max = 685 and 625 nm, suggesting that the LUMO, 

which is located on the DPPP fragment, is energetically lifted due to +I-effect of the 

methyl group. The molar absorption coefficient associated to the band at lower energy 

is always larger compared to the neighboring band with max = 39300 M-1 cm-1 and 

18600 M-1 cm-1 for RuCF3-DPPP. In the order from an electron-poor to an electron-rich 

styryl ligand the absorbance of the lowest energy band is slightly diminished to 

27000 M-1 cm-1 in RuNMe2-DPPP, while the neighboring band stays relatively constant 

in intensity. A look on the computed electronic spectra for the three conceivable 

isomers, H, L and I of Figure 116 reveals that the one calculated for the L-isomer 

matches the experimental spectrum best. This is, however, clearly refuted by the NMR 

and IR spectra, which indicate that the major isomer of all complexes is the 

centrosymmetric H-isomer. In particular, the absence of a NOE cross peak between 

the H6-proton on the pyridyl unit and the -vinyl proton for the major isomer but its clear 

observation for the L-isomer provides clear evidence, for the former assignment. 

Obviously, the calculations underestimate the oscillator strength of the second 

transition. The calculations, however, correctly reproduce and even exaggerate, the 

trend of an increasing absorptivity of the band at higher energy when the styryl ligands 

are rendered more electron-rich. This is evident from comparing the computed spectra 

in Figure 116, Figure 121, Figure 124 and Figure 125. We also note a favorable 

agreement between the experimental spectra of the present styryl complexes with that 

of their hydride analog, with HRu(CO)(PPh3)2 as the complex fragments, as reported 

by KAIM, LAHIRI and their coworkers.  

 

   

Figure 116|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral RuCF3-DPPP as the H- (left), 

L- (middle) and I-isomer (right) 
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Figure 117|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic RuCF3-DPPP•+ as the 

H- (left), L- (middle) and I-isomer (right). 

  

  

Figure 118|: EDDM plots and graphical representations of MOs with the largest contributions to the most 

redshifted electronic transition in the H-isomers of RuCF3-DPPP (top left), RuMe-DPPP (top right), 

RuOMe-DPPP (bottom left) and RuNMe2-DPPP. (bottom right). 

Naturally, the transition responsible for the prominent absorption band of the neutral 

complexes at max = 685 to 700 nm is the HOMO - LUMO transition. In the series form 

R1 = CF3 to R1 = NMe2 the character underlying this transition changes continuously 

from a merely DPPP-based -* transition with only marginal contributions by ML’CT 

transitions from the Ru ions to the DPPP bridge to an exclusive ML-L’CT transition from 

both electron-rich styryl ruthenium moieties to the bridging ligand in RuNMe2-DPPP. 

The corresponding EDDM pots are found in Figure 118 alongside the contour plots of 

the HOMO and LUMO of the respective complex as the H-isomer. The second 

absorption feature, the neighboring peak at max = 625 nm to 645 nm, is the result of 

the HOMO-2 to LUMO transition. Its character changes diametrically to that of the 
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HOMO - LUMO transition as the electron-poor styryl ligands change to electron-rich 

ones. Especially the comparison of the occupied frontier orbitals of RuNMe2-DPPP to 

those of its three congeners (see Figure 119) illustrates the inversion of the HOMO 

and HOMO-2 through attachment of the dimethylamino groups.  

  

  

Figure 119|: EDDM plots and graphical representations of MOs with the largest contributions to the 

HOMO-2 - LUMO transition in the H-isomer of RuCF3-DPPP (top left), RuMe-DPPP (top right), RuOMe-

DPPP (bottom left), and RuNMe2-DPPP. (bottom right). 

In the ruthenium hydride complexes studied by LAHIRI and coworkers (see Figure 88) 

the HOMO - LUMO transition is found at relatively lower energy. They report max 

values of 722 nm for the complexes corresponding to the H-isomer with the hydrido 

ligand trans to the pyridyl donor, and of 702 nm for the I-isomer. This blueshift is the 

expected consequence of an energetically higher-lying LUMO by placing the strongly 

electron-donating styryl ligand trans to the pyridyl moiety. That this trend is most 

pronounced for RuCF3-DPPP, but less so for RuOMe-DPPP, agrees with the increase 

in relative donor contribution by the styryl ruthenium moiety to this transition. In 

RuNMe2-DPPP the HOMO-2 - LUMO transition must be considered, instead, due to 

the inversion of these two occupied orbitals.  

Features common across the complexes of this series are the strong absorptions in 

the UV which range slightly into the high-energy region of the visible. The shoulder-like 

peaks are thereby the fingerprints of CTs from the ruthenium coligand entities to the 

DPPP linker. The features of higher energy show rather large extinction coefficients of 

40000 to 55000 M-1‧cm-1 and correspond to styryl ruthenium-based -* transitions. In 
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the dicarboxylate bridged analogues these transitions are solely responsible for their 

yellow color impression as these lack the central, bridging chromophore. 

  

Figure 120|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of RuMe-DPPP during 

the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

   

Figure 121|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral RuMe-DPPP as the H- 

(left), L- (middle) and I-isomer (right) 

   

Figure 122|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic RuMe-DPPP•+  as the 

H- (left), L- (middle) and I-isomer (right) 

While the spectra of the neutral forms of complexes RuCF3-DPPP and RuCF3-MeDPPP 

are nearly identical (see Figure 114 and Figure 115), the spectra of their singly 

oxidized forms differ in respect to the intensity and energy of the newly formed NIR 

band, suggesting the presence of different isomers. For RuCF3-MeDPPP•+ the band of 

lowest energy is found at ca. 7500 cm-1 or 1330 nm, while it is considerably redshifted 

in RuCF3-DPPP•+, to roughly 4000 cm-1 or 2500 nm. This is consistent with the trend 

observed for the calculated transition in the respective isomers. While for HRuCF3-

DPPP•+ it is calculated to be located at calc = 1768 nm (Figure 117, left), it is redshifted 
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for LRuCF3-DPPP•+ to 1882 nm (Figure 117, middle), or even to 2257 nm in IRuCF3-

DPPP•+ (Figure 117, right). This further supports the notion that one-electron oxidation 

entails the transformation into another isomer if the molecular structure allows for it. In 

consequence, oxidation to the corresponding monocationic complex entails a similar 

change in the respective Vis and NIR absorption profiles of RuMe-DPPP and RuOMe-

DPPP in comparison to RuCF3-DPPP. RuNMe2-DPPP constitutes the exception, in 

analogy to the results of IR and EPR spectroscopy.  

The intense band in the visible range of the electromagnetic spectrum drastically loses 

intensity and is replaced by a convolute of two or three bands in the range of 800 nm 

to 1200 nm. The peak maxima experience a constant bathochromic shift as the donor 

capacity of the styryl ligand increases. RuMe-DPPP•+ (Figure 120)and RuOMe-

DPPP•+ (Figure 123) share their broad absorption in the NIR with the peak at ca. 

2500 - 2700 nm with RuCF3-DPPP•+ (Figure 115). Based on the comparative results 

for RuCF3-MeDPPP•+ the exceptionally low energy of the underlying transition(s) 

suggest that they also are mostly comprised of the L-isomer. We note here that the 

experimental spectra match those calculated for the oxidized forms of the L-isomers 

far better than those for the H- or I-isomers.  

  

Figure 123|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of RuOMe-DPPP 

during the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

   

Figure 124|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral RuOMe-DPPP as the H- 

(left), L- (middle) and I-isomer (right). 
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Figure 125|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic RuOMe-DPPP•+  as 

the H- (left), L- (middle) and I-isomer (right). 

In all three cases, the underlying transition is the HOSO - LUSO transition within the -

manifold. A decreasing admixture of the -HOSO-1 to -LUSO transition with an 

increase in the donor capability of R1 is also noted. The corresponding contour plots of 

the relevant orbitals involved in this transition alongside the corresponding EDDM plots 

are shown in Figure 126. They neatly visualize the increased orbital overlap of 

particularly the -HOSO on the pyrrolopyrrole backbone with the styryl ruthenium 

fragment, which is bonded in a relative I-configuration, as R1 is permutated from CF3 

to OMe. So, while for the electron-poor congener the transition of lowest energy can 

be characterized as a charge transfer from both styryl ruthenium fragments to the 

DPPP bridge, the charge accepting moiety in this CT transition is extended onto the 

IRu-fragment. In the classical picture of purely metal-based mixed-valency these 

transitions could therefore be interpreted as inter-valence charge transfer transitions in 

RuMe-DPPP•+ and RuOMe-DPPP•+ and would be described by the PES shown on the 

left in Figure 5. In the present cases, however, the bridging ligand cannot be left out of 

the picture. So a combination of the PES of the energetically unequal constellation 

shown in Figure 5 and that shown on the right hand side in Figure 7 is most suited to 

describe these two complexes. For RuCF3-DPPP•+ and in particular for the 

centrosymmetric RuCF3-MeDPPP•+, the PES shown on the left hand side in Figure 7 

constitutes an appropriate descriptor. 
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Figure 126|: EDDM plots and graphical representations of MOs with the largest contributions to the -

HOSO - -LUSO transition in the L-isomer of RuCF3-DPPP•+ (top left), RuMe-DPPP•+ (top right), and 

RuOMe-DPPP•+ (bottom left). 

The convoluted absorption feature at the high-energy edge of the NIR and the 

remaining bands in the visible spectrum are of very similar character. The numerous 

underlying transitions, that form the NIR absorption feature and which are listed in more 

detail in Table 15 are mainly comprised of HOSO-1 and HOSO-2 to LUSO transitions 

within the -manifold. A similar mix of transitions between -spin orbitals results in the 

absorption feature in the visible regime. As the -HOSO-2 and -HOSO-1 both 

originate from the HOMO-2 in the neutral complex, this similarity is not further 

surprising. The bathochromic shift is then merely the result of the lower-lying -LUSO 

as compared to the -LUSO, as the former originates from the HOMO in the neutral 

state. Both unoccupied orbitals are however located on the DPPP bridge, resulting in 

the styryl ruthenium to DPPP charge transfer character. The EDDM and MO plots 

corresponding to the -HOSO-2 to -LUSO transition for RuCF3-DPPP•+, RuMe-

DPPP•+ and RuOMe-DPPP•+ are shown in Figure 127. 
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Figure 127|: EDDM plots and graphical representations of MOs with the largest contributions to the -

HOSO-2 - -LUSO transition in the L-isomer of RuCF3-DPPP•+ (top left), RuMe-DPPP•+ (top right), and 

RuOMe-DPPP•+ (bottom left). 

The improved orbital overlap between the DPPP-based and styryl ruthenium-based 

orbitals by isomerization to a relative I-configuration and increasing the electron density 

on the styryl ligand again has the effect of gradually changing the character of the 

underlying transition from charge transfer from the styryl ruthenium fragments to the 

DPPP bridge to a -* transition on the central ligand and the styryl ruthenium fragment 

bonded in the relative I-configuration. The related hydride complexes show a very 

similar absorption pattern in the monocationic state, which further supports the 

assignment of these transitions as well as highlighting the dominant character of the 

non-innocent DPPP bridging ligand to the photophysical properties of these 

complexes. 

  

Figure 128|: Changes in the UV/Vis/NIR spectrum (CH2Cl2, 0.1 M NBu4BArF, r.t.) of RuNMe2-DPPP 

during the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 
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Figure 129|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral RuNMe2-DPPP as the H- 

(left), L- (middle) and I-isomer (right). 

   

Figure 130|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic RuNMe2-DPPP•+  as 

the H- (left), L- (middle) and I-isomer (right). 

The special status of the monocation of RuNMe2-DPPP, as already established by the 

difference in its IR and EPR spectra, warrants a separate discussion of its UV/Vis/NIR 

signature. Isomerization to IRuNMe2-DPPP•+ upon oxidation is also supported by the 

good agreement of the experimentally obtained and calculated electronic spectra (see 

Figure 130). Discussion of the underlying transitions of the oxidized form and their 

respective character will hence be based on the I-isomer. The transition of lowest 

energy from the -HOSO to the -LUSO is predicted to be located at 2421 nm and 

most likely corresponds to a shallow band with a maximum around 7000 cm-1, or 1430 

nm (see Figure 128). The corresponding EDDM plot shown in Figure 131 (top left) 

clearly assigns inter-valence charge transfer character to this transition. Based on this 

transition RuNMe2-DPPP•+ is therefore best characterized as a Class  mixed-valent 

compound. However, just because the occupied frontier orbitals have swapped places 

by replacing R1 = OMe for NMe2 does not imply that the bridging ligand may be left out 

of the picture. This is best illustrated by the band found at 8500 cm-1 in the IR spectrum, 

or at ca. 1150 nm in the NIR section of the UV/Vis/NIR spectrum. It most likely 

corresponds to a calculated transition at calc = 1594 nm with dominant contributions 

from the -HOSO-1 and -LUSO. As shown in the top right corner of Figure 131, the 

occupied spin orbital thereby extends onto the DPPP bridging ligand, resulting in a 
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non-classical IVCT transition from a donor comprised of one styryl ruthenium moiety 

and the DPPP bridge to the other styryl ruthenium moiety acting as the acceptor. The 

-HOSO-2 to -LUSO transition found at max = 915 nm in the experiment, or at 

calc = 972 nm in the calculated spectrum, retains the same overall character of a 

non-classical IVCT transition (not shown in Figure 131). The styryl ruthenium to DPPP 

charge transfer transition, characterized as the HOMO - LUMO transition in the neutral 

complex, is calculated to be considerably redshifted upon oxidation to max = 825 nm 

and is now comprised of the -HOSO - -LUSO+1 transition with admixture of -

HOSO - -LUSO at calc = 860 nm. The corresponding contour plots for the latter 

orbitals alongside the EDDM plot are shown in Figure 131 (bottom left). Transitions of 

similar character form the double-band feature at max = 665 and 610 nm and are mainly 

the result of transitions between non-frontier orbitals within the - and -manifold. They 

are likewise not shown in Figure 131.  

  

  

Figure 131|: EDDM plots and graphical representations of MOs with the largest contributions to different 

transitions in the I-isomer of RuNMe2-DPPP•+: -HOSO - -LUSO (top left), -HOSO-1 - -LUSO (top 

right), -HOSO - -LUSO+1 (bottom left) and a DPPP-based -* transition (bottom right). 

Another characteristic, special to the optical spectrum of RuNMe2-DPPP•+, is the 

double absorption feature at the blue edge of the visible spectrum at max = 485 and 

450 nm. It most likely corresponds to the DPPP-based -* transitions which have been 

redshifted as a result of the isomerization to the I-isomer, which extends the effective 

-conjugated pathlength of the molecular backbone. A transition which might come into 
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question has a calculated absorption maximum at calc = 409 nm. Assignment to any 

specific combination of spin orbitals is, however, not feasible due to the large number 

of underlying, combined transitions. The resulting EDDM plot is shown in the bottom 

right hand side in Figure 131. 

5.7. Summary 

In this chapter the suitability of two variants of dianionic diketopyrropyrroles to function 

as bridging ligands to mononuclear styryl ruthenium complexes was investigated. The 

focus was thereby put on the ligand’s capability to facilitate electron transfer between 

the chelated styryl ruthenium moieties in the respective mixed-valent state. To gauge 

the relative orbital overlap between the bridge and the terminal redox entities, the 

electron density on the five-coordinated precursor complexes 

Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-R1) was adjusted by varying the substituent in 

4-position from electron-withdrawing (R1 = CF3) over mildly donating (R1 = Me, OMe) 

to strongly electron-donating (R1 = NMe2). Likewise the electron density on the 

diketopyrrolopyrrole was varied by either attaching an electron-poor, N-coordinating 

2-pyridyl (DPPP) unit as the second arm of the chelate, or a more electron-rich S-

donating 2-thienyl substituent (DTPP). The six main target compounds, namely RuCF3-

DPPP, RuMe-DPPP, RuOMe-DPPP, RuNMe2-DPPP, RuCF3-DTPP and RuOMe-

DTPP were all prepared in a similar manner by adding a solution of the five-coordinated 

precursor complex to a solution of the DPPP/DTPP dianion.  

The structural characterization of the DPPP-based complexes turned out to be 

challenging at times, as in CD2Cl2 solution they are present as a mixture of all three 

conceivable isomers. These isomers distinguish themselves in terms of the relative 

dispositions of the four different donors in the equatorial coordination plane around the 

Ru ion. Two isomers in which both pyrrolide N-donors are in a trans orientation to either 

the carbonyl (H-isomer) or the styryl ligand (I-isomer) are centrosymmetric, while the 

third one has a non-centrosymmetric arrangement where one pyrrolide nitrogen atom 

is positioned trans while the other is cis to the carbonyl ligands of the two terminally 

attached {Ru} moieties (L-isomer). Through one- and multidimensional NMR 

spectroscopic experiments in CD2Cl2 as well as in C6D6 it could be shown that in the 

more polar solvent dynamic interconversion occurs between the at least two different 

isomeric forms as a function of the donor capability of R1 for the DPPP-bridged 

complexes. The two compounds with DTPP as the central bis-chelate prefer one 

isomer to a much higher extent. Regardless, the H-isomer constitutes the most stable 

isomer in all complexes as unequivocally established by NOESY experiments. This 
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also matches with the results of DFT calculations. The latter proposition was 

experimentally confirmed through the synthesis of RuCF3-MeDPPP which differentiates 

itself from RuCF3-DPPP by a methyl group in the 6-position on the pyridyl units. The 

steric demand of the CH3 moiety thereby prohibited the formation of the L- and I-

isomers as evident from its 1H- and 31P{1H}-NMR spectra. A similar approach for the 

dimethylamino derivative was, however, unsuccessful, leading to loss of the styryl 

ligands by release of the corresponding alkyne and the formation of the hydride 

complex.  

The electrochemical properties of these complexes can be phrased as surprisingly 

complex. The DPPP-bridged complexes with a trifluoromethyl group for R1 show only 

a single reversible oxidation, which stands in stark contrast to the mantra of one 

reversible oxidation per styryl ruthenium entity. The second, only partially reversible 

oxidation is found at a value of E1/2 > 500 mV, which is incompatible with two 

consecutive charging processes of the styryl ruthenium entities separated by a 

relatively extended bridge. By rendering R1 increasingly electron-rich the second redox 

process becomes reversible on the timescale of the CV experiment. Simultaneously, 

the associated half-wave potentials of the first two oxidations are shifted cathodically 

and the half-wave potential splitting is significantly reduced to only 80 mV for R1 = 

NMe2. These trends are a first indicator for a change in the locus of the first oxidation 

from a bridge-based process in RuCF3-DPPP, to a styryl ruthenium-based oxidation in 

RuNMe2-DPPP. Primary oxidation of the DPPP ligands has likewise been observed by 

KAIM, LAHIRI and their coworkers for the corresponding hydride complexes.244  

The two complexes with the thienyl substituted DTPP bridge display the same trend 

when compared among themselves but surprisingly show a slightly higher oxidation 

potential when compared to their pyridyl congeners, despite the stronger electron-

donating character of the 2-thienyl vs. the 2-pyridiyl chelate donors. This was traced 

back to the distribution of the two negative charges in the different conceivable 

resonance structures of the two ligands. One-electron reduction of the DPPP/DTPP 

ligand was also observable for most complexes of this series. Their formally dianionic 

character, however, shifts this process cathodically to the edge of the accessible 

potential window of the CH2Cl2/NBu4BArF electrolyte (E1/2
0/- ≈ -2000 mV) instead 

of -1595 mV as is the case for N,N’-dibutyl-DPPP. As the LUMO is fully located on the 

bridging ligand, this process is shifted outside of the accessible window in the donor 

substituted complexes RuCF3-MeDPPP and RuOMe-DTPP.  

In contrast to the picture painted by the electrochemical studies, generation of the 

oxidized species, by either electrochemical or chemical means, shows that even the 

radical cations decompose to a significant degree in a matter of minutes to the point 
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where investigations of the dications had to be waived. RuOMe-DTPP2+ forms the only 

exception.  

Infrared spectroscopy performed on the neutral forms of these complexes revealed a 

main Ru(CO) band at ca. 1900 cm-1 and thus confirms the strong donor character of 

the pyrrolide ligand in general and its position trans to the charge-sensitive carbonyl 

ligand in particular. We also note an exceptionally good level of agreement with the 

values obtained by the quantum chemical calculations for the H-isomer. Oxidation of 

the “locked” complex RuCF3-MeDPPP to its radical cation resulted in a band blueshifted 

by 23 cm-1, confirming the ligand-centered oxidation, as inferred by CV and supported 

by the composition of the -LUSO within the monocation. In RuCF3-DPPP•+, RuMe-

DPPP•+ and RuOMe-DPPP•+ a two-band pattern was found for the Ru(CO) stretches 

with an increase in ∆̃(CO) between the high- and low-energy bands as R1 gains in 

donor capacity. Additional time-dependent experiments and the data provided by the 

DFT calculations unearthed an underlying, oxidatively induced isomerization process 

from the centrosymmetric H-isomer to mainly the asymmetric L-isomer. The two-band 

pattern is thereby also the consequence of the chemical inequivalency of the two {Ru} 

moieties. It was further found that by rendering the substituent R1 more electron rich, 

the rate of isomerization increases. Isomerization is likely to be driven by the improved 

orbital overlap of the frontier orbitals between the DPPP bridge and the styryl ligand at 

the ruthenium ion in a relative I-configuration and concomitant extension in -

conjugated pathlength. This stabilizes the positive charge density on the I-type styryl 

ruthenium-DPPP fragment of such a complex, rendering it an active contributor to the 

oxidation process.  

RuNMe2-DPPP•+ does not conform to this trend. While it also shows a two-band pattern 

for the Ru(CO) stretches, the difference between the high- and low-energy band is 

significantly lower and the higher-energy feature is much less intense than the one at 

lower energy. In addition, the Ru(CO) bands are counterintuitively also found at higher 

absolute energies (1934 cm-1 and 1960 cm-1) compared to RuOMe-DPPP•+ (1908 cm-1 

and 1949 cm-1), which constitutes the electronically most similar congener of this 

series. The pattern of Ru(CO) bands is here traced back to the in-phase and out-of-

phase stretches of the two carbonyl ligands. This is the characteristic signature of a 

fully delocalized mixed-valent system, encompassing two terminally appended styryl 

ruthenium moieties. The determining hint to arrive at this interpretation was provided 

by the computational results for the I-isomer of RuOMe-DPPP•+, which predicted a fully 

delocalized ground state for this radical cation, instead of a styryl based oxidation for 

the dimethylamino derivative localized on only one specific styryl ruthenium unit. The 

slower timescale of IR spectroscopy as compared to electronic transitions was 
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eventually made guilty for this discrepancy. This is analogous to the results for 

Ru2
vBTD2

•+, where the transition from a localized to a delocalized structure occurred 

at the even slower timescale of EPR spectroscopy (see Chapter 3.4). The two 

complexes bridged by the DTPP ligand show a slightly higher Ru(CO) stretching 

energy (∆̃(CO) = 3 cm-1) reflecting the trend observed in the electrochemical studies. 

While the overall stability is increased, the electron-poor derivative RuCF3-DTPP•+ still 

tends to decompose faster than it undergoes isomerization. RuOMe-DTPP•+ quickly 

forms the L-isomer and is stable enough to allow for the generation of the dication. The 

latter only shows a single Ru(CO) band suggesting the formation of a centrosymmetric 

isomer and rapid isomerization of also the second styryl ruthenium unit.  

EPR spectroscopy in general confirmed the presence of an isomerization process 

accompanying one-electron oxidation. The easier access to lower temperatures during 

EPR spectroscopic measurements not only conveniently allowed for the investigation 

of the paramagnetic radical cations of the H-isomers before full conversion to the L-

isomer occurred, but also prevented decomposition during signal acquisition. For 

RuCF3-MeDPPP•+ the recorded giso-value of 1.995 matches that of the radical cation of 

the dibutylated ligand, confirming a DPPP-centered oxidation. Hyperfine splitting to 

four 31P nuclei additionally assigns a delocalized nature to this radical cation. RuCF3-

DPPP•+ gave a two-component signal at both -40 °C as well as after allowing the 

sample to warm to r.t. One signal agrees well with those of the aforementioned 

compound while the other shows a giso-value of 2.012 and exclusive coupling to only 

one ruthenium nucleus. The stronger “metal character” of the latter signal agrees well 

with the computed spin density distribution for the L- compared to the H-isomer. A 

change in the intensity distribution of these two signals over the course of minutes at 

r.t. is an additional indicator for the underlying isomerization. In RuMe-DPPP•+ this 

process is accelerated, so that only a weak signal of the H-isomer can be observed at 

lower temperatures. The latter wholly disappears upon warming. In RuOMe-DPPP•+, 

the signal of the H-isomer of the radical cation is absent altogether even at -40 °C, 

leaving only the signal of the L-isomer. The computed increase in spin density on the 

styryl ruthenium fragment bonded in a relative I-configuration is expressed in the 

spectra through a slight increase in both the giso-value as well as in the value of 

A(99/101Ru). RuNMe2-DPPP•+ continues to be the exception in that its signal shows a 

smaller giso-value of 2.008 and no resolved hfs. This is a token of its delocalized nature 

as inferred from the results of IR spectroscopy and of the extended -system existing 

in the I-isomer. 
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In the ultraviolet regime, the optical signature of the neutral DPPP-based complexes is 

characterized by a strong DPPP-based -*- type absorption with a maximum at ca. 

450 nm. Their color impression is however governed by charge-transfer transitions 

from the styryl ruthenium entities to the bridging ligand which are found at ca. 650 nm. 

These become more redshifted as the donor capacity of R1 increases. The relatively 

small differences in the computed spectra for the different isomers do not allow for a 

definitive statement towards the composition of the analyte, however they generally 

agree well with what has been suggested by IR and EPR spectroscopy. TD-DFT 

calculations adequately reproduce the growth of several new transitions in the range 

from 800 nm to 1200 nm during one-electron oxidation. This pattern is only accounted 

for by the asymmetric nature of the L-isomer, which allows for a particular large number 

of such transitions. In general the observed shift to lower energy in the series from R1 

= CF3 to NMe2 agrees well with the picture painted by EPR spectroscopy in that the 

styryl ruthenium moiety with the pyrrolide donor opposite to the alkenyl ligand becomes 

an integral part of the electron acceptor, while the other styryl ruthenium fragment 

forms the electron donor in a charge-transfer transition. The near infrared section of 

the spectrum down to ca. 2500 nm is filled by transitions which can be characterized 

as either classical IVCT transitions as in the case of RuNMe2-DPPP•+, or non-classical 

inter-valence charge transfer transitions for the other three, less electron-rich 

congeners as they involve both the two styryl ruthenium fragments as well as the DPPP 

ligand. This highlights that mixed-valent systems containing redox sites at both termini 

of the molecule as well as a strongly non-innocent bridging ligand can furnish rather 

complex constellations of conceivable intra-molecular electron transfer processes as 

hinted at in Chapter 1.1. The complexes discussed in the present chapter, show that 

diaryl diketopyrrolopyrroles, which have been modified in such a way as to act as 

dianionic bidentate bis-chelate ligands to mononuclear styryl ruthenium complexes, 

can in principle act as excellent linkers to facilitate intramolecular electron transfer. 

Gauging the energies of the frontier orbitals of both the appended metalorganic 

fragment and the bridging ligand is thereby vital. This is, however, not the only factor 

that needs to be considered, as the exceptional involvement of said bridge can 

adversely affect its ligating capabilities. This may lead to undesired follow-up reactions 

and the ensuing complication of the studied system. In the case of styryl ruthenium 

complexes of the type Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-R), as they are used in this 

thesis, this adverse consequence cannot solely be attributed to the linking bis-chelate 

but also the coordination centers themselves as well, as they constitute rather weak 

LEWIS acids, especially the particularly electron-rich variants with R = OMe or NMe2, 

towards pyridine-based donors. 



Oxocarbon Dianions as Bridging Ligands for Styryl and Divinylphenylene Ruthenium Complexes 

181 

 

6. Oxocarbon Dianions as Bridging Ligands for Styryl 

and Divinylphenylene Ruthenium Complexes 

6.1. Introduction 

-Ketoenolato ligands or dioxolenes (Chapter 1.2), i. e. the dianions of 

dihydroxybenzoquinones (Chapter 3.1), were already mentioned at multiple occasions 

throughout this thesis. Their redox non-innocence in the context of transition metal 

chemistry has been demonstrated repeatedly.252 The consequences of this 

characteristic on intramolecular electron transfer in mixed-valent 2,5-

diaminobenzoquinone-bridged complexes were studied in depth in particular by the 

SARKAR group100,253–255 and were also demonstrated in the previous chapter using 

thiophene- or pyridine-functionalized non-innocent diketopyrrolopyrrole ligands. The 

present chapter is mostly based on previous work by STEFAN SCHEERER in the WINTER 

group on dinuclear ruthenium complexes where two styryl ruthenium entities are 

bridged by 2,5-dihydroxybenzoquinonate (dhbq) or one of its derivatives, namely 

chloroanilate (CA) or fluoroanilate (FA). They were already mentioned in Chapter 1.2 

and their general structure is shown at the bottom of Figure 16.88 In his work, a similar 

approach to the previously discussed diketopyrrolopyrrole-bridged complexes was 

chosen with the aim of optimizing the electronic coupling through the variation of the 

electron density on both the styryl ligand as well as the bridging chelate (compare dhbq 

to CA and FA). In this manner moderately strongly coupled Class  mixed-valent 

complexes were obtained with an associated GEIGER parameter of up to 0.13 for the 

radical cation [{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(-FA)]•+. Spurred by these 

promising results, both in terms of electronic coupling as well as the stability of the 

oxidized forms, further investigations were conducted based on the isoelectronic N-

alkylamino derivatives of dhbq, the diaminobenzoquinones (dabq). These were also 

studied by the SARKAR group in great detail and were found to be more electron-rich 

congeners.111,256 The possibility to alter the amino substituents constitutes an additional 

adjustment screw to gauge the stereoelectronic influences of the bridging ligand. In the 

context of styryl ruthenium complexes, these variants were however found to be too 

electron rich, leading to a ligand-based oxidation and the subsequent decomposition 

of the radical cations (see Chapter 10), in line with the findings for the DPPP-bridged 

complexes of Chapter 5. This culminated in the investigation of oxocarbon dianions as 

potential ligands as part of a screening process with the goal of finding a better ligand 

than fluoroanilate in mixed-valent styryl ruthenium chemistry.  

Oxocarbons, as the name implies, are molecules that are solely comprised of carbon 
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and oxygen atoms. Besides the prominent examples like carbon dioxide or carbon 

monoxide, a slew of other compounds with the general formula CnOm
x- have been 

identified. Many of those are however extremely unstable and were only 

spectroscopically detected.257 A special subclass of oxocarbons are the radialene-type 

cyclic polyketones with the general formula CnOn (n = 3 - 6), which can be understood 

as cyclic oligomers of carbon monoxide. While the neutral compounds have only been 

prepared in trace amounts,258 the respective dianions (CnOn
2-) are significantly more 

stable and some of them have been discovered nearly 200 years ago by BERZELIUS, 

WÖHLER and KINDT.259 The first to be identified was the variant with n = 5 by GMELIN in 

1825 and was given the name croconate based on the yellow color of its alkaline metal 

salts, reminiscent of the color in some variants of the crocus flower.260 The discovery 

of the larger congener with n = 6 followed twelve years later by HELLER.261 It was given 

the name rhodizonate as its alkaline metal salts solutions are red (rhodizō, Greek for 

"to tinge red"). The smaller variants with n = 4 named squarate262 and n = 3 named 

deltate263 were discovered considerably later, in 1959 and 1976 respectively.  

 

Figure 132|: Skeletal structures of the deltate, squarate, croconate and rhodizonate dianions (from left to 

right) in the localized (top) and delocalized (bottom) froms.  

Their molecular structures as depicted in Figure 132 highlight the similarities between 

them in that they all share the presence of two enolate oxygen donors while the other 

CO entities feature keto oxygens. The two ring-based -electrons are potentially 

delocalized as the cyclic nature of oxocarbon dianions fulfills the criterion for HÜCKEL 

aromaticity (4n+2) with n = 0. The degree of aromatic character is however not fully 

agreed upon. Quantum chemical calculations do suggest a decrease in aromaticity 

with increasing ring size but a slight increase of aromaticity as the counter cation gets 

larger.264,265  

The interest in the chemistry of oxocarbons was at first limited to their structures, 
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motivated by their fascinatingly high symmetry, the unusual bonding situation, and their 

structural resemblance to the aforementioned cyclic oligomers of carbon monoxide, 

rendering them a chemical curiosity. The limited number of analytical and synthetic 

tools available to a chemist in the 19th and early 20th century surely added to their 

limited exploration. An illustrating example is given by the search for 

cyclopentanepentone (C5O5), whose supposed synthesis was conducted as early as 

in 1861 by WILL.266 The compound he obtained was however the pentahydrate C5O5‧

5H2O which can also be understood as the five-fold geminal diol of cyclopentane. It is 

known as leuconic acid. Research into oxocarbons experienced a rebirth267 only after 

the discovery of squaric acid, and more importantly, the ensuing discovery of the 

zwitterionic squaraine dyes by TREIBS (Figure 133, middle left).268 Their tunable optical 

properties, both in terms of photon absorption as well as emission,269,270 has rendered 

squaric acid a molecule produced on an industrial scale. The ability of the squarine 

motif to even foster intramolecular charge transfer has been demonstrated at the 

example of a bis(vinyl ruthenium)-30 (Figure 133, middle right) and a bis(triarylamine)-

modified271 variant. The interest in the chemistry of the larger variant croconate, which 

is the central ligand motif of this chapter, was mainly sparked by FATIADI et. al.272–274 

Of special interest in the context of this thesis is his research, how replacement of the 

oxygen atoms by (pseudo-)chalcogenides influences the optical and electrochemical 

properties of C5O5
2-. In DMF, a solvent capable of acting as a hydrogen bond donor, 

the first oxidation to the radical anion C5O5
•- has an associated E1/2

2-/1- value of -180 mV 

vs. the ferrocene/ferrocenium redox couple.274 The second oxidation to the radialene-

type, neutral C5O5 occurs at E1/2
1-/0 = 30 mV and is fully reversible. This is however not 

the case in less polar, aprotic solvents which are less capable of forming hydrogen 

bonds such as DCM (see Figure 145). Replacement of up to all three keto oxygens by 

the isoelectronic dicyanomethylene unit linearly increases the potential of the first 

oxidation by 100 mV per oxygen substituted, similar to what is observed for the 

p-benzoquinone/TCNQ pair (Chapter 3.1). The direct impact on the energy of the 

empty frontier orbital is immediately derivable from the name given to these pseudo-

oxocarbons. Hence, the 1,3-disubstituted compound is aptly named croconate violet, 

while the 1,2,3-trisubstituted congener is dubbed croconate blue (Figure 133, top row). 

In contrast, the energy of the HOMO in the croconate molecule can be influenced by 

replacing the two enolic oxygen atoms by other heteroatoms such as sulfur,275,276 

something that will be exploited in this work, nitrogen277 or carbon.267 Its chemistry is 

hence comparable to that of the established squarate/squaraine system. 
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Figure 133|: Skeletal structures of croconate violet and croconate blue (top row), the first squaraine dye 

by TREIBS (middle left), bis(vinylruthenium)-modified squaraine dye by WINTER (middle right), croconate-

/rhodizonate-bridged styryl ruthenium complexes and a tetranuclear macrocycle based on croconate-

bridged divinylphenylene diruthenium units. 

With the exception of the deltate dianion, the 90°, 72° and 60° bond angles between 

two neighboring oxygen atoms allows the squarate, croconate and rhodizonate 

dianions to act not only as 1-oxygen donors but also as chelating ligands. Due to the 

prominence of the C4-variant significantly more squarate complexes have been 

developed and investigated compared to their croconate or rhodizonate congeners 

(based on a SciFinder search as of the date of this thesis). The tendency for the latter 

to undergo ring contraction under CO elimination to form croconate further hampers its 

application.278,279 The redox chemistry of croconate and rhodizonate complexes with 

potentially redox-active transition metals is even less explored.280,281 This stands in 

stark contrast to the established chemistry of the related -ketoenolato ligands 

mentioned above.  

These similarities, both in terms of structure and redox characteristics, encouraged us 

to explore the feasibility of the croconate and rhodizonate dianion to act as potential 

bridging ligands in styryl ruthenium complexes and to compare their ability to foster 

intramolecular electron transfer in the mixed-valent state to that of dhbq, CA or FA. In 

contrast to the preceding work by STEFAN SCHEERER and previous chapters of this 

thesis, gauging of the HOMO on the metalorganic moiety through different substituents 

in 4-position was forgone as the impact was found to be only minor in the dhbq-bridged 
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complexes. Instead, dithiocroconate was employed in addition to simple C5O5
2- to 

adjust the energies of the bridge-based orbitals and to make use of the higher affinity 

of the soft sulfur donor to the soft Ru-based coordination center. Last but not least the 

intrinsic non-linearity of the croconate-bridged complexes (vide supra) alongside the 

relatively high acidity of croconic acid (pKa1 = 0.8, pKa2 = 2.24)282 was to be exploited 

to form ruthenium-based macrocycles using the divinylphenylene diruthenium complex 

Ru2Ph mentioned in Chapters 1.2 and 3. The scrambling mechanism of repeated 

coordination and decoordination of the chelate is thereby thought to be an important 

factor in the high-yielding synthesis of the isophthalate-based macrocycles mentioned 

in Chapter 1.2. The relatively low basicity of the carboxylate anion is thought to play a 

vital role in this delicate equilibrium.283 Similar attempts using rhodizonate have not 

been conducted for reasons which will become clear in the following discussion. 

6.2. Synthesis and Characterization 

The rhodizonate ligand (Rhod) was purchased in the form of its disodium salt while the 

croconate ligand (Croc) was synthesized as it constitutes the starting material for the 

sulfur-containing analog dithiocroconate (TCroc), which is less conveniently available. 

The synthesis of potassium croconate monohydrate and of potassium dithiocroconate 

was performed according to the published procedures by BARKHURST284 and 

WILLIAMS275. The overall reaction scheme is shown in the top panel of Scheme 7. It 

starts with the oxidation of myo-inositol with nitric acid under aeration and precipitation 

of the formed potassium rhodizonate using a saturated potassium acetate solution. It 

is thereby important to maintain a low pH as the stability of the rhodizonate dianion is 

decreased in alkaline media. This sensitivity is exploited in the next step as the ring 

contraction to croconate is performed through the oxidation with manganese dioxide 

under alkaline conditions. The croconate dianion is subsequently precipitated as its 

barium salt. The first starting material, potassium croconate, was subsequently 

obtained through a cation exchange with K2CO3 followed by filtration, acidification of 

the filtrate with acetic acid and precipitation of K2C5O5‧2H2O through the addition of a 

saturated potassium acetate solution. The orange crystals of the dihydrate could then 

be dehydrated to the monohydrate under vacuum and slight heating to give the yellow 

K2C5O5‧H2O starting material. Although croconates and croconic acid are more stable 

than the C6-congeners, the dimethyl ester, which constitutes the starting material for 

potassium dithiocroconate, it is not sufficiently stable under the conditions of a classic 

FISCHER esterification. Instead, the croconate dianion is precipitated as its silver salt 

and subjected to methyl iodide in a SOXHLET apparatus, which continuously dissolves 
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the dimethylcroconate, leaving behind silver iodide. The ester is then reacted in ethanol 

with two equivalents of freshly prepared potassium hydrosulfide, immediately forming 

the desired potassium dithiocroconate as a dark red solid. 

Scheme 7|: Synthesis of the (dithio)croconate salts (top) as well as of the diruthenium complexes of 

(dithio)croconate and rhodizonate (bottom). 

 

As the (dithio)croconate-bridged diruthenium complexes were studied to a more 

detailed extent than the rhodizonate analog, their synthesis und structural 

characterization is discussed first. The synthesis of all three complexes is shown in the 

bottom row of Scheme 7.  

The alkali metal salts of croconic acid are exclusively soluble in water with those of the 

sulfur derivative being slightly soluble in methanol. Their solubility is still impractically 

low though, contrary to what the red color of their solutions suggests. This rules out the 

approach utilized for the synthesis of the complexes presented in the Chapters 4 and 

5 of adding a CH2Cl2 solution containing the five-coordinated styryl ruthenium precursor 

complex to a methanolic solution of the deprotonated ligand. Instead, a biphasic 

reaction mixture of water, containing the dianionic oxocarbon ligand, and CH2Cl2, 

containing RuOMe, was used, with a few drops of MeOH to aid with mixing of the two 

layers. To ensure full conversion, the solutions were stirred vigorously overnight. In 

case of the croconate-bridged complex the reaction mixture took on a brown color while 

the analogous reaction with dithiocroconate yielded a deep purple color. Because the 

reaction of the (dithio)croconate with RuOMe at the interface between the CH2Cl2 and 

water layers constitutes the rate determining step, with the coordination of a second 
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equivalent of the metalorganic precursor occurring in the organic layer at a presumably 

much higher rate, the oxocarbon dianion was used in a slight excess of 1.1 equivalents 

per two equivalents of the precursor complex to ensure full conversion of RuOMe and 

to prevent the formation of any monocoordinated product. Purification was achieved 

by phase separation and washing of the organic layer with water to remove any 

residual chelate. This was followed by drying of the organic layer with Na2SO4. MgSO4 

may not be used here due to the aforementioned instability of the vinylic carbon-

ruthenium bond towards LEWIS acids. After removal of the organic solvent the residue, 

which retained the color of the respective reaction solution, was washed with MeOH to 

remove ruthenium-based decomposition products. The procedure was analogous for 

the rhodizonate-based diruthenium complex, which is nearly black in the solid state like 

RuOMe-dhbq,88 and navy blue in solution. Through this method the desired 

compounds RuOMe-Croc, RuOMe-TCroc and RuOMe-Rhod were obtained in yields 

of 65%, 80% and 73%, respectively.  

As was the case for the DPPP/DTPP-bridged complexes investigated in the previous 

Chapter 5, both RuOMe-Croc and RuOMe-TCroc can be present as a mixture of three 

different isomers, arising from the inequivalence of the four donor atoms in the 

equatorial coordination plain around the ruthenium ions. They are shown in Figure 134 

through the example of RuOMe-Croc.  

 

Figure 134|: Skeletal structures of the three different conceivable isomers of RuOMe-Croc. 

The three constitutional isomers differ as follows: 1) both carbonyl ligands are in a syn-

configuration relative to each other and positioned trans in relation to the oxygen donor 
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with the non-coordinating keto group of the croconate ligand adjacent to them (A-

isomer); 2) both carbonyl ligands are in a syn-configuration relative to each other and 

positioned trans to the oxygen donors with the other oxygen donor adjacent on both 

sides (M-isomer); 3) both carbonyl ligands are in a relative anti-configuration (Z-

isomer). Analogously to the naming scheme for the diketopyrrolopyrrole-bridged 

complexes, the names given to these isomers is based on the resemblance of their 

skeletal structures to letters of the alphabet. 

 

Figure 135|: Excerpts from the 1H- and 31P{1H}-NMR spectra of RuOMe-Croc in CD2Cl2 at 300 K. Large 

window shows the signals corresponding to protons H and H in the 1H-NMR spectrum; Inset displays 

the 31P{1H}-NMR spectrum.  

The observation of multiple resonances corresponding to the vinylic hydrogen atoms 

at the -position in the 1H-NMR spectrum of RuOMe-Croc in CD2Cl2 solution at room 

temperature (Figure 135) directly supports the presence of at least two different 

isomers. The fact that the Z-isomer, from the perspective of an individual styryl 

ruthenium fragment, nearly constitutes the superposition of the other two renders the 

presence of all three isomers also likely. The electronic influence of the different 

orientations of the croconate-based oxygen donor atoms on the chemical shift of other 

atoms drastically decreases with the increasing distance from the ruthenium 

stereocenter. This is evident from the relatively minor broadening of the H resonances 

and of the 31P{1H} resonance of the phosphine ligands, which is only slightly broadened 

at the base of the signal (inset in Figure 135). The similarities to the DPPP-bridged 
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complexes go even further in that in the less coordinating C6D6 solvent a sharp doublet 

of triplets is observed for the resonance of H (see Figure 136), suggesting the 

presence of only a single isomer. The identity of this isomer could however not be 

determined experimentally as the ligand is devoid of any NMR-active nuclei which 

could be utilized in NOE-NMR experiments.  

 

Figure 136|: Excerpts from the 1H-NMR spectrum of RuOMe-Croc in C6D6 at 300 K showing the signals 

corresponding to protons H and H 

DFT calculations were performed on the same level of theory as throughout this work 

(pbe1pbe/6-31G(d)) with modeling of solvent effects using the PCM model. To save 

computation time, the PiPr3 ligands were once more replaced by PMe3. Due to the 

suspected small Ru-Ru distance in the croconate complexes compared to the 

complexes of the previous two chapters it can however not be ruled out a priori that 

the higher steric demand of the isopropyl groups might have a significant impact on the 

structures of these complexes which would not be accounted for by using PMe3 

ligands. However, the differences of the optimized structures of ZRuOMe-Croc with 

either PMe3 or PiPr3 phosphine ligands were found to be negligible. All further 

calculations were therefore performed using the truncated model complexes as the 

input structures. The absolute energies of the three in CH2Cl2 differ by only 3.7 kJ/mol, 

with the A-isomer as the least and the Z-isomer as the most stable forms (see Table 

16). As this value is below the accuracy of the employed combination of functional and 

basis set of ca. 4 kJ/mol, the three isomers can be considered as isoenergetic, in 

agreement with the picture painted by the corresponding 1H-NMR spectrum. 
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Table 16|: Ratios of different isomers of RuOMe-Croc, RuOMe-TCroc and RuOMe-Rhod in CH2Cl2 

according to DFT calculations. aThe accuracy of the combination of pbe1pbe and 6-31G(d) is ~4 kJ/mol. 

complex 

∆G vs. A-isomer [kJ/mol]a (relative amount) 

A M Z cis trans 

RuOMe-Croc 0 (14%) -1.5 (25%) -3.7 (61%) - - 

RuOMe-TCroc 0 (0%) -21.6 (98%) -11.4 (2%) - - 

RuOMe-Rhod 0 (39%) 5.8 (4%) 4.3 (7%) -0.4 (46%) 5.4 (4%) 

 

A computational comparison in benzene was forgone due to the seemingly similar 

behavior compared to the DPPP-based complexes and the aforementioned 

inappropriateness of benzene as a solvent for (spectro)electrochemistry. The nearly 

equal intensities of the individual H resonances and the predicted isoenergetic 

character of all three isomers spawned our interest into testing, if all three isomers 

dynamically interconvert at room temperature on the timescale of the NMR experiment 

(10-5 s). 1H-NMR spectra were recorded in CD2Cl2 over a temperature range of 245 K 

to 305 K. As evident from Figure 137 signal coalescence was observed at a 

temperature of 275 K. Cooling the sample to below this temperature leads to the 

observation of multiple sets of signals for both vinyl hydrogens. The difference between 

them in terms of chemical shift is larger for the hydrogen atom closest to the 

stereogenic ruthenium atom. 

 

Figure 137| : Excerpt of 1H-NMR spectra of RuOMe-Croc in CD2Cl2 in a temperature range between 305 

K and 245K focusing on the H and H resonances.  



Oxocarbon Dianions as Bridging Ligands for Styryl and Divinylphenylene Ruthenium Complexes 

191 

 

At 245 K two signal sets are observed with a relative integration of 1:1. Again, 

considering the fact the Z-isomer does not truly constitute the superposition of the other 

two isomers, this ratio is actually 1:2:1, reflecting the higher probability of forming the 

Z-isomer. In interpreting the spectrum, one has to account for the absence of symmetry 

for the signals corresponding to the various hydrogen atoms at the vinylic -position. It 

is nevertheless curious that one H in the Z-isomer is more sensitive to the change in 

chemical environment than the other. 13C{1H}-NMR spectra recorded at both 305 K and 

245 K paint a similar picture for the resonances of C. At the higher temperature only 

a single, weak and broad signal is observed, while at 245 K four distinct signals are 

present (see Figure 138).  

 

Figure 138|: Excerpts from the 13C{1H}-NMR spectrum of RuOMe-Croc in CD2Cl2 showing the signals 

corresponding to C and C. Large window T = 245 K, inset T = 300 K. 

Even more surprising however is the complete absence of 13C resonances 

corresponding to the carbon atoms forming the central croconate ligand at room 

temperature. Only at the lower temperature of 245 K eleven new resonances are 

observed. The rather odd number can be explained through the following reasoning. 

In the totally unsymmetrical ZRuOMe-Croc five resonances are expected as all carbon 

atoms are chemically non-equivalent. ARuOMe-Croc and MRuOMe-Croc, however, 

feature a mirror plane, such that only three resonances for each isomer are observed, 

giving eleven in total. The arrangement of these signals in two sets of four and one set 

of three further supports this notion as they correspond to the carbon atoms with either 

a coordinating or non-coordination oxygen atom attached. This behaviour suggests 
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that the styryl ruthenium entities rapidly migrate around the outer rim of this ligand and 

attests to the fluxional, hemilable character of the ruthenium dioxolene bonds. 

 

Figure 139|: Excerpt from the 13C{1H}-NMR spectrum of RuOMe-Croc in CD2Cl2 at 245 K showing the 

signals corresponding to carbon atoms of the croconate moiety. 

The synthesis of RuOMe-TCroc was in principle conducted under the same conditions, 

however at a lower temperature of 8 °C. Although this slows mixing of the two layers, 

this approach was chosen due to the results of the DFT calculations performed for the 

three conceivable isomers for RuOMe-TCroc. They assign a -21.6 kJ/mol lower total 

energy to the M-isomer as compared to the A-variant. The energetic penalty to adopt 

the Z-isomer is with -11.4 kJ/mol half that value (see Table 16). The energetic 

preference of the MRuOMe-TCroc isomer is chemically intuitive as it places the weakly 

-accepting sulfur donors opposite to the strongly donating styryl ligands while the 

more strongly donating oxygen atoms of the croconate ligands are placed opposite to 

the strongly -accepting carbonyl ligands. In consequence, this reasoning agrees with 

the findings for the previously discussed DPPP/DTPP-bridged styryl ruthenium 

complexes or those complexes capped by the anion of either 2-hydroxy- or 

2-mercaptopyridine.83 Running the experiment under thermodynamic control, 

consequently preventing the formation of isomers of higher energy, furnishes the 

desired result as only a single, well resolved doublets of triplets for both H and H in 

CD2Cl2 solution was observed (see Figure-SI 94).  

The reaction conditions for the synthesis of RuOMe-Rhod were not optimized because 

the presence of two additional, formally equal donor entities at the rhodizonate dianion 

compared to that of dhbq, CA or FA allows for a total of five different constitutional 
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isomers for the respective diruthenium complexes as compared to only two (cis and 

trans) for the latter class of ligands. The five conceivable structure are shown in Figure 

140. 

 

Figure 140|: Skeletal structures of the five different conceivable isomers for RuOMe-Croc. 

Again, DFT calculations were performed to assess whether one particular isomer is 

formed preferentially. The data shown in Table 16 paint a similar picture as for RuOMe-

Croc in that the energetic difference between the five isomers is generally small and 

only the cis- and A-isomer seem to be slightly more stable. Their thermodynamic 

preference of ca. -6 kJ/mol is however only just within the accuracy of the employed 

method. The NMR spectra recorded in CD2Cl2 experimentally support this notion. The 

resonances corresponding to H and H are unusually broadened but do not allow for 

a statement on the number and/or ratio of isomers present. The 31P{1H}-NMR spectrum 

recorded in CD2Cl2 (see Figure-SI 98) on the other hand shows multiple, partially 

resolved signals between 33.5 and 34.7 ppm, indeed suggesting the presence of 

different isomers of a relatively large structural difference. Measuring NMR spectra of 

RuOMe-Rhod in C6D6 leads to a change in the relative ratios of the different isomers 

as evident from the 31P{1H} spectrum shown in Figure 141. Here five distinctly different 

resonances can be made out. This suggests that, in contrast to the RuOMe-Croc, the 

isomers do not interconvert as readily, so they seem frozen in the spectrum recorded 

in C6D6. The two resonances at lower field ( = 35.10 ppm and 34.95 ppm) are similarly 

intense, while the three signals at higher field ( = 34.61 ppm, 34.00 ppm and 

33.44 ppm) form a signal reminiscent of an overlapping doublet with a strong “roofing 

effect”.  
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Figure 141|: Excerpt from the 31P{1H}-NMR spectrum of RuOMe-Rhod in C6D6 at 300 K. 

A comparative overview on the chemical shifts on the vinylic hydrogen and carbon 

atoms as well as the 31P{1H} resonances is provided in Table 17 alongside those of the 

18 VE styryl ruthenium moiety in Ru2DBzM-RuOMe, the 2,5-dihydroxybenzoquinone 

congener RuOMe-dhbq as well as the 16 VE precursor complex RuOMe. 

Table 17|: Selected 1H, 13C{1H} and 31P{1H} NMR data for the complexes measured in CD2Cl2 or C6D6. 

complex solvent 

 [ppm]  

H H C  C  PiPr3 

RuOMe-Croc 
CD2Cl2 8.76a 6.26a 152.5a 135.2a 35.11a 

C6D6 8.69 6.34 - - 38.16 

RuOMe-TCroc CD2Cl2 
8.76 6.51 157.4 135.2 33.83 

RuOMe-Rhod 
CD2Cl2 8.79a 6.35a   34.7 - 33.5 

C6D6      

RuOMe-dhbq88 C6D6 
9.18a 6.87 154.3a 134.5 34.43 

Ru2DBzM-
RuOMe 

CD2Cl2 
8.86 6.71 161.6 132.9 35.19 

RuOMe225 CD2Cl2 
8.25 5.90 146.5 133.8 38.30 

a) Average chemical shift at T = 300 K. 

The general shift of the characteristic vinylic carbon and proton resonances upon 

increasing the valence electron count from 16 to 18 is illustrated nicely through the 

comparison of RuOMe with Ru2DBzM-RuOMe with a (H) of 0.41 ppm. The effect 

is even more pronounced for the other vinylic proton with a (H) of 0.81 ppm. In 

contrast, the 31P resonance is found at a ca. 3.1 ppm higher field. The corresponding 

values in RuOMe-dhbq are found at even lower and higher fields, respectively, 
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suggesting that the -ketoenolato ligand constitutes a stronger donor than the 

-ketoenolato variant. The different solvents used in the NMR studies does however 

not allow for a quantitative comparison. The different pKa-values of croconic acid (vide 

supra) and the relatively low value for rhodizonic acid (pKa1 = 4.38, pKa2 = 4.65) 

compared to those of dhbq (pKa1 = 2.95, pKa2 = 4.87)252 or dibenzoylmethane (pKa = 

8.71)285 qualitatively agree with the observed chemical shifts for RuOMe-(T)Croc and 

RuOMe-Rhod with values in between those of the 16 VE precursor and the other two 

18 VE complexes.  

The findings that RuOMe-Croc is present as a mixture of its three isomers, suggests 

that the reaction of the croconate dianion with the divinylphenylene diruthenium 

complex Ru2Ph can in principle lead to differently sized macrocycles. The D5h 

symmetry thereby dictates either a 72° or 144° bond angle, as is the case in the A- and 

M-isomers, respectively. Macrocycles built from subunits with a relative M-

configuration are therefore expected to have twice the size of those comprised of 

subunits constructed from A-isomers. The Z-isomer cannot form macrocycles but is 

predestined to form oligomeric chains. The first synthetic approach to obtain xRu2Ph-

Croc (x denotes the number of repeating units) was conducted under similar conditions 

to those chosen for the synthesis of RuOMe-Croc with the exception that an exact 

stoichiometric ratio between Ru2Ph and K2C5O5 H2O was used in order to prevent the 

formation of croconate appended chain-like complexes. 

    

Figure 142|: Excerpt from the 1H-NMR spectra showing the resonances corresponding to H of differently 

sized macrocycles of xRu2Ph-Croc in CD2Cl2. Left: Synthesis in CH2Cl2/H2O at 20 °C; Right: Synthesis in 

C6H6/H2O at 35 °C. 

As evident from the 1H-NMR spectrum shown on the left hand side of Figure 142, two 

sets of signals are present corresponding to H, indicating the formation of at least two 

different species. High-resolution ESI mass spectrometry revealed that the 1H-NMR 

resonances indeed correspond to two differently sized macrocycles as suspected 

through the reasoning of the 72° and 144° coordination angles (see Figure 143). While 
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the main peak is in both cases at m/z = 2334.78 g/mol, the half-integer separation in 

the isotopic pattern of the minor species reveals that it corresponds to a dicationic 

species and therefore to the octanuclear macrocycle 4Ru2Ph-Croc2+, while the major 

pattern is that of tetranuclear, monocationic 2Ru2Ph-Croc+. 

 

Figure 143|: High-resolution ESI mass spectrum of a sample containing an octa- and a tetranuclear 

macrocycle (top). Simulated spectrum of 4Ru2Ph-Croc2+ (middle) and 2Ru2Ph-Croc+ (bottom). 

Unfortunately, separation of the two differently sized macrocycles turned out to be 

impossible either by enrichment by repeated washings or fractionate 

crystallization/precipitation. In consequence, the reaction conditions were optimized in 

such a way as to prefer the formation of one macrocycle over the other. Through an 

iterative process of changing reaction time, temperature and solvent the following 

conditions were found to enable the isolation of 2Ru2Ph-Croc: i) a 27 mM (half-

saturated) solution of Ru2Ph in benzene as the tetranuclear macrocycle is less soluble 

in this solvent than the octanuclear congener; ii) an elevated reaction temperature of 

35 °C as the smaller macrocycle constitutes the entropically favored / kinetic product; 

iii) a reaction time of ca. 16 h. Shorter reaction times lead to the presence of remaining 

and hard to separate 16 VE Ru2Ph, while stirring the solution for much longer time 

again favors the formation of the larger macrocycle, which therefore seems to 

constitute the thermodynamically more stable product. 2Ru2Ph-Croc could ultimately 

be obtained in a rather low yield of 21% when compared to the high-yielding synthesis 

of the carboxylate-linked macrocycles.286 Two main reasons can be identified for this: 

For once, a significant portion of the tetranuclear macrocycle actually remains in 

solution and cannot be separated from the larger one, analogously to the experiments 
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conducted in CH2Cl2/H2O. The other is that the workup by centrifugation is complicated 

by the presence of a three-phase system: An organic layer, an aqueous layer, and the 

solid precipitate. This led to a significant loss of product during handling. Other means 

of separation such as filtration were unsuccessful due to the said presence of two 

immiscible liquid phases. The reaction scheme along with the skeletal structures of 

both macrocycles of different ring sizes are shown in Scheme 8. 

Scheme 8|: Synthesis of the macrocycles 2Ru2Ph-Croc and 4Ru2Ph-Croc. Only the smaller macrocycle 

could be isolated (top panel). Skeletal structure of the 3,5-pyridinedicarobylate-bridged analog 2Ru2Ph-
mPy (bottom panel).88 
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Comparison of the NMR spectroscopic data between the two differently sized 

croconate-linked macrocycles to those of the related 3,5-pyridinedicarboxylate-linked 

tetranuclear macrocycle Ru2Ph-mPy (see Scheme 8, bottom) and the parent 16 VE 

precursor complex reveals that the resonance of H is found at significantly lower field 

((H) = 9.29 ppm) in 2Ru2Ph-Croc compared to the larger congener ((H) = 8.87 

ppm) or the carboxylate variant ((H) = 8.45 ppm). The higher chemical shift in the 

octanuclear, croconate-based complex compared to the carboxylate variant suggests 

a stronger affinity of the former to the ruthenium ion. This stands in contrast to the 

pKa-based reasoning applied to the dinuclear complexes, as dinicotinic acid is slightly 

less acidic than croconic acid (pKa1 = 2.65, pKa2 = 4.54).287 One should note here that 

a more BØNSTED-basic anion should also constitute a stronger donor towards a 

LEWIS-acidic metal ion. It is therefore more likely that structural differences such as the 

presence of either a four- or five-membered metal-chelate are responsible for this 

difference in the chemical shift. That the structural difference between all three 

macrocycles potentially has a significant impact on the resonance energy of the 

different NMR-active nuclei is very likely (see differences in the 31P resonances) and 

will be explained in the following discussion on the crystal structure of 2Ru2Ph-Croc.  

Table 18|: Selected 1H, 13C{1H} and 31P{1H} NMR data of the macrocycles measured in CD2Cl2. 

 
complex 

 [ppm]  

H H C  C  31P 

2Ru2Ph-Croc  9.29 6.21 155.5 134.3 35.07 

4Ru2Ph-Croc  8.87 6.30 - - 35.29 

Ru2Ph-mPy  8.45 6.22 157.1 134.0 38.06 

Ru2Ph 8.36 5.90 148.5  134.5 37.88 
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Through slow diffusion of methanol into a dichloromethane solution containing the 

macrocycles of both sizes, a crystal of 2Ru2Ph-Croc suitable for single crystal X-ray 

crystallography could be obtained. 

  

Figure 144|: ORTEP (left) and space-filling (right) representation of the molecular structure of 2Ru2Ph-

Croc in the single crystal. Thermal ellipsoids are displayed at a 50% probability. Hydrogen and solvent 

atoms are omitted for clarity. 

2Ru2Ph-Croc crystallized in a monoclinic lattice within the space group P121/n1 along 

with two molecules of CH2Cl2 and one molecule of MeOH. The structure is inversion 

symmetric, rendering opposite vinyl ruthenium fragments mutually equivalent. 

Assuming that the maximum accessible cavity is the shape of an octagon spanned 

between the oxygen atoms of the croconate ligand pointing inside the void and the 

inwards orientated hydrogen atoms on the phenylene units, an area of 55.2 Å2 is 

obtained with 9.87 Å × 7.05 Å for its long (O‧‧‧O distance) and short (H‧‧‧H distance) 

axes. This equals to about 50% to 60% the size of the rectangularly shaped cavity in 

Ru2Ph-mPy. The smaller dimensions of the void are clearly the result of the much 

smaller Ru‧‧‧Ru distance between the two different Ru2Ph subunits of only 7.25 Å in 

the croconate-linked macrocycle as compared to 9.39 Å in the carboxylate derivative. 

As a consequence, the cavity in the former is devoid of any solvent molecules. The 

absence of solvent molecules is however not only a question of the size of the central 

cavity but also its accessibility, as for the shorter bis-chelate also the sterically 

demanding triisopropylphosphine ligands are pushed towards each other. The 

smallest, H‧‧‧H distance of 2.48 Å is only barely larger than the contact VAN-DER-WAALS 

distance of 2.4 Å. This not only suggests that the phosphine ligands act as an umbrella, 

preventing any solvate molecule from diffusing into the cavity, but also that the 

croconate dianion is potentially the smallest bis-chelate capable of linking two 

metalorganic fragments containing the Ru(CO)(PiPr3)2(CH=CH-R) motif. The space-

filling plot on the right side in Figure 144 captures this circumstance nicely. The higher 

torsion angle of the corresponding P-Ru-Ru-P trajectory in 2Ru2Ph-Croc of 5.9° or 6.6° 
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compared to 3.3° or 4.1° in 2Ru2Ph-mPy further supports this notion. The increased 

ring strain in the croconate-based macrocycle is also illustrated by an increase of the 

Ru-CH=CH angle to 140.7° compared to the 134.4° found in the dicarboxylate-linked 

congener. This results in the torsion of the central phenylene unit out of the plane 

spanned by the two croconate units by 28.6° to relieve steric strain between H and 

the hydrogen atoms of the phenylene unit. This is the expected consequence for the 

tetranuclear variant owing to the rather small chelating angle of 72°. This torsion is 

most likely also responsible for the unusual low-field shift of the H resonance in the 

1H-NMR spectrum (vide supra). The five-membered ring formed by the croconate 

chelate and the ruthenium ion leads to an only modestly distorted octahedral 

coordination geometry with an O-Ru-O angle of 76.2° or 76.1°, respectively. This is to 

be compared to 58.4° or 58.8° in the four-membered ring formed by the metal-

carboxylate. The deviation from the ideal value of 72° shows that through the 

coordination of the {Ru} fragments the D5h symmetry of the cyclopentene ring is broken. 

This in turn is also evident from the inequivalence of all C-C and C=O bonds in the 

oxocarbon-based ligand. Although the investigated crystal is not of sufficient quality to 

discuss bond lengths in detail, one can state that the non-coordinating carbonyl 

fragment shows a shorter C=O bond length of 1.22 Å as compared to 1.25 Å to 1.29 Å 

for C=O units binding to a ruthenium ion. These values are shorter and longer, 

respectively, than the near equal bond lengths found for Na2C5O5‧2H2O or K2C5O5‧

2H2O. The intracyclic C-C bond length between two carbonyl groups which bind to the 

same Ru ion is with 1.455 Å or 1.434 Å correspondingly shorter than the reported value 

for the alkali metal salts of 1.474 Å.288 The C-C bond length to the non-coordination 

keto group of 1.491 Å or 1.497 Å is consequently longer. The aromatic character of the 

dianionic chelate therefore seems to be reduced, resulting in a structure closer to that 

of a -ketoenolato ligand.  

The preference of the dithiocroconate ligand to form the M-isomer over the other two 

possible configurations should exclusively result in the formation of an octanuclear 

macrocycle, based on the findings for the croconate-linked parent compound. 

Unfortunately, subjecting the reaction between Ru2Ph and K2C5O3S2 to the same 

screening process as it was performed for the synthesis of xRu2Ph-Croc did not result 

in the clean formation of a macrocyclic structure based on the findings by both 1H-NMR 

spectroscopy and high-resolution ESI mass spectrometry. The former technique 

suggests the presence of 16 VE {Ru} end groups, hinting at the formation of open-

chain oligomers. Mass spectrometry supports this notion, in that none of the signals 

detected could be assigned to a macrocyclic structure. This can be seen as a clear 
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indicator towards the stronger affinity of dithiocroconate ligands to the ruthenium 

coordination center as compared to its parent purely oxygen-based congener. In turn, 

it is this stronger Ru-S bond which prevents the reversible 

decoordination/recoordination processes which were identified to be of crucial 

importance for the formation of the carboxylate-based macrocycles93 and are most 

likely also responsible for the generation of 2Ru2Ph-Croc and 4Ru2Ph-Croc.  

6.3. Electrochemistry 

The electrochemical behavior of the three dinuclear complexes was investigated by 

cyclic voltammetry in a 0.1 M solution of NBu4PF6 in CH2Cl2. The use of the 

BArF--containing analog was forgone in this instance as the rather short linker length is 

suspected to increase half-wave potential splitting by mere electrostatic interactions, 

regardless of the degree of electronic coupling. This approach was indeed feasible as 

the dinuclear complexes within this series are characterized by two reversible one-

electron oxidations at moderate potentials with a relatively large half-wave potential 

splitting of ca. 160 to 190 mV. At an even more anodic potential, an additional 

chemically irreversible oxidation is observed. In analogy to the dhbq-bridged 

complexes, the oxocarbon-bridged variants also show a reduction process.  

As mentioned in the introduction to this chapter, oxocarbon dianions are by themselves 

electrochemically active and show up to two reversible one-electron oxidations and two 

reductions in the case of the rhodizonate dianion. As this study mainly focuses on 

oxidatively generated species and more on croconate than rhodizonate, the croconate 

dianion was chosen for exploring the electrochemical behavior of the free ligands as a 

point of comparison. Unfortunately, all reported data were obtained either in DMF or 

water instead of the non-hydrogen bonding solvent dichloromethane. So, for an 

improved comparability with the complexes, dipotassium croconate was subjected to 

a cation exchange reaction with tetrabutylammonium bromide in order to increase its 

solubility in CH2Cl2. This was achieved by first precipitating the croconate as the silver 

salt. This was resuspended in warm water and treated with a warm aqueous solution 

of NBu4Br. After removal of the precipitated AgBr the solution was evaporated to 

dryness to give tetrabutylammonium croconate (NBu4Croc) as its hydrate in the form 

of a yellow oil.289 The electrochemical data of both, the “free” croconate dianion as well 

as the diruthenium complexes are summarized in Table 19. Representative CVs are 

shown in Figure 145 and Figure 146 for the anodic and cathodic scan directions, 

respectively. 
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Table 19|: Electrochemical data of the diruthenium complexes and the croconate dianion. 

 E1/2
0/+ [mV] E1/2

+/2+ [mV] E1/2 [mV] Kc
+ 

aEp,fw
2+/3+ [mV] E1/2

0/- [mV] E1/2
-/2- [mV] 

NBu4Croc - - - -  490a,b -246b 

RuOMe-Croc 10 167 157 450 1070 -1938 - 

RuOMe-TCroc 96 285 189 1570 850 -1530 - 

RuOMe-Rhod 30 208 178 1025 1100 -1137 - 

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

concentrations: 0.1 M (NBu4PF6); a) Irreversible process, Ep,fw given; b) Formally corresponds to an 

oxidation processes. 

The “free” croconate dianion in the chosen combination of supporting electrolyte and 

solvent shows a reversible oxidation at E1/2
-2/- = -246 mV. This is -65 mV lower than 

what FATIADI reported in DMF and suggests that the stability of the radical anion is not 

appreciably influenced by the presence of a solvent capable of hydrogen-bonding. The 

second oxidation process is observed in form of a half-wave with an associated Ep,fw of 

490 mV which roughly corresponds to a E1/2 of 735 mV. In contrast, the second 

oxidation process in DMF occurs at a potential only 250 mV more anodic than the first 

one and is fully reversible. This is a clear token that the radialene-type C5O5 molecule 

is massively stabilized by a solvent that can act as a hydrogen-bond donor. The 

potential of -246 mV for the first oxidation of the C5O5
2- ligand is similar to that of either 

an electron-rich monoruthenium styryl complex or of the first oxidation of a 

divinylphenylene-bridged diruthenium complex. From a purely thermodynamic 

standpoint this increases the likelihood of the croconate ligand acting as a non-innocent 

ligand in such systems. This value can however not be considered exclusively by itself 

as, in contrast to the tetrabutylammonium salt, coordination to styryl ruthenium 

complex fragments will deprive the croconate ligand of electron density as it acts as a 

LEWIS base. This in turn increases its inherent oxidation potential. A similar undertaking 

with dithiocroconate unfortunately did not result in fruitful results as no reversible 

oxidation could be observed. This is most likely due to rapid dimerization of the radical 

anion under the formation of a disulfide, which is well known for thiol(ate)s.  
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Figure 145|: Cyclic voltammograms of the croconate dianion and the diruthenium complexes in CH2Cl2 / 

0.1 M NBu4PF6 in the anodic potential range. 

Linking two RuOMe entities by croconate furnishes RuOMe-Croc. The latter complex 

shows two reversible one-electron oxidations at E1/2
0/+ = 10 mV and E1/2

+/2+ = 167 mV, 

respectively. This corresponds to a roughly 70 mV more anodic oxidation potential as 

compared to RuOMe-dhbq and highlights the less electron-donating character of the 

oxocarbon dianion compared to that of dihydroxybenzoquinone. Together with the 

nearly equal half-wave potential splitting of ca. 160 mV recorded for both types of 

complexes, one can confidently say that not only both oxidations are mostly occurring 

on (one of) the styryl ruthenium entities but that both the electrostatic contribution as 

well as charge-exchange (resonance) term affect these two radical cations to a 

comparable extent. The oxocarbon-based oxidation is likely found as an irreversible 

process with a peak-potential of the forward wave Ep,fw of 1070 mV, demonstrating not 

only the impact coordination and twofold oxidation of the styryl ruthenium appendices 

have on the oxidation potential of the bridge, but also the electrostatic repulsion that 

has to be overcome in the charging process from a di- to a trication. One should note 

here that the presence of three dynamically interconverting isomers does not seem to 

have any impact on the shape of the CVs, highlighting the near equivalence of the 

three isomers in terms of electrochemistry or a very rapid isomerization to one specific 

isomer on the first one-electron oxidation.   

In the sulfur derivative RuOMe-TCroc the first oxidation is further shifted anodically by 

86 mV and is now found at E1/2
0/+ = 96 mV. The potential of the second oxidation is 

even more strongly shifted by +118 mV and found at E1/2
+/2+ = 285 mV. The anodic shift 

of the first oxidation is thereby most likely the consequence of the mildly electron-
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accepting properties of the sulfur atoms which they owe to a relatively low-lying 

n*-orbital. The increased value for E1/2 on the other hand suggests a larger degree 

of electronic coupling or increased electrostatic repulsion during the second charging 

process. Another interesting observation is provided by the substantially cathodically 

shifted irreversible third oxidation with an associated Ep,fw of just 850 mV. This not only 

supports that this process can be attributed to the oxidation of the central bis-chelate 

but also illustrates the capability of the dithiocroconate ligand to better compensate for 

the loss in electron density. To investigate if this is truly the case, IR spectroscopy 

constitutes the more adequate method. The results of these investigations will be 

discussed in the following chapter.  

In the corresponding rhodizonate-bridged complex RuOMe-Rhod the first oxidation 

occurs at a half-wave potential of E1/2
0/+ = 30 mV. This is slightly higher than in the C5-

congener and most likely the result of the introduction of a sixth, electron-withdrawing 

carbonyl functionality into the cyclic bis-chelate. Despite the larger distance between 

the styryl ruthenium moieties in two out of the five conceivable isomers (cis/trans 

compared to A/M/Z), the half-wave potential splitting is slightly increased to 178 mV as 

the second oxidation occurs at E1/2
+/2+ = 208 mV. This suggests a slightly larger 

electronic coupling and a potentially even more non-innocent character of the ligand. 

The third, irreversible oxidation is found at 1100 mV and therefore similar to the value 

obtained for RuOMe-Croc. 

 

Figure 146|: Cyclic voltammograms of the diruthenium complexes in CH2Cl2 / 0.1 M NBu4PF6 in the 

cathodic potential range. 

Reduction to the radical anion of RuOMe-Croc is achieved at a half-wave potential 

of -1938 mV. This presents the most cathodic reduction potential within this series of 

diruthenium complexes (see Figure 146). This process is, however, not fully reversible 
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which could be the result of an inherent instability of the radical anion or the proximity 

of this redox wave to the cathodic limit of the potential window of the solvent/supporting 

electrolyte combination. The ability of the sulfur derivative to appreciably better 

accommodate for the surplus negative charge is expressed through the anodic shift of 

the reduction process by 408 mV to E1/2
0/- = -1530 mV. RuOMe-Rhod is even more 

readily reduced as expressed through the recorded value of E1/2
0/- of just -1137 mV. 

This is in line with the unique ability of the rhodizonate dianion to undergo two-electron 

reduction to the tetraanion of 2,3,5,6-tetrahydroxy-1,4-benzoquinone,290 a process not 

observed for the C5-congener.  

For the tetranuclear macrocyclic complex 2Ru2Ph-Croc one would expect to observe 

four one-electron oxidations in its cyclic voltammogram. As evident from Figure 147, 

in NBu4PF6 as the supporting electrolyte only three anodic redox events can be 

observed. Their associated E1/2 values are -134 mV, -17 mV and 207 mV. While the 

first two waves correspond to one-electron oxidations to the respective mono- and 

dication, the third event encompasses two electrons and the further charging to the 

tetracation. In contrast to the diruthenium complexes, no additional irreversible 

processes could be identified when scanning to even more positive potentials. To 

investigate the influence of electrostatic contributions on the half-wave potential 

splitting, 2Ru2Ph-Croc was also investigated using NBu4BArF as the supporting 

electrolyte. The corresponding CV depicted in the top right corner of Figure 147 implies 

that through the change in the supporting electrolyte redox splitting between the third 

and fourth oxidations is achieved. Table 20 compiles the electrochemical data for the 

croconate-based macrocycle alongside that of the 16 VE precursor complex as well as 

the 3,5-pyridine dicarboxylate-bridged congener Ru2Ph-mPy. In NBu4BArF the first 

oxidation of 2Ru2Ph-Croc exhibits an E1/2
0/+ = -226 mV, which is 46 mV negative of 

Ru2Ph, adhering to the consequences of an increased number of valence electrons. 

The carboxylate-linked complex is however far more readily oxidized with an 

associated half-wave potential of -431 mV. This underlines the stronger donor 

character of a carboxylate O,O-donor compared to croconate. The larger deviation of 

the Ru-C-C angle from the optimum (vide supra) in the smaller macrocycle may, 

however, also impact the redox potential due to an adverse influence on -conjugation. 

The second oxidation to 2Ru2Ph-Croc2+ occurs at E1/2
+/2+ = -85 mV, resulting in a redox 

splitting of 141 mV. This is substantially more than in Ru2Ph-mPy, but smaller than the 

E1/2 value found in Ru2Ph of 310 mV. This suggests that the second charging process 

in the oxocarbon-based macrocycle constitutes the oxidation of the second 

divinylphenylene diruthenium entity which is situated opposite to the first one. The 
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larger redox splitting observed for the smaller macrocycle could thereby be the result 

of increased electrostatic repulsion owing to the closer spatial proximity of the Ru2Ph-

type subunits within the macrocyclic structure. Consequently, the third and fourth redox 

processes in both macrocycles constitute the second stepwise oxidations of one of the 

two divinylphenylene diruthenium fragments. This is supported by the comparable 

E1/2 value between the second and third oxidations of ca. 300 mV. The comparison 

of the third charging process in the two macrocyclic structures paints a similar picture 

to that of the first in that the associated half-wave potential is substantially higher in the 

oxocarbon-derivative (E1/2
2+/3+ = 245 mV) than in the carboxylate-bridged variant 

(E1/2
2+/3+ = 39 mV). The redox splitting between the third and fourth oxidations, 

E1/2
2+/3+//3+/4+ follows the same trend as that discussed for the first two oxidations with 

an increased redox splitting for the croconate complex. This results in a rather drastic 

shift of E1/2
3+/4+ to 410 mV as compared to the 42 mV in Ru2Ph-mPy. The corresponding 

potential shift is mostly caused by electrostatic repulsion as evident from the 

comparison with the data obtained using NBu4PF6. Here, the fourth oxidation is 

achieved at 207 mV. This immense influence of the size of the counter anion on the 

oxidation potentials is probably a direct consequence of the smaller size and/or the 

inaccessibility of the central cavity, preventing the BArF- anion from filling the void and 

shielding one half of the macrocycle from the other. 

Table 20|: Electrochemical data of 2Ru2Ph-Croc in CH2Cl2 with either 0.1 M NBu4PF6 or NBu4BArF, as 

well as comparative data for Ru2Ph and Ru2Ph-mPy. 

 electrolyte 
E1/2

0/+ 

[mV] 

E1/2
+/2+ 

[mV] 

E1/2
0/+//+/2+ 

[mV] 

E1/2
2+/3+ 

[mV] 

E1/2
+/2+/3+ 

[mV] 

E1/2
3+/4+ 

[mV] 

E1/2
2+/3+/4+ 

[mV] 

2Ru2Ph-

Croc 

NBu4PF6 -134 -17 117 207 (E1/2
+/2+//2+/4+ = 224) 

NBu4BArF -226 -85 141 245 330 410 165 

Ru2Ph 

NBu4PF6 -75 175 250 - - - - 

NBu4BArF -180 130 310 - - - - 

Ru2Ph-

mPy 
NBu4BArF -431 -334 97 -39 295 42 81 
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Figure 147|: Cyclic voltammograms of 2Ru2Ph-Croc in CH2Cl2 using either 0.1 M NBu4PF6 (left panel) or 

0.05 M NBu4BArF (right panel) as the supporting electrolyte. Anodic scan (top), cathodic scan (bottom).  

In the electrolyte with the hexafluorophosphate anion, the reduction of the oxocarbons 

can be made out as two closely spaced half-waves at -1930 mV and -2010 mV. In 

analogy to the diruthenium complex, they are not fully reversible. In NBu4BArF the 

reduction can just be made out at the cathodic limit of the potential window with an 

associated E1/2
0/- of -2000 mV as determined through square-wave voltammetry. The 

second reduction is shifted to a value outside of the accessible potential window.  

In summary, the use of a croconate bis-chelate instead of a dicarboxylate to form a 

tetraruthenium macrocycle increases the thermodynamic stability of the formally 

mixed-valent forms of intermediate oxidation states as evident from the larger E1/2 

values between the 0/+ and +/2+, or the 2+/3+ and the 3+/4+ redox couples. If this 

increase is merely the result of increased electrostatic repulsion or also due to 

improved electron delocalization cannot be proven or refuted by electrochemical 

studies alone. However, the large influence of the anion of the supporting electrolyte 

points towards a significant contribution of electrostatic effects. The impact of the latter 

term will again be revealed by the following discussion on the spectroelectrochemical 

characteristics of 2Ru2Ph-Croc in the IR and UV/Vis/NIR. 
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6.4. IR Spectroelectrochemistry 

The IR spectrum of neutral RuOMe-Croc (Figure 148, left, black line) is characterized 

by three distinct vibrations. The Ru(CO) stretch is found at 1913 cm-1. Compared to the 

other 18 VE styryl ruthenium complexes presented in this work this value is rather high 

and even surpasses that of the 16 VE precursor complex RuOMe 

(̃(C≡O) = 1909 cm-1).225 This can be seen as a clear token of the electron-poor nature 

of the oxocarbon bridge. As proven by the temperature-dependent NMR studies, 

RuOMe-Croc is present as an interconverting mixture of all three conceivable isomers. 

The impact of the structural differences on the energy of the carbonyl stretch is 

however negligible as the recorded signal is not unusually broadened. The near 

electronic equivalence of the ruthenium complex entities is further confirmed by the 

results of the DFT-based vibrational analysis, which predicts nearly isoenergetic 

Ru(CO) stretches for all three isomers. As the Z-isomer is nearly the superposition of 

the M- and A-isomer, the theoretical data for this isomer will be used for the following 

comparison with the experimental data. Table 21 does however also compile the data 

for the other two isomers for reasons of comparison with the experimental values.  

The predicted values for the in- and out-of-phase Ru(CO) vibrations of 1913 cm-1 and 

1915 cm-1 match well with the experimental ̃(CO) of 1913 cm-1. Although significantly 

less intense, the band at ̃ = 1624 cm-1 could clearly be assigned to the C=O stretch of 

the non-coordinating carbonyl functionality on the croconate ligand through the DFT-

based vibrational analysis. The latter predicts this vibration at ̃calc = 1643 cm-1 for the 

Z-isomer. The most intense IR band is found at 1497 cm-1 and corresponds to a C-C 

stretching vibration, which is best described as a rocking motion of the central C5-ring 

between the two styryl ruthenium entities. 
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Table 21|: Calculated energiesa of characteristic IR bands of the three isomers of RuOMe-Croc in the 

neutral and both cationic redox states along with the experimentally obtained data. 

̃ [cm-1]  

RuOMe-Croc  IR label neutral monocation dication (singlet) dication (triplet) 

A-isomer 

Ru(CO) 1912, 1915 1922, 1961 1967, 1968 1958, 1968 

C=Cquinoid n.o. 1585 1582 1587 

C=OCroc 1649 1654 1643 1661 

C-Crocking 1482 1474 1466 1472 

M-isomer 

Ru(CO) 1913, 1915 1921, 1962 1956, 1967 1967, 1968 

C=Cquinoid n.o. 1585 1582 1587 

C=OCroc 1637 1647 1641 1649 

C-Crocking 1479 1475 1474 1468 

Z-isomer 

Ru(CO) 1913, 1915 1922, 1961 1957, 1967 1966, 1967 

C=Cquinoid n.o. 1585 1582 1587 

C=OCroc 1643 1650 1638 1654 

C-Crocking 1480 1474 1472 1467 

Experimental 

Ru(CO) 1913 
1921, 1968 ( = 

0.12) 
1973  

C=Cquinoid n.o. 1585 1585 

C=OCroc 1624 1635 1640 

C-Crocking 1497 1492 1487 

a) Level of theory: pbe1pbe/6-31G(d) 
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Figure 148|: Changes of the IR spectra (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-Croc in the Ru(CO) bands 

and ligand-based C=O/C=C stretching regions during the first (left) and second (right) oxidation. 

Oxidation to the radical cation RuOMe-Croc•+ furnishes a pattern of two widely spaced, 

nearly equally intense Ru(CO) bands with peaks at 1921 cm-1 and 1969 cm-1. This two-

band pattern collapses back to a single band at 1973 cm-1 upon further oxidation to the 

dication RuOMe-Croc2+ (Figure 148, right). As the ̃(CO) values calculated for all three 

isomers of the radical cation are basically identical and match exceedingly well with 

the experimental values, this pattern of Ru(CO) bands is a clear indicator for the 

presence of a Class  mixed-valent system and not the result of an isomerization 

process as it was the case for the DPPP/DTPP-bridged complexes discussed in the 

previous chapter. The derived GEIGER parameter of 0.12 implies a 12:88 distribution of 

the unipositive charge across the two peripherally appended redox centers. The charge 

distribution parameter associated to the radical cationic, mixed-valent form of RuOMe-

dhbq of 0.11 is very similar. One has to keep in mind however that the GEIGER 

parameter is also sensitive towards electrostatic contributions to the energy of the 

Ru(CO) stretches, so the smaller Ru-Ru distance will also impact its magnitude.  

The IR spectrum of the monocation is further characterized by the presence of a sharp 

band at 1585 cm-1 which corresponds to the quinoid stretch of the anisyl moiety of the 

styryl ligand. This is a further indicator for a styryl ruthenium-based oxidation and a 

token of the contribution of the likewise redox non-innocent 4-methoxystyryl ligand. A 

rough doubling in the intensity of this band upon oxidation to the dication further 

supports this notion. The croconate-based C=O stretch experiences a slight blue shift 

during both oxidations to ̃(C=O) = 1635 cm-1 in the radical cation, and by an additional 

5 cm-1 to 1640 cm-1 in the dication. The croconate rocking motion shows an opposite 

behavior and is redshifted by five wavenumbers per electron removed to 1492 and 

1487 cm-1, respectively. For the doubly oxidized complex RuOMe-Croc2+ again the 

question arises, if the latter is (mainly) present in the closed-shell, singlet form or in the 



Oxocarbon Dianions as Bridging Ligands for Styryl and Divinylphenylene Ruthenium Complexes 

211 

 

open-shell, biradical configuration (calculated as triplet). The calculated values agree 

significantly better with the experimental data if the open-shell triplet state is assumed 

(see Table 21.) This also agrees with the observation of an intense EPR signal (see 

Chapter 6.6). The presence of a likewise charge-sensitive IR label on the croconate 

ligand, i.e. the C=O stretching frequency of the remaining carbonyl functionality and 

the rocking motion, also allows us to quantify the charge loss from the bridging ligand 

during the stepwise oxidations of RuOMe-Croc. Therefore, NBu4Croc was also 

subjected to IR spectroelectrochemistry to serve as a point of comparison. The results 

of this study are shown in Figure 149. 

 

Figure 149|: Changes of the IR spectra (DCE, 0.25 M NBu4PF6, r.t.) of NBu4-Croc in C=O stretching 

region during the first oxidation. 

The IR spectrum of the dianion is dominated by a strong absorption at 1520 cm-1. 

Quantum chemical calculations based on the naked croconate dianion (i.e. in the 

absence of any counter ion), predict two strong and merely degenerate vibrations at 

̃calc = 1530 cm-1 and 1531 cm-1 which are best described as a composite of two 

croconate vibrations described for the diruthenium complex. This mixed character is 

most likely the result of the (near) aromatic nature of the free croconate dianion. This 

contrasts its behavior as a bis-chelate, which leads to bond-localization as inferred by 

the crystallographic data (vide supra). For the radical anion, these vibrations are 

predicted to be shifted to 1544 cm-1 and 1546 cm-1, respectively, with no other 

prominent absorption in this region of the IR spectrum. The corresponding band is 

identified as the one of medium absorbance growing in at 1552 cm-1. This would imply 

a blueshift of 32 cm-1 upon removal of one equivalent of charge. Although intrinsically 

flawed, a comparison to the observed blueshift of the croconate C=O stretching 

vibration from 1624 cm-1 in neutral RuOMe-Croc to 1640 cm-1 in the respective 

dication, gives a significantly smaller blueshift. This suggests that over the course of 

both oxidations the croconate ligand is deprived of not nearly the same amount of 
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charge degree as the one-electron oxidation of the free anion. This also argues for an 

only limited participation of the dioxolene bridging ligand to the individual redox 

processes. To shed additional light on the degree of non-innocence of the croconate 

bridging ligand, a NBO analysis was performed. 

 

 

 

 

Figure 150|: Charge densities on different constituents of RuOMe-Croc in the neutral, monocationic and 

dicationic forms according to NBO analysis (left); contour plot of the -LUSO of ZRuOMe-Croc•+ (top, right) 

and of ZRuOMe-Croc2+ (bottom, right). The notations left and right correspond to the differently configured 

complex entities depicted on the left- and right-hand side of this figure. 

As evident from Figure 150, the croconate bridging ligand loses only around 10% of 

its computed negative charge over both one-electron oxidations of RuOMe-Croc. 

Instead, most of the charge is removed from mainly one of the individual styryl 

ruthenium moieties in a stepwise fashion. This is in full agreement with the 

experimental observation of a relatively large separation between the high- and low-

energy Ru(CO) stretches in the mixed-valent monocation along with that of the strong 

anisyl-based quinoid C=C stretch. The contour plots of the -LUSOs (Figure 150, right) 

in the radical cationic and biradical, dicationic states provide a visual impression on the 

locus on the respective oxidation. 
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Figure 151|: Changes of the IR spectra (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-TCroc in the Ru(CO) 

and ligand-based C=O/C=C stretching regions during the first (left) and second (right) oxidation. 

Replacing the central croconate ligand for dithiocroconate has no significant impact on 

the general characteristics of the IR spectrum, but it influences the energies of 

respective bands. In RuOMe-TCroc the Ru(CO) stretch is found at 1915 cm-1 (Figure 

151, left). The blueshift of this band by 2 cm-1 compared to RuOMe-Croc is a token of 

the slightly weaker electron-donating capabilities of the C5O3S2
2- ligand.  

Table 22|: Calculated energiesa of characteristic IR bands of MRuOMe-TCroc in the neutral and both 

cationic redox states along with the experimentally obtained data. 

̃ [cm-1]  

RuOMe-
TCroc  

IR label neutral monocation 
dication 
(singlet) 

dication 
(triplet) 

M-isomer 

Ru(CO) 
1912, 
1916 

1924, 1957 1961, 1970 1963, 1965 

C=Cquinoid n.o. 1582 1584 1587 

C=OCroc 1690 1703 1735 1718 

C-Crocking 1538 1530 1604 1547 

Experimental 

Ru(CO) 1915 1926, 1965 ( = 0.15) 1972  

C=Cquinoid n.o. 1583 1583 

C=OCroc 1647 1667 1683 

C-Crocking 1523 1520 1530 

a) Level of theory: pbe1pbe/6-31G(d) 
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The fact that this shift is nevertheless relatively small can be seen as another indicator 

towards the assumption that RuOMe-TCroc is mainly present as the M-isomer. This is 

because in this configuration the charge-sensitive carbonyl ligand is still placed directly 

opposite to a croconate-based oxygen donor, limiting the influence of the sulfur atom. 

This idea is supported by the vibrational analysis which predicts that the Ru(CO) 

stretches are located at 1912 cm-1 and 1916 cm-1 in the M-isomer (see Table 22) in 

good accordance with the experimental findings. In contrast, in the A-isomer these 

vibrations are predicted to be significantly higher in energy, at 1922 cm-1 and 1926 

cm-1, respectively. MRuOMe-TCroc will therefore be used as the input structure in the 

following comparison between the experimentally obtained and quantum chemically 

computed values. The oxocarbon-based C=O stretch is found at 1647 cm-1 

(̃calc = 1690 cm-1 ), while the rocking motion of the central C5-entitiy is located at 1523 

cm-1 (̃calc = 1538 cm-1). Both vibrations are hence blueshifted by 23 or 26 cm-1, 

respectively with respect to RuOMe-Croc. This points towards a stiffer cyclopentene 

framework and a more localized bond structure in the sulfur derivative.  

During the first oxidation the initially single Ru(CO) band again splits into two bands 

located at 1926 cm-1 and 1965 cm-1. In analogy to the diruthenium complexes 

discussed before, both bands then collapse back into a single absorption at 1972 cm-1 

upon removal of a second electron (Figure 151, right). The deduced value for the 

GEIGER parameter of 0.15 signals an improved delocalization of the positive charge 

across both styryl ruthenium entities of 15:85%. Introduction of the two sulfur donors 

therefore achieved the desired improvement in electronic communication. To elucidate 

to which extent this can be attributed to a more pronounced non-innocence of the 

dithiocroconate bridge, the ligand-based vibrations will again be considered. During 

the first oxidation the anisyl-based quinoid stretch grows in at 1583 cm-1, in excellent 

agreement with the calculated value of 1582 cm-1. However, in contrast to the second 

oxidation of RuOMe-Croc, during the formation of RuOMe-TCroc2+ this band does not 

further increase in intensity but stays relatively constant. This suggests a higher degree 

of non-innocence of the dithiocroconate ligand as compared to croconate (compare 

the contour plots shown in Figure 150). Additional clues are provided by the change 

in the dithiocroconate-based vibrations. The C=O stretch of the non-coordinating 

carbonyl group is shifted by 20 cm-1 to 1667 cm-1 (̃calc = 1703 cm-1) upon oxidation to 

the monocation, which is twice as much as during the first oxidation of RuOMe-Croc. 

This trend continues during the second oxidation with an additional blueshift by 16 cm-1 

to 1683 cm-1 (̃calc = 1718 cm-1). In total, this provides more than two times the 

magnitude of the shift observed during the oxidation of the parent croconate-linked 

diruthenium complex. The conclusion drawn from this is that the cyclopentene structure 
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of the central C5-ring is not only more pronounced in the neutral form but is 

proportionally more expressed as RuOMe-TCroc is oxidized to the radical cation and 

dication, respectively. The rocking motion of the central cyclopentene ring experiences 

a slight redshift by 3 cm-1 to 1520 cm-1 (̃calc = 1530 cm-1) in analogy to the trend in 

RuOMe-Croc and in good agreement with the calculated value. Surprisingly however, 

further oxidation to the dication leads to a blueshift of this band to 1530 cm-1. This is 

even mirrored by the quantum chemical calculations (̃calc = 1547 cm-1) and in stark 

contrast to the 5 cm-1 redshift observed for this vibration in RuOMe-Croc. The lack of 

an increase in the intensity of the band corresponding to the quinoid stretch, a stronger 

blueshift of the croconate-based C=O stretch alongside a blueshift of the rocking 

motion all point towards a more significant contribution of the pseudo-oxocarbon bridge 

to the relevant redox orbitals in RuOMe-TCroc.  

The NBO analysis (Figure 152, left) assigns only half as much relative negative charge 

to the central oxocarbon bridging ligand as compared to RuOMe-Croc, suggesting a 

larger covalent character of the bonds between the styryl ruthenium entities and the 

dithiocroconate ligand. Furthermore, the formal negative charge is reduced by 20% 

upon the removal of one electron, instead of only 5% for croconate, clearly pointing 

towards a stronger non-innocence of the sulfur derivative. Removal of the second 

electron reduces the amount of relative negative charge by another 10%, which is still 

twice as much as was calculated for RuOMe-Croc. The same tendency can be inferred 

by the contour plots of the -LUSOs of the mono- and dication of RuOMe-TCroc, which 

are shown on the right hand side of Figure 152. Although theory and experiment differ 

with respect to the issue whether the dithiocroconate bridging ligand contributes 

relatively more to the first or to the second oxidation, the general statement that it 

contributes significantly more than the croconate ligand is well justified. 
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Figure 152|: Charge densities on different constituents of RuOMe-TCroc in the neutral, monocationic and 

dicationic form according to NBO analysis (left); contour plot of the -LUSO of MRuOMe-TCroc•+ (top, right) 

and of MRuOMe-TCroc2+ (bottom, right). The notations left and right correspond to the complex entities 

depicted on the left- and right-hand side of this figure. 

The significantly higher contribution of the dithiocroconate ligand to both redox 

processes is not further surprising in the light that this ligand can be considered to 

belong to the class of ligands named dithiolenes.291,292 They are structurally 

characterized by a binding pocket comprised of the dianionic cis-1,2-ethenedithiolate 

motif and constitute a diverse class of non-innocent ligands. The most well-known 

representatives are mnt2- (mnt = maleonitrile-1,2-dithiolate) or tfd2- (tfd = 1,2-

bis(trifluoromethyl)ethylenedithiolate). Both form planar, dianionic, doubly chelated 

complexes with d8-metal ions (e.g. Ni2+, Pd2+, Pt2+) (see Figure 153, right). These can 

often be reversibly oxidized in two separate one-electron steps to complexes where 

the ligand is present in its neutral sate. Especially the radical anions of these 

complexes have gained significant interest as components of highly conducting 

charge-transfer complexes, similar to those based on benzoquinones as mentioned in 

Chapter 3.1. As the dithiocroconate also contains the 1,2-ethenedithiolate motif as well 

as an electron-withdrawing backbone in form of a propanetrione bridge, it also belongs 

to this class. Several complexes with this ligand have been studied with respect to their 

redox chemistry.293–295 In consequence, as sulfur forms significantly weaker -bonds 

with carbon as compared to oxygen, the adoption of a structure resembling that of a 

radialene seems not feasible for dithiocroconate. It rather shows behavior closer to a 

dithiolene ligand in which the removal of an electron is compensated through the 

increase in the formal oxidation state of the two sulfur atoms rather than of the 
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intracyclic carbon atoms. This process is schematically represented on the left in 

Figure 153 and is very likely the reason behind the stronger non-innocent character of 

the dithiocroconate ligand and, ultimately, the improved diabatic electron transfer in 

RuOMe-TCroc•+. 

 

Figure 153|: Conceivable structures of the dithiocroconate radical anion and dianion (left). Skeletal 

structure of a typical d8-metal bis(dithiolene) complex.  

For RuOMe-Rhod the comparison between the experimental and theoretical data is 

adversely affected by the even larger number of conceivable isomers. The individual 

isomers even differ more strongly with respect to each other as one set is arranged in 

a pseudo meta pattern around the central oxocarbon ligand (A-, M- and Z-isomers), 

while the other set is, analogously to the dhbq-bridged complexes, in a pseudo para 

configuration (trans- or cis-isomers). To assess the impact of the relative orientations 

on the characteristic IR bands, vibrational analysis was performed for all five isomers 

in their neutral form. As evident from Table 23 the impact, in particular on the energy 

of the Ru(CO) stretch, is limited. Therefore, calculations on the oxidized forms were 

exclusively performed for the cis-isomer, as this isomer was predicted to be 

thermodynamically favored over the others (see Table 16). 

The changes in the IR absorption characteristics over the course of the two one-

electron oxidations of RuOMe-Rhod are shown in Figure 154. 

  

Figure 154|: Changes of the IR spectra (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-Rhod in the Ru(CO) 

and ligand-based C=O/C=C stretching regions during the first (left) and second (right) oxidation. 
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Table 23|: Calculated energies of characteristic IR bands of the five isomers in RuOMe-Rhod in the 

neutral and both cationic redox states along with the experimental data. 

̃ [cm-1]  

RuOMe-Croc  IR label neutral monocation dication (singlet) dication (triplet) 

A-isomer 

Ru(CO) 1912, 1917 - - - 

C=ORhod 1679 - - - 

C-CRhod 1465 - - - 

M-isomer 

Ru(CO) 1912, 1917 - - - 

C=ORhod 1665 - - - 

C-CRhod 1485 - - - 

Z-isomer 

Ru(CO) 1912, 1917 - - - 

C=ORhod 1672 - - - 

C-CRhod 1479 - - - 

trans-isomer 

Ru(CO) 1913, 1919 - - - 

C=ORhod 1640 - - - 

C-CRhod 1485 - - - 

cis-isomer 

Ru(CO) 1913, 1919 1926, 1956 1961, 1968 1961, 1963 

C=Cquinoid n.o. 1584 1583 1588 

C=ORhod 1637 1653 1668 1656 

C-CRhod 1482 1475 1457 1487 

Experimental 

Ru(CO) 1914 
1924, 1967 ( = 

0.15) 
1975  

C=Cquinoid n.o. 1584 1586 

C=ORhod 
1610, 1625, 

1641 
1610, 1625, 1641 1610, 1636 

C-CRhod b<1500 b<1500 b<1500 

a) Level of theory: pbe1pbe/6-31G(d), b) Position cannot be determined with confidence 
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The Ru(CO) stretch of the neutral form of RuOMe-Rhod can be found at 1914 cm-1. 

This corresponds to the average value of the calculated in- and out-of-phase stretches 

of the carbonyl ligands across the entire range of isomers. It is also very close to the 

value for the other two oxocarbon-bridged complexes, so that their electron-donating 

or -withdrawing character can be considered as nearly identical. The presence of 

multiple isomers in solution is supported by the rather convoluted section between 

1600 cm-1 and 1650 cm-1 with distinct features at 1610 cm-1, 1625 cm-1 and 1641 cm-1 

(see also Section 0 of this chapter for their detection by NMR spectroscopy). This 

agrees well with the C=O stretch of the non-coordinating carbonyl groups of the 

rhodizonate ligand. All of the five conceivable isomers have two non-coordinating C=O 

functionalities with either a relative ortho (A-, M-, Z-isomer) or para orientation (trans- 

and cis-isomer). This entails differences in the respective vibrational modes and 

energies as evident by the rather convoluted spectrum and supported by the DFT-

based vibrational analysis (see Table 23). The section of the IR spectrum 

corresponding to the rhodizonate-based C-C stretches is similarly crowded. Besides 

the influence of the different isomers, the lower predicted energies of these vibrational 

modes leads to an overlap with bands produced by the solvent and the supporting 

electrolyte. The lower energy of these modes in general can thereby be considered to 

be a direct consequence of the formally reduced C-C bond order of 7/6 compared to 

6/5 in the smaller C5-congener. As the bands within this section of the IR spectrum do 

not change significantly in position or over the course of the two oxidation processes, 

a specific band assignment was considered unnecessary.  

In analogy to the two previously discussed complexes, RuOMe-Rhod•+ also shows a 

two-band pattern for the Ru(CO) stretches at ̃(CO) = 1924 cm-1 and 1967 cm-1, which 

merges into a single band at 1975 cm-1 upon further oxidation to the dication. The 

deduced value for the charge distribution parameter  of 0.15 is identical to that of 

RuOMe-TCroc•+. This is rather surprising as rhodizonate lacks the advantageous sulfur 

donor atoms and constitutes the longer bridge in two out of the five isomers. The 

ambiguity towards the real constitution of the solution in terms of the isomeric ratio 

however does not allow for a solid statement whether one particular isomer shows a 

higher degree of electronic communication as compared to the other ones. The 

convoluted nature of the rhodizonate-based C=O and C-C stretches and the lack of 

significant changes during both oxidations does not provide a characteristic handle to 

probe its propensity to act as a non-innocent ligand. Therefore, we reverted to NBO 

analysis. As evident from the graphic on the left of Figure 155, the charge loss during 

the first oxidation is mainly compensated for by one styryl ruthenium entity while the 

rhodizonate bridge loses only about 5% of its computed negative charge. This renders 
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it similarly non-innocent as its C5-variant in RuOMe-Croc. The contour plot of the 

-LUSO in RuOMe-Rhod•+ further supports that only very little charge is removed from 

the central oxocarbon during the first charging process. Under the supported 

assumption of a triplet state for the dication RuOMe-Rhod2+ the NBO analysis assigns 

an additional loss in negative charge of 10% to the rhodizonate ligand during the 

second charging process. Of note is a rather strong involvement of the second styryl 

ruthenium entity to the first oxidation of this complex as deduced from an NBO analysis. 

(see Figure 155, left). This is expressed by the computed decrease of the overall 

charge density of 0.86 e- at the one and of 0.10 e- at the other site. This contrasts to 

the values of 0.91 e- and 0.04 e- for the croconate complex and even indicates a more 

uniform charge loss from both these sites than in the dithiocroconate-bridged complex 

of 0.84 e- and 0.06 e-. This also provides the fingerprint of a fairly large degree of charge 

delocalization in the rhodizonate-bridged complex. 

 

 

 

Figure 155|: Charge densities on different constituents of RuOMe-Rhod in the neutral, monocationic and 

dicationic form according to NBO analysis (left); contour plot of the -LUSO of cisRuOMe-Rhod•+ (top, 

right) and of cisRuOMe-Rhod2+ (bottom, right). The notations left and right correspond to the complex 

entities depicted on the left- and right-hand side of this figure. 

As mentioned above, the styryl ligand again constitutes the moiety which experiences 

the largest charge loss. This becomes evident by the strong vibration at ̃ = 1584 cm-1 

in the radical cationic state. In the dication, this vibration is blueshifted slightly to 

1586 cm-1 and also doubles in intensity, analogously to what was observed during the 

second oxidation of RuOMe-Croc. The calculated values of ̃calc = 1584 cm-1 for 

RuOMe-Rhod•+ and 1588 cm-1 for RuOMe-Rhod2+ agree exceptionally well with the 
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experimentally obtained values.   

As an interim conclusion to draw from the results of the IR spectroscopic investigations 

on the three diruthenium complexes presented, one can state that (pseudo)oxocarbon 

dianions foster diabatic electron transfer in the mixed-valent state of the respective 

complexes. The GEIGER parameter as a measure to express the electronic coupling in 

a quantifiable manner might, thereby be too sensitive towards electrostatic influences 

as to constitute a wholly reliable measure of the degree of charge delocalization. This 

is further complicated by the presence of multiple constitutional isomers in solution in 

the case of RuOMe-Croc as well as RuOMe-Rhod. Gratefully the oxocarbon dianions 

of this series show characteristic and charge sensitive IR bands which allow for an 

assessment of their non-innocent behavior. Here the sulfur-substituted dithiocroconate 

and the rhodizonate ligands showed the most promising characteristics.  

For the IR-SEC experiments on the tetranuclear, macrocyclic complex 2Ru2Ph-Croc 

the supporting electrolyte was changed to a 0.1 M solution of NBu4BArF in 1,2-

dichloroethane in order to maximize half-wave potential splittings (see Table 20) and 

to increase the likelihood to selectively address all three intermediate oxidation states. 

Despite the observation of four distinct redox events in the corresponding cyclic 

voltammogram (see Figure 147), only three distinctly different redox states could be 

addressed during the spectroelectrochemical investigations (Figure 156). This agrees 

with the observations made for the tetranuclear complexes linked by isophthalates. For 

these, only two distinctly different redox processes can be made out which correspond 

to the simultaneous charging of both divinylphenylene diruthenium fragments by one 

or two electron holes,89 despite the observation of three or even four distinct waves in 

the CV. The observation of one additional process for the presented croconate-based 

macrocycle can thereby be either a token of electronic coupling in an oxidation state of 

odd number (a mixed-valent state), or the result of increased electrostatic repulsion as 

inferred by the smaller size of the linker. This and the following chapter attempt to 

provide an answer to this issue. A summary of the experimental and computed 

energies of characteristic IR bands of 2Ru2Ph-Croc is provided in Table 24. 
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Figure 156|: Changes of the IR spectra (DCE, 0.1 M NBu4BArF, r.t.) of 2Ru2Ph-Croc in the Ru(CO) and 

ligand-based C=O/C=C stretching regions during the oxidation to the monocation (top left), dication (top 

right) and tetracation (bottom). Deconvolution of the Ru(CO) bands was performed where necessary 

(dashed colored lines). 

The neutral form of 2Ru2Ph-Croc shows a single Ru(CO) band at 1913 cm-1. The 

computed energies for the symmetric and antisymmetric stretches of the carbonyl 

ligands on two diagonally placed {Ru} entities (̃calc = 1913 cm-1 and 1914 cm-1) are 

again in excellent agreement with the experiment and too closely spaced to be visibly 

distinguishable. During the first oxidation an intricate band pattern emerges, which 

could be deconvoluted into three distinct bands (see blue dashed lines in Figure 156). 

Such a triple band pattern is also predicted by the quantum chemical vibrational 

analysis with features at ̃calc = 1920 cm-1, 1934 cm-1 and 1942 cm-1, in excellent 

agreement with the experiment. In consequence, the band found at 1917 cm-1 can be 

assigned to the carbonyl stretch on the formally reduced Ru2Ph unit. The remaining 

two bands at 1935 cm-1 and 1949 cm-1 correspond to the less intense symmetric and 

more intense antisymmetric combination of Ru(CO) stretches on the singly oxidized 

divinylphenylene diruthenium moiety. This increase in the energy difference between 
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the two vibrational modes in the radical cationic moiety is in complete agreement with 

the findings for the related 16 VE compounds Ru2BTD•+, Ru2NA•+ or Ru2Ph•+ discussed 

in Chapter 3.4. Despite the formally higher number of valence electrons ascribed to 

each {Ru} fragment in 2Ru2Ph-Croc the absolute values for the Ru(CO) stretches 

match that of the 16 VE parent compound. This underlines both the less electron-

donating properties of the oxocarbon dianion as well as the smaller influence of the 

electron-rich divinylphenylene entity due to the increased ring strain as determined by 

the X-ray structure.  

During the second oxidation, the band at 1917 cm-1 starts to fade, while the other two 

bands shift to 1941 cm-1 and 1952 cm-1, respectively. The obtained pattern of one 

intense and one less intense Ru(CO) band is a clear indicator that the dication 2Ru2Ph-

Croc2+ is comprised of two radical cationic Ru2Ph entities. This reflects the scenario 

obtained after the first discernable redox process of the related dicarboxylate-bridged 

macrocycle Ru2Ph-mPy to its corresponding dication. The experimental band pattern 

is well supported by the computed vibrational modes at ̃calc = 1939 cm-1, 1939 cm-1, 

1945 cm-1 and 1948 cm-1 based on an input structure in the triplet state. The data for 

the singlet form are generally very similar (see Table 24). This spin state, however, 

seems unlikely based on the observations made for the diruthenium complexes and 

the results of the UV/Vis/NIR-SEC investigations (vide infra). Further oxidation did not 

provide any hint towards a unique spectroscopic signature of a tricationic form, neither 

in the IR nor the NIR section of the spectrum. Instead, only the disappearance of the 

bands associated to the monocationic Ru2Ph•+ fragments fade with concomitant 

formation of a new band at 1982 cm-1. The presence of only a singly Ru(CO) band is a 

clear indicator that all four {Ru} entities are rendered electronically equal, pointing 

towards the presence of the tetracation 2Ru2Ph-Croc4+. The computed carbonyl 

stretches agree well with this finding, regardless of the assumed spin state. Based on 

the results for dications of other divinylphenylene diruthenium complexes or their 

respective forms when arranged in a macrocycle, the singlet state dominates (see 

Chapter 3.5). 
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Table 24|: Calculateda and experimentally obtained energies of characteristic IR bands of 2Ru2Ph-Croc 

in all accessible oxidation states. 

̃ [cm-1] 

2Ru2Ph-Croc IR label neutral monocation 
dication 
(singlet) 

dication 
(triplet) 

tetracation 
(singlet) 

tetracation 
(quintet) 

Calculated 

Ru(CO) 
1913, 
1914 

1918, 1920, 
1934, 1942 

1939, 1942, 
1942, 1949 

1939, 1939, 
1945, 1948 

1977, 1978, 
1981, 1983 

1983, 1984, 
1988, 1989 

C=OCroc 1652 1656 1655 1659 1664 1661 

C-Crocking 1485 1482 1486 1479 1477 1473 

Experimental 

Ru(CO) 1913 
1917, 1935, 

1949 
1941, 1952 1982 

C=OCroc 1630 1636 1639 1644 

C-Crocking 1503 1499 1498 1493 

a) Level of theory: pbe1pbe/6-31G(d) 

Despite the limited extent to which the croconate dianion displays non-innocent 

behavior in RuOMe-Croc, the ligand-based vibrations were also considered for 

2Ru2Ph-Croc and compared to the results by a natural bond orbital analysis. This is 

particular interesting as the radical cation of RuOMe differs significantly from that of 

Ru2Ph in terms of charge distribution and energies of the relevant frontier orbitals. Both 

factors are of crucial importance for providing electronic communication, as has been 

pointed out on several occasions throughout this thesis. The stretching vibration of the 

non-coordinating carbonyl group on the croconate ligands can be found at 1630 cm-1. 

Its calculated energy ̃calc of 1652 cm-1 agrees well with what was predicted for the 

dinuclear, parent complex. During the first oxidation this band is shifted by 6 cm-1 to 

1636 cm-1 (̃calc = 1656 cm-1) and by a further margin of 3 cm-1 to 1639 cm-1 in the 

dication 2Ru2Ph-Croc2+. The total C=O band shift of 9 cm-1 during the first two 

oxidations of the macrocycle is very similar to that of 11 cm-1 for the first oxidation of 

RuOMe-Croc. In both cases, there is one positive charge adjacent to every croconate 

bridging ligand. Here, one has to consider that the unipositive charge on every Ru2Ph•+ 

entity is fully delocalized over both halves of the molecule. Hence, bridge contributions 

to the oxidation process(es) seem to be rather similar for both types of complexes. The 

slightly lower blueshift in the macrocyclic complex can be readily understood on the 

basis of the more extended divinylphenylene-bridged diruthenium redox system, which 

is expected to increase the contribution of the metalorganic constituents to the redox 

processes. Exhaustive oxidation to the tetracation leads to an additional shift of the 
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keto C=O bands by 5 cm-1 which is identical to that observed during the second 

oxidation of RuOMe-Croc. The rocking motion of the cyclopentane framework appears 

at 1503 cm-1 in neutral 2Ru2Ph-Croc and is shifted by 10 cm-1 to lower energy over the 

course of the three sequential oxidations, again in analogy to the diruthenium complex. 

 

    

  

Figure 157|: Charge densities on different constituents of 2Ru2Ph-Croc in the neutral, monocationic, 

dicationic and tetracationic forms according to NBO analysis (top) and contour plot of the -LUSO in in the 

monocation (bottom left), the dication (bottom middle) and of the LUMO in the tetracation (bottom right). 

The notations top, bottom, left and right correspond to the differently positioned complex entities depicted 

in the bottom panel. 

The perceived lower degree of non-innocence of the oxocarbon bridge during the first 

oxidations is fully supported by the NBO analysis (Figure 157). It yields a loss in formal 

negative charge of only 7% across the first two oxidations with an additional 6% during 

the last two-electron charging processes. Based on the experimental results and in full 

agreement with the theoretical support it can be said that the monocation, which 

constitutes the unique accessible oxidation state with a mixed-valent character 

between the two divinylphenylene diruthenium entities, is actually best described as a 

system containing one neutral and one radical cationic Ru2Ph entity. The accessibility 

of this redox state is therefore predominantly the result of electrostatic repulsion caused 

by the close spatial proximity of the two redox-active divinylphenylene diruthenium 
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fragments, but only to a minor degree (if any at all) to electronic coupling across the 

croconate ligand. In contrast to the dinuclear test beds and in accordance with the 

observations made for the dicarboxylate-bridged complexes in general, the croconate 

dianion seems to act as an insulator for diabatic electron transfer in this macrocyclic, 

mixed-valent system. If adiabatic electron transfer is nevertheless observed though will 

be verified in the following chapter.  

6.5. UV/Vis/NIR Spectroelectrochemistry 

The experimental and TD-DFT calculated UV/Vis/NIR spectroscopic data for the three 

diruthenium complexes (RuOMe-Croc, RuOMe-TCroc, RuOMe-Rhod) as well as the 

tetranuclear macrocycle (2Ru2Ph-Croc) are collected in Table 25 at the end of this 

chapter. The presence of multiple isomers of RuOMe-Croc in solution again required 

to investigate whether their electronic spectra are inherently different from each other. 

TD-DFT calculations performed for all three neutral forms revealed that the differences 

between the individual forms are very limited (see Figure 159). Hence, the presence 

of more than one isomer in solution is expected to have only a minor influence on the 

overall shape of the UV/Vis/NIR spectrum. As the Z-isomer again constitutes the near 

superposition of the other two, it will be used as a reference. The change in the 

electronic spectrum of RuOMe-Croc during the oxidation to the radical cation is 

depicted in Figure 158, which also includes an excerpt of the NIR absorption.  

  

Figure 158|: Changes in the UV/Vis/NIR spectrum (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-Croc during 

the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 
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Figure 159|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral RuOMe-Croc as either the 

A- (left), M- (middle) or Z-isomer (right). 

The absorption spectrum of neutral RuOMe-Croc in the visible range is characterized 

by a broad shoulder at wavelengths below 500 nm as well as an absorption feature 

with a max of 427 nm. In particular the former feature is responsible for its near 

panchromatic appearance as it extends to the low-energy limit of the visible spectrum. 

Two underlying transitions are responsible for this band, namely the HOMO to LUMO 

and the HOMO to LUMO+1 transitions. Both can be characterized as charge-transfer 

transitions from the appended styryl ruthenium moieties to the oxocarbon bridging 

ligand (Figure 160, top). This supports the previous notion that the occupied frontier 

orbital is located on the metalorganic entities, while the oxocarbon provides a relatively 

low-lying LUMO as inferred by the observation of a bridge-centered reduction process 

within the potential window of the employed electrolyte. The dominant absorption 

feature at the blue edge of the visible spectrum is the result of the transition between 

the HOMO-2 and the LUMO. The occupied orbital is also located on the croconate 

bridge, giving this transition a -* character (Figure 160, bottom). It is comparable to 

the transition which gives the croconate dianion its yellow color in aqueous solution. 

The absorption wavelength is compared to that of max = 363 nm for potassium 

croconate296 (̃ = 4100 cm-1) on the one hand and to that of max = 450 nm in free 

croconic acid (̃ = 1200 cm-1) on the other.297 This comparison not only shows that 

the negative charge introduced by the two formally enolato-like oxygen atoms 

energetically lifts the LUMO more strongly than the HOMO, but also that a significant 

portion of the twofold negative charge is removed from the oxocarbon by coordination 

to the styryl ruthenium moieties. Small charge-transfer contributions present in 

RuOMe-Croc will, however, also contribute to the redshift of this band. 
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Figure 160|: Graphical representations of MOs with the largest contributions to the relevant transitions in 

RuOMe-Croc. 

Changes in the UV/Vis/NIR spectrum upon oxidation to monocationic RuOMe-Croc•+ 

entail the appearance of absorption features in the NIR (see Figure 158, right). 

Deconvolution of the spectrum in the NIR region furnishes a band with a maximum at 

9600 cm-1 or 1040 nm. It however does not correspond to the transition of lowest 

energy according to the TD-DFT calculations, but rather to the HOSO-1 to LUSO 

transition within the -manifold with a predicted calc of 1020 nm. The EDDM plot shown 

in Figure 162 suggests a character best described as a non-classical inter-valence 

charge transfer transition, as the donor entity is comprised of both the formally reduced 

metalorganic moiety as well as the croconate bridge while the acceptor comprises the 

oxidized styryl ruthenium moiety. This supports the notion that the oxocarbon ligand 

can act non-innocently. The classical inter-valence charge transfer between the -

HOSO and -LUSO is predicted to occur at calc = 1923 nm with a rather small 

associated oscillator strength (see calculated spectrum in Figure 162). Experimentally 

this transition can only be inferred by the difference in absorbance below 8800 cm-1 

between the spectra of the mono- and dication (see Figure 164, right). This 

observation is consistent with those made for the styryl ruthenium complexes bridged 

by the dianion of dihydroxybenzoquinone and its derivatives. Here, though, this 

transition is found at ca. 5000 cm-1.88 Subtraction of the NIR spectra of the radical cation 

and the dication is shown in Figure 161.  
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Figure 161|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic RuOMe-Croc and 

graphical representations of MOs with the largest contributions to the relevant transitions. 

A GAUSSIAN fit of this differential band reveals a ̃max of 7800 cm-1 (max = 1280 nm) at 

a half-width of ̃ = 1445 cm-1. MULLIKEN-HUSH analysis according to Equation 2 yields 

a value for the coupling parameter Hab of 190 cm-1. The absorption coefficient max was 

thereby deduced from the lift in background as observed in the UV/Vis/NIR spectrum 

of Figure 164 and set to a conservative value of 600 M-1‧cm-1 while the distance 

between the redox centers Rab was derived from the DFT-optimized structure of the Z-

isomer and measured between the hydrogen atoms in the -vinylic position on each 

RuOMe entity, as this position can roughly be considered as the geometrical center of 

the isolated redox site. The deduced value of 10.6 Å is, as mentioned in Chapter 1.1, 

also associated with a significant error as the entire styryl ruthenium moiety constitutes 

the redox center. Further influences by e.g. non-innocent behavior of the bridging 

ligand will also have an impact on this value. The resultant value for Hab of 190 cm-1 is 

comparable to that obtained for the mixed-valent radial cation of the bis(triarylamine)-

based system with an electron-poor diphenylenetetrayne-diyl bridge shown on the right 

of Figure 163.298 Here however the distance between the two nitrogen atoms, which 

were set to be the centers of the redox units, is nearly three times as large with 28.7 

Å. The small magnitude of Hab in RuOMe-Croc•+ is another indicator for the rather 
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limited ability of the croconate ligand to support electronic coupling between the two 

appended styryl ruthenium entities.  

  

Figure 162|: Difference in the NIR spectrum of the mono and dication of RuOMe-Croc with corresponding 

GAUSSIAN fit of the residual spectrum graphical representations of MOs with the largest contributions to 

this IVCT transition (-HOSO to -LUSO). TD-DFT calculated UV/Vis/NIR absorption spectrum of 

monocationic RuOMe-Croc and graphical representations of MOs with the largest contributions to the 

relevant transitions. 

 

Figure 163|: Skeletal structures and associated Hab coupling parameters of a mixed-valent aryl ruthenium 

ferrocene conjugate by MUCK et. al.299 and bis(triarylamine) with as electron-poor phenylene ethynylene 

bridge by LAMBERT et. al.298  

For a HUSH analysis of the ‘non-classical’ IVCT band the following parameters were 

used: ̃max of 9600 cm-1 (max = 1040 nm), ̃ = 3000 cm-1, max = 2000 M-1‧cm-1 (based 

on the deconvolution) and Rab = 9.4 Å (distance between the Ru atom of the donor and 

H on the acceptor). This yields a Hab value of 525 cm-1 which compares well with the 

electronic coupling observed in the radical cation of aryl ruthenium-ferrocene 

conjugates as shown on the left in Figure 163.299   

When considering the absorption features in RuOMe-Croc•+ in the visible range of the 

electromagnetic spectrum, the eye is caught by a strong absorption feature at 730 nm 

with an associated max of 18300 M-1 cm-1. It is most likely the result of what used to be 

the HOMO to LUMO / HOMO-1 to LUMO transitions in the neutral complex and now 

corresponds to two transitions between the -HOSO and -LUSO (̃calc = 690 nm) as 

well as the -HOSO to -LUSO+1 (̃calc = 687 nm, previously HOMO-1 to LUMO). The 

character of a charge-transfer transition from the terminally appended styryl ruthenium 
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moiety to the central oxocarbon ligand is maintained, although only the formally 

reduced metalorganic moiety acts as the electron donor, while the oxidized moiety 

remains uninvolved. Considering that the electron donor is now confined to only one 

styryl ruthenium entity, the substantial increase in oscillator strength as compared to 

the neutral complex and the strong redshift of this band are quite remarkable. Oxidation 

of one of the styryl ruthenium pendants has obviously the effect of lowering the 

croconate-based LUMO to a rather large extent while affecting the energy of the local 

HOMO of the other styryl ruthenium unit to an only minor degree. This is a 

consequence of the rather limited electronic coupling in the ground state of the mixed-

valent radical cation.  

The croconate-based transition is shifted to slightly lower energy upon oxidation to the 

radical cation and is now found at 450 nm. The character of the underlying transition is 

maintained from the neutral state as a mixture of -HOSO-2 to -LUSO and -HOSO-

1 to -LUSO+1, respectively. The EDDM plot assigns a stronger CT character to this 

transition than was previously the case, which is most likely the cause for the observed 

redshift and gain in oscillator strength. One must note here that -* contributions are 

not considered by this plot. A comparison of the involved orbitals however shows that 

the croconate based -* character is still maintained. 

  

Figure 164|: Changes in the UV/Vis/NIR spectrum (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-Croc during 

the second oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

As mentioned, further oxidation to the dication leads to the bleaching of the NIR 

absorption below 9000 cm-1, indicating that this band indeed corresponds to a transition 

specific to the mixed-valent form (see Figure 164, right). Simultaneously the 

absorption towards the high-energy limit of the NIR detector of the IR spectrometer 

increases. Through deconvolution the max of the underlying transition was determined 

to be at 980 nm (10200 cm-1). The quantum chemical calculations based on the triplet 
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state of RuOMe-Croc2+ predict, in excellent agreement, a transition at calc = 979 nm 

(see Figure 165). It is the transition of lowest energy and comprises multiple 

contributions, including -HOSO-2 to -LUSO, -HOSO to -LUSO and -HOSO-2 to 

-LUSO. The involvement of orbitals of the -spin manifold is a clear indicator that the 

donating capabilities of the auxochromic styryl ruthenium entities were switched off by 

oxidation, leading to a transition of lowest energy that is similar in character to that in 

the free ligand.  

  

  

Figure 165|: TD-DFT calculated UV/Vis/NIR absorption spectrum of dicationic RuOMe-Croc and 

graphical representations of MOs with the largest contributions to the relevant transitions. 

The EDDM plots in the top right corner of Figure 165 show that this transition can be 

mainly characterized as a croconate-based -* transition.  

The main NIR band is positioned outside of the usable range of the NIR detector. It is 

therefore easier to identify in the UV/Vis/NIR spectrum and is found at 885 nm. TD-

DFT puts the corresponding transition at 859 nm with a character very similar to that 

of lowest energy and the same underlying combinations of donor and acceptor orbitals, 

however with slightly different weightings. This gives this transition a more pronounced 

ML-L’CT character from the styryl ruthenium moieties to the oxocarbon bridge. The 

band in the visible range, previously located at 729 nm is slightly redshifted to 740 nm 

in the dication. The lack of a styryl ruthenium-based donor entity changes the character 
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of the underlying transition (calc = 649 nm) to a -* transition located on the terminally 

appended, oxidized metalorganic moieties. This is the typical signature observed for 

the transition of lowest energy in the radical cations of five- and six-coordinated styryl 

ruthenium complexes.83 The croconate-based -* transition is shifted red by an 

additional 480 cm-1 and now found at 460 nm. The quantum chemical calculations 

predict a slight blueshift to 410 nm. The corresponding EDDM plot supports that the 

CT contributions from the ruthenium ions are reduced in the dication and confined to 

the metal-type side.  

For RuOMe-TCroc only the M-isomer was considered as an input structure for the TD-

DFT calculations. Figure 166 depicts the change in the UV/Vis/NIR spectrum of 

RuOMe-TCroc during the first oxidation along with the magnified NIR section of the IR 

spectrum. 

  

Figure 166|: Changes in the UV/Vis/NIR spectrum (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-TCroc during 

the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

In the visible range of the electromagnetic spectrum two distinct features can be made 

out. The first is a broad band with a maximum at 655 nm, which likely comprises of two 

transitions. The latter are likely associated with the HOMO to LUMO and HOMO-1 to 

LUMO+1 transitions at predicted wavelengths of 760 and 662 nm, respectively (see 

Figure 167). Both can be characterized as charge-transfer transitions from the 

terminally appended styryl ruthenium moieties to the dithiocroconate bridge. Distinct 

from the situation in RuOMe-Croc, the pseudo-oxocarbon contributes significantly to 

the occupied frontier orbital, thereby adding partial -* character to the transition and 

lowering its overall energy. The latter effect is further enhanced by the introduced sulfur 

atoms, which further decrease the energy of the unoccupied frontier orbital as inferred 

by the anodically shifted reduction potential of RuOMe-TCroc when compared to 

RuOMe-Croc. The second band in the visible range is situated at 542 nm (calc = 530 

nm) and corresponds to the HOMO-2 to LUMO transition already observed in the 
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croconate-bridged complex. As evident from the corresponding contour plot, in 

RuOMe-TCroc this transition is however not restricted to a -* transition on the 

oxocarbon but has a character identical to that of the HOMO - LUMO transition as the 

donor orbital also extends across the entire -conjugated pathway. This adds CT 

character to this transition which in turn is the rationale for the observed redshift as 

compared to RuOMe-Croc (max = 427 nm).  

  

  

Figure 167|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral RuOMe-TCroc and 

graphical representations of MOs with the largest contributions to the relevant transitions. 

Oxidation to the monocation RuOMe-TCroc•+ entails the growth of new bands 

particularly in the NIR as well as the redshift of the two previously discussed bands in 

the Vis section of the spectrum (see blue spectral line in Figure 166). Particularly 

noticeable is the impression of a lifted background in the NIR spectrum which now 

protrudes far into the mid-IR. This is reversibly reverted by re-reduction, indicating that 

this feature corresponds to immensely broadened absorption features and not to 

decomposition of the electrolyte solution. In analogy to RuOMe-Croc•+ its position 

could not be determined by deconvolution, but only trough subtraction with the NIR 

spectrum of the dicationic form. The result is shown in Figure 168 along with the 

corresponding MO contour and EDDM plots. 



Oxocarbon Dianions as Bridging Ligands for Styryl and Divinylphenylene Ruthenium Complexes 

235 

 

  

Figure 168|: Difference in the NIR spectrum of the mono and dication of RuOMe-TCroc with 

corresponding GAUSSIAN fit of the residual spectrum. Right: Graphical representations of MOs with the 

largest contributions to this IVCT transition (-HOSO to -LUSO). 

The deduced wavelength for the -HOSO to -LUSO transition of 4525 cm-1 or 2210 

nm is identical to the predicted energy of this transition. HUSH analysis of this band 

afforded a coupling parameter Hab of 210 cm-1 using the following parameters: ̃max = 

2300 cm-1, max = 1100 M-1‧cm-1 and Rab = 10.4 Å (d(H -H)). The slightly increased 

value as compared to the croconate-bridged complex reflects well the trend in  

observed for the two complex radical cations. The contour plots of the relevant orbitals 

of RuOMe-TCroc•+ hint at a contribution by the bridging bis-chelate ligand, suggesting 

that the increased non-innocence of the bridging ligand is at least partially responsible 

for the higher degree of electronic coupling. Furthermore, comparison of the contour 

plots of the HOMO (see Figure 167, top right) and the -LUSO (see Figure 168, right) 

illustrates nicely, that even if the occupied frontier of the neutral complex 

homogenously extends across the entire molecular backbone, this does not 

necessarily imply that the resultant -LUSO spin orbital has the same properties. In the 

present case, a delocalized HOMO does not lead to a likewise delocalized mixed-

valent system after one-electron oxidation.  

Deconvolution of the NIR spectrum uncovered two additional bands at wavelengths 

lower than 10,000 cm-1, at 6600 cm-1 and 8400 cm-1 (1515 and 1190 nm). An 

assignment of these transitions is not obvious, especially as RuOMe-Croc•+ is lacking 

this double feature. It is however very likely that one of these bands corresponds to the 

-HOSO-1 to -LUSO transition, which is predicted to occur at 1249 nm. Its general 

character is comparable to the corresponding transition in RuOMe-Croc•+ (max = 1040 

nm). However, in RuOMe-TCroc•+ the pseudo-oxocarbon ligand contributes more 

strongly to both the donor as well as the acceptor orbital (see Figure 169, top right). 

This is a further indicator for the larger non-innocence of this dithiolene-type ligand. 

The redshift of this absorption, regardless of which band is considered, further supports 
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this reasoning. HUSH analysis of the band at a ̃max of 6600 cm-1 gave a value for Hab 

of 330 cm-1 with the following additional parameters: ̃max = 2400 cm-1, max = 1500 

M-1‧cm-1 and Rab = 9.5 Å (d(H -Ru)). Applying the same to NIR band of higher energy 

at ̃max value of 8400 cm-1 with the following parameter, ̃max = 3500 cm-1, max = 2500 

M-1‧cm-1 and Rab = 9.5 Å (d(H -Ru)), gives a value for Hab of 590 cm-1. As the coupling 

parameter is in both cases is larger as compared to what is observed for RuOMe-

Croc•+, but also within reason, both deconvoluted bands can be considered to have 

(non-classical) IVCT character.  

  

  

Figure 169|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic RuOMe-TCroc and 

graphical representations of MOs with the largest contributions to the relevant transitions. 

The broad band which used to be located at 655 nm in the neutral form is redshifted to 

885 nm whilst maintaining its broad shape. Again, two underlying transitions are 

responsible for the band envelope. One is predicted to be located at 750 nm and 

comprises of multiple transitions between the two highest HOSOs and the two lowest 

LUSOs within both the - and -spin manifolds. In both cases the formally reduced 

styryl ruthenium entity constitutes the electron donor, while either only the 

dithiocroconate unit or the dithiocroconate in conjunction with the formally oxidized 

styryl ruthenium moiety form the acceptor (see Figure 169, bottom left). An additional 

absorption with a band maximum in the visible is found at 593 nm and is also likely the 
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result of two closely spaced transitions. The one of lower energy is calculated to be at 

calc = 605 nm and corresponds to the -* transition on the oxidized styryl ruthenium 

unit. The involved donor orbitals are all within the -manifold and range from HOSO-

14 to HOSO-2. The second conceivable transition at calc = 554 nm corresponds to the 

oxocarbon-based -* transition with significant CT contribution by the energetically 

closely spaced metalorganic moieties. It is therefore the redshifted equivalent to the 

HOMO-2 to LUMO transition of the neutral form (max = 450 nm). At the high-energy 

edge of the visible spectrum, at max = 444 nm, an additional absorption feature can be 

made out. It most likely also exists for RuOMe-Croc but is obscured by the stronger 

absorptions located in the visible range for that particular radical cation. A likely 

candidate for this band is a transition with a calc of 406 nm and ML-L’CT character from 

the reduced styryl ruthenium moiety to the oxocarbon bridge, similarly to the transition 

located at 885 nm.  

Further oxidation to the dicationic species RuOMe-TCroc2+ is indicated by the decrease 

in absorbance in the NIR spectrum (see Figure 170, right) below 6000 cm-1, supporting 

the previous assumption that the perceived lift in the spectrum’s background 

corresponds to a band specific to the mixed-valent form RuOMe-TCroc•+. 

Deconvolution of the resultant NIR spectrum furnished a new band at 7510 cm-1 (1330 

nm). A safe assignment of this band is however not trivial as the TD-DFT calculations, 

which again were performed on the basis of a triplet system, predict numerous 

transitions in the range between ~1300 nm to ~1000 nm. As evident from the 

UV/Vis/NIR spectrum shown on the left in Figure 170, this is further complicated by 

the limited number of spectra that could be recorded during this redox process before 

decomposition set it. This became evident through the observation of new isosbestic 

points, indicating the formation of a compound lacking any absorbance in the NIR as 

is for example the case for the oxidized, five-coordinated styryl ruthenium precursor 

complexes.83 In consequence, Figure 171 only depicts the transition predicted at 1037 

nm, which mainly comprises of the -HOSO to -LUSO transition. The latter is best 

described as an oxocarbon bridge to (oxidized) styryl ligand charge transfer (LL’CT). 

The photo-instability of RuOMe-TCroc2+ can be considered as another indicator 

towards the non-innocence of the dithiocroconate ligand. As expressed during the 

discussion on the DPPP-bridged complexes of Chapter 5, the bis-chelate is expected 

to experience a decrease in its donor capabilities once the complexes are oxidized. 

This effect would only be further enhanced under the irradiation into charge-transfer 

bands, in which the bridging ligand acts as the electron donor. Such a scenario holds 

true for RuOMe-TCroc2+. 
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Figure 170|: Changes in the UV/Vis/NIR spectrum (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-TCroc during 

the second oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

  

Figure 171|: TD-DFT calculated UV/Vis/NIR absorption spectrum of RuOMe-TCroc2+ and graphical 

representations of MOs with the largest contributions to the relevant transitions. 
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The general shape of the UV/Vis/NIR spectrum of RuOMe-Rhod is similar to that of its 

croconate- or dithiocroconate-bridged analogs. As evident from Figure 172 the broad 

band is however significantly redshifted in the cyclo-C6 congener as it extends from 

700 nm well into the NIR, down to ca. 1200 nm, with a maximum at 830 nm. The 

question of whether this is the signature of one particular out of the five conceivable 

isomers was not further investigated. Instead, in analogy to the discussion of the IR-

SEC results, the cis isomer was used as the reference for the quantum chemical 

calculations. 

  

Figure 172|: Changes in the UV/Vis/NIR spectrum (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-Rhod during 

the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

TD-DFT calculations predict a transition at calc = 1021 nm. The latter corresponds to 

the HOMO - LUMO transition with identical character as was the case for RuOMe-

(T)Croc, i.e. a charge-transfer from the styryl ruthenium donors into an empty *-orbital 

on the rhodizonate bridge (see Figure 173, top right). The wavelength of the strong 

absorption feature in the visible range at max = 610 nm (max = 28500 M-1‧cm-1) is even 

more accurately reproduced by the quantum chemical calculations with a calc of 603 

nm. It is also analogous in character to that found in the previous complexes as it 

constitutes the bridge-based HOMO-2 to LUMO transition with predominant -* 

character (Figure 173, bottom right). The considerable redshift when compared to 

RuOMe-Croc (max = 427 nm) or to RuOMe-TCroc (max = 542 nm) is clearly the result 

of the even lower-lying LUMO located at the oxocarbon bridging ligand as a result of 

the additional carbonyl functionality in rhodizonate and as inferred by the anodic shift 

of the reduction process by ~800 mV or ~400 mV, respectively. 
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Figure 173|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral RuOMe-Rhod and graphical 

representations of MOs with the largest contributions to the relevant transitions. 

Oxidation to the radical cation entails a change in the Vis/NIR absorption 

characteristics of RuOMe-Rhod (blue spectral lines in Figure 172) very similar to what 

is observed in RuOMe-TCroc•+.This includes an even further extension of the NIR 

absorption down to 1800 nm (5500 cm-1), a sizeable redshift of the Vis absorption and 

the change to a double-band feature with max values of 675 nm and 725 nm, as well 

as the appearance of a new band at the high-energy edge of the visible range at 

max = 425 nm. TD-DFT places two major transitions in the NIR: One at 1256 nm (7963 

cm-1) and one at 1963 nm (5093 cm-1, see Figure 174). The latter corresponds to the 

-HOSO - -LUSO and hence a classical IVCT transition. To determine its position 

within the experimental spectrum, the NIR spectrum recorded for RuOMe-Rhod2+ was 

subtracted from that of the radical cation RuOMe-Rhod•+, analogously to the procedure 

used for the two previously discussed compounds. The differential spectrum alongside 

the contour/EDDM plots of the corresponding excitation is depicted in Figure 175. 
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Figure 174|: TD-DFT calculated UV/Vis/NIR absorption spectrum of RuOMe-Rhod•+ and graphical 

representations of MOs with the largest contributions to the relevant transitions. 

  

Figure 175|: Left: Difference in the NIR spectra of the mono- and dications of RuOMe-Rhod with 

corresponding GAUSSIAN fit of the residual spectrum. Right: Graphical representations of MOs with the 

largest contributions to this IVCT transition (-HOSO to -LUSO). 

A GAUSSIAN fit of the low-energy flank of this band suggests a maximum at 8135 cm-1 

(1229 nm) and a half-width ̃max of 3325 cm-1. The deduced Hab parameter using 4300 

M-1‧cm-1 for max as determined from the UV/Vis/NIR spectrum and 13.35 Å as the 

distance between the redox centers (d(H-H)), of 525 cm-1 is more than twice as large 

as that found for the croconate-bridged congeners and even approaches the values 

obtained for the non-classical IVCT in RuOMe-TCroc•+ (̃max = 8400 cm-1, Hab = 590 

cm-1) or in mixed-valent, hydroxyquinone-/aminoquinone-bridged diruthenium 

complexes as those studied by the SARKAR group (see Chapter 6.1) with reported 
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values of ca. 600 - 700 cm-1.300 The surprisingly strong electronic coupling as inferred 

by the relatively large Hab parameter contradicts at first glimpse with the similar 

magnitude of the -parameter. However, the -parameter is also sensitive towards 

electrostatic influences. The latter are suspected to be larger in RuOMe-(T)Croc at least 

when compared to the cis- and trans-isomers of RuOMe-Rhod. Furthermore, the 

differences in chemical structures of rhodizonate and croconate might also be a reason 

for the attenuation of the diabatic charge transfer and / or the aiding of the adiabatic 

process in the C6-derivative.  

A second NIR transition is most likely positioned at max = 1050 nm as based on the 

deconvolution of the experimental difference spectrum. This excitation most likely 

corresponds to the -HOSO to -LUSO+1 transition, which TD-DFT calculations 

predict at calc = 1256 nm. As shown on the top right panel of Figure 174, this band 

entails a CT from the reduced styryl ruthenium entity to the rhodizonate bridging ligand, 

at odds with the oxidized croconate complexes. This is in line with the notion of a 

significantly lowered oxocarbon-based * orbital. In consequence, the potential energy 

surface depicted on the left of Figure 7 can be considered to adequately represent the 

situation in RuOMe-Rhod•+.  

The distinct double-band feature of equally strong absorbance (max = 29000 M-1‧cm-1) 

in the Vis region is not replicated by the TD-DFT calculations to the same extent. The 

latter only predict the existence of a single, strong feature at calc = 665 nm. It is of 

mixed character with charge transfer from the formally reduced styryl ruthenium moiety 

to the bridge and the oxidized styryl ruthenium moiety and a -* transition on the 

oxidized styryl ruthenium entity. Correspondingly, a large number of transitions within 

both the - and -spin manifolds contribute to this absorption feature (Figure 174, 

bottom left). In the light of the large number of underlying transitions, the energy of this 

band is likely to depend on the relative orientation of the styryl ruthenium fragments 

around the rhodizonate bis-chelate. This may also have a strong bearing on the shape 

of the ensuing absorption band. The new band at the blue edge of the visible spectrum 

(max = 440 nm) most likely corresponds to a transition with a calc of 369 nm. It is also 

comprised of multiple transitions, all of which are within the -spin manifold. Its 

character is best described as a mixture of a charge transfer from both ruthenium 

atoms to the bridge and a transition on the oxidized RuOMe fragment of -* nature 

(Figure 174, bottom right). 
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Figure 176|: Changes in the UV/Vis/NIR spectrum (DCE, 0.25 M NBu4PF6, r.t.) of RuOMe-Rhod during 

the second oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

Further oxidation to dicationic RuOMe-Rhod2+ leads to a decrease in the absorbance 

below 10000 cm-1, as implied previously by the discussion on the position of the IVCT 

band. At higher energies, the growth of a shoulder at ca. 950 nm can be made out. TD-

DFT calculations, again based on the triplet state, place the -HOSO to -LUSO 

transition at calc = 987 nm in good agreement with the experiment (Figure 177, top 

left). The delocalized nature of the -LUSO as a result of low-lying, rhodizonate-based 

*-orbitals lends this transition a mixed character of a oxocarbon-based -* transition 

along with a charge transfer component from the bridge to both terminally appended 

metalorganic moieties, similarly to what is found in RuOMe-TCroc2+. In the visible 

region the former double-band feature is consolidated to a more ill-defined band with 

a maximum at 745 nm along with a distinct feature at 620 nm. Two transitions at calc 

= 669 nm and 642 nm are potentially responsible for the band envelope of the 

prominent, structured band. Both are comprised of transitions between the highest 

three occupied and the lowest three unoccupied spin orbitals within the -manifold. 

The plot on the bottom left in Figure 177 depicts the -HOSO-1 and -LUSO+1 

representatively as they neatly capture the -* excitations within the oxidized styryl 

ruthenium appendices. The newly formed feature at max = 620 nm most likely 

corresponds to a transition with a predicted wavelength of calc = 572 nm and 

corresponds to the rhodizonate-based -* transition as evident from the EDDM plot 

shown in the bottom right corner of Figure 177. The contributing orbitals are the two 

equal sets of -HOSO-2 and -LUSO as well as the -HOSO and -LUSO+2. The 

band at the high-energy limit of the visible spectrum does not shift during the second 

oxidation but increases in absorbance by ca. 50%. It is therefore expected to maintain 

its mixed character of MLCT from the Ru ions to the rhodizonate bridge and chelate-

based -* transition.  
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Figure 177|: TD-DFT calculated UV/Vis/NIR absorption spectrum of dicationic RuOMe-Rhod and 

graphical representations of MOs with the largest contributions to the relevant transitions. 
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For the macrocycle 2Ru2Ph-Croc three distinct redox states besides the neutral form 

could be addressed during the UV/Vis/NIR-SEC experiments, in analogy to the IR-SEC 

measurements. These corresponds to the mono-, di- and tetracation. The electronic 

spectrum of neutral 2Ru2Ph-Croc and its change during the first oxidation to the radical 

cation are depicted in Figure 178.  

  

Figure 178|: Changes in the UV/Vis/NIR spectrum (DCE, 0.1 M NBu4BArF, r.t.) of 2Ru2Ph-Croc during 

the first oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

In contrast to the carboxylate-based macrocycles, 2Ru2Ph-Croc is not faint yellow in 

color but brown, analogous to RuOMe-Croc. The cause for this is the presence of a 

broad absorption shoulder at ca. 550 nm. Naturally, the underlying character of this 

transition is also equal to that in RuOMe-Croc in that it constitutes a CT from both 

metalorganic moieties to the oxocarbon bridging ligands (see Figure 179, top right). In 

the macrocyclic structure the two highest occupied MOs as well as the two lowest 

unoccupied MOs are degenerate. They constitute the in- and out-of-phase 

combinations of oppositely disposed divinylphenylene diruthenium (HOMO, HOMO-1) 

or oxocarbon bridge-based orbitals (LUMO, LUMO+1). The degeneracy of these 

orbitals is thereby a token for the lack of electronic interactions between the opposite 

donor or acceptor fragments within the macrocyclic structure.92,301,302 TD-DFT thus 

predicts transitions between all four orbitals at ca. 600 nm. The congruence in the 

absorption characteristics between 2Ru2Ph-Croc and RuOMe-Croc further continues 

as the shoulder found at max = 410 nm corresponds to the HOMO-2 to LUMO 

excitations, i.e. the croconate-based -* transition with a calculated wavelength calc 

of 432 nm (see Figure 179, bottom left). The strongly absorbing band in the UV at 

max = 350 nm corresponds to the -* transition on the divinylphenylene diruthenium 

fragments and is predicted to be located at calc = 329 nm with main contributions from 

the HOMO and the LUMO+4. The absorption spectrum of 2Ru2Ph-Croc thus combines 
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the characteristics of the dicarboxylate-based macrocycles as well as those of the 

diruthenium complex RuOMe-Croc. 

  

  

Figure 179|: TD-DFT calculated UV/Vis/NIR absorption spectrum of neutral 2Ru2Ph-Croc and graphical 

representations of MOs with the largest contributions to the relevant transitions. 

The similarities with the carboxylate-based, tetranuclear macrocycles also prevail 

during the first two oxidations. The spectrum of 2Ru2Ph-Croc•+ is characterized by the 

emergence of three bands in the NIR at 1275 nm (7830 cm-1), 1085 nm (9300 cm-1) 

and 930 nm (10770 cm-1) in the order of decreasing absorbance (see blue lines in 

Figure 178). Furthermore, the Vis band at ca. 550 nm gains in intensity without any 

discernable shift while the UV absorption shows a lower absorbance in the monocation. 

The rich structuration of the NIR absorption is characteristic to the radical cation of 

divinylphenylene diruthenium complexes and traced back to vibrational coupling.87,89 

This was extensively discussed in Chapter 3.4. The strong similarities in the NIR 

absorbance between the radical cation of 2Ru2Ph-Croc and the mixed-valent dication, 

e.g. Ru2Ph-mPy2+, which shows NIR bands at max = 1245, 1076 and 975 nm and in 

particular, the absence of any further absorption at lower energies suggest that the 

croconate bridge acts as an insulator, both for diabatic as well as adiabatic electron 

transfer. This stands in contrast to the findings for the diruthenium test bed RuOMe-

Croc•+. The ability to generate and investigate the radical cation of 2Ru2Ph-Croc is 
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hence merely the consequence of electrostatic stabilization as suggested by both 

cyclic voltammetry as well as infrared spectroscopy. 

  

  

Figure 180|: TD-DFT calculated UV/Vis/NIR absorption spectrum of monocationic 2Ru2Ph-Croc and 

graphical representations of MOs with the largest contributions to the relevant transitions. 

The TD-DFT calculations, however, paint a completely different picture by predicting a 

prominent feature at calc = 1011 nm corresponding to a transition, which involves 

charge transfer from a combination of orbitals, which are delocalized over both 

croconate bridging ligands and the remaining reduced divinylphenylene diruthenium 

building block (mainly the -HOSO-1, left in Figure 180) to the oxidized 

divinylphenylene unit. This means that, judging by the TD-DFT results, this band is 

assigned a mixed oxocarbon to divinylphenylene diruthenium charge transfer 

(L-L’MCT) and IVCT rather than being confined to only the oxidized divinylphenylene 

diruthenium unit. It thus appears as if the quantum chemical calculations greatly 

overestimate the strength of adiabatic electronic coupling. TD-DFT also predicts an 

additional band at max = 2171 nm, albeit with an only small oscillator strength, which 

has all characteristics of a classical IVCT transition. It is thus directed from the reduced 

to the singly oxidized divinylphenylene diruthenium entity (see Figure 180, top right). 

No such feature was, however, experimentally observed, not even in the mid-IR.  

The deviation of the calculated electronic spectrum from the experimental one seems, 
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however, to only affect transitions resulting from the mixed-valent character of 2Ru2Ph-

Croc•+. Thus, the band in the visible range, which is split into a double-band feature at 

max = 570 nm and 535 nm, is predicted to correspond to transitions at calc = 663 nm 

and 505 nm. Both entail a CT transition from one of the metalorganic fragments to both 

croconate linkers. In case of the transition at the lower energy the formally reduced 

Ru2Ph moiety constitutes the donor, while in the transition of higher energy the 

oxidized analog acts as the electron donor (see Figure 180, bottom right). The -* 

transitions on both the oxocarbon bridges as well as those on the metalorganic entities 

remain basically unaltered during the first oxidation, except for a concomitant decrease 

of the intensity of the latter as one of the divinylphenylene diruthenium chromophores 

is oxidized.  

Further oxidation to the dication is characterized by the continued intensity gain of all 

bands in the visible and near infrared region of the electromagnetic spectrum (Figure 

181, yellow lines). The magnified NIR spectrum (see Figure 181, right) provides a more 

detailed account of the subtle changes in the bands’ energies and heights through 

deconvolution (dotted blue and orange lines). While the smallest feature, formally at 

10770 cm-1 (930 nm), remains basically unaltered during the second oxidation 

(̃max = 10775 cm-1), one formerly at 9300 cm-1 (1085 nm) is shifted blue by 70 cm-1 to 

9370 cm-1 (1067 nm) whilst also becoming the most prominent NIR feature. The NIR 

peak at the lowest energy is shifted blue from 7830 cm-1 (1275 nm) by 235 cm-1 to 

8065 cm-1 (1240 nm). Such a blueshift of NIR absorption bands during the second 

charging process of macrocycles built from divinylphenylene diruthenium complex 

fragments was also observed for the carboxylate-bridged variants. The observation 

that this shift was larger in the tetranuclear variant (̃ ≈ 150 cm-1) as compared to the 

larger hexanuclear variant (̃ = 0 cm-1) led to the assumption that this effect is caused 

by a subtle inductive shift due to the lower electron-donating capabilities of the bis-

chelating bridging ligands as peripheral redox sites are stepwisely oxidized.286 The fact 

that this influence is larger in an even smaller macrocycle with a closer transannular 

distance between the two divinylphenylene diruthenium fragments (see discussion on 

the crystallographic structure of 2Ru2Ph-Croc in Chapter 6.2, only supports this 

concept. 
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Figure 181|: Changes in the UV/Vis/NIR spectrum (DCE, 0.1 M NBu4BArF, r.t.) of 2Ru2Ph-Croc during 

the second oxidation (left) with corresponding excerpt from the IR/NIR spectrum (right). 

Dioxidized 2Ru2Ph-Croc2+ has again an inherently symmetric electron density 

distribution as both divinylphenylene diruthenium units are present in their singly 

oxidized states. This precludes IVCT transitions between identical subunits and leads 

to again a good match between experimental and calculated spectra if a triplet state is 

assumed. That the state of higher multiplicity fits best is rather intuitive as a singlet 

state would suggest that the oxocarbon-bridges are capable of facilitating spin pairing. 

This in turn would imply a non-zero change in their structure and therefore a strongly 

non-innocent character; this is however obviously not the case. As it is evident from 

the computed spectrum shown in Figure 182, the NIR absorption is calculated to 

comprise of two transitions at calc = 923 nm and 928 nm. Both are composed of 

multiple transitions between the highest two occupied and lowest two unoccupied spin 

orbitals. Both members of each pair are again nearly degenerate as was the case for 

the neutral form. Figure 182 (top right) depicts the contour plots of the -HOSO and -

LUSO as well as the EDDM plot of the transition at the longer wavelength. The lack of 

a significant CT contribution proves that the charge-resonance nature of these 

transitions is predicted correctly. However, in reality, these transitions are confined to 

only one open-shell divinylphenylene diruthenium entity and both act as independent, 

but chemically interconnected chromophores.  
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Figure 182|: TD-DFT calculated UV/Vis/NIR absorption spectrum of dicationic 2Ru2Ph-Croc in the triplet 

(top left) and singlet state (bottom left) alongside the graphical representations of MOs with the largest 

contributions to the relevant transitions. 

Regarding the absorption features in the visible range, a newly formed shoulder at ca. 

650 nm can be made out. It is however not adequately represented by the quantum 

chemical calculations. TD-DFT does however still correctly predict the presence of the 

charge-transfer transition at calc = 529 nm from the two Ru2Ph•+ fragments to the 

croconate linkers. In contrast to the spectrum corresponding to the radical cation, 

however, only the transition with contributions by the spin orbitals within the -manifold 

is predicted to have considerable oscillator strength. The lack of a change in the 

absorption feature at max = 410, corresponding to the croconate-base -* transition, 

both in terms of intensity and energy, is a further indicator towards a more innocent 

behavior of this ligand within this macrocyclic system. As the predictions made by the 

quantum chemical calculations agree significantly better with the experimental 

spectrum for the dication than they do for the monocation of 2Ru2Ph-Croc, one can 

state that they seem to overestimate the willingness of the radical cationic 

divinylphenylene diruthenium unit to undergo further delocalization of the unpaired 

spin/charge. The ring strain present in 2Ru2Ph-Croc, which naturally is absent in 

RuOMe-Croc and most evident by the obtuse Ru-CH=CH bond angle and the rotation 
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of the phenylene linker might also have detrimental effects on the ability of the 

croconate bridging ligand to foster electron transfer. 

  

Figure 183|: Changes in the UV/Vis/NIR spectrum (DCE, 0.1 M NBu4BArF, r.t.) of 2Ru2Ph-Croc during 

the third/fourth oxidations (left) with corresponding excerpt from the IR/NIR spectrum (right). 

The third redox process, the overall two-electron oxidation to the tetracation, entails 

most dominantly the bleach of the NIR bands (see Figure 183), signaling the absence 

of mixed-valent Ru2Ph moieties within the macrocycle. As indicated by the small 

residual signal in the NIR, exhaustive conversion to the tetracation could not be 

achieved whilst maintaining reasonable voltage levels so as to prevent decomposition. 

In analogy to the investigations described in Chapter 3.6 on the electronic spectra of 

different divinylphenylene diruthenium complexes, the question arises which spin state 

dominates in this redox state. Based on the comparison between the experimental and 

calculated UV/Vis/NIR spectra, 2Ru2Ph-Croc4+ seems to behave similarly to the 

precursor complex and other macrocycles containing dicationic Ru2Ph fragments. 

Thus, the singlet state constitutes the dominant form at r.t. as deduced from the 

electronic spectra, whilst also being EPR-active (see Figure 194). The TD-DFT 

calculations on the singlet spin state do in fact predict weak absorptions in the NIR 

between 923 nm and 940 nm (see Figure 184, top left), which again correspond to the 

transitions between the degenerate pairs of HOMO and HOMO-1 as well all LUMO and 

LUMO+1. All of these transitions have CT character in which the oxocarbon acts as 

the donor while the dicationic metalorganic entities constitute the electron-accepting 

units. Their associated oscillator strengths are however very small, rendering their 

observation even without spectral contamination by the dication questionable.  
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Figure 184|: TD-DFT calculated UV/Vis/NIR absorption spectrum of tetracationic 2Ru2Ph-Croc in the 

singlet (top left) and quintet state (bottom left) alongside the graphical representations of MOs with the 

largest contributions to the relevant transitions. 

The UV/Vis/NIR spectrum of 2Ru2Ph-Croc4+ is instead dominated by a strong 

absorption band at max = 605 nm with max = 76500 M-1‧cm-1. This strong absorption 

band is not only replicated well by the quantum chemical calculations with a calc of 574 

nm, but it is also very characteristic to the bipolaron of divinylphenylene diruthenium 

complexes as has already been expressed in Chapter 3.6. The increased ring strain 

in the present molecule compared to the dicarboxylate-bridged tetranuclear 

macrocycles seems to have a detrimental effect on the absorptivity of this transition as 

the deduced molar absorption coefficient is smaller by 25% as compared to those 

obtained for the isophthalate-bridged systems.93,102,286 The corresponding contour and 

EDDM plots are shown in the top right corner of Figure 184. The second relevant 

absorption feature remains the -* transition on the croconate bridging ligands. While 

the energy of this band (max = 410 nm) is still unaltered, it slightly increases in 

absorbance. The quantum chemical calculations put it at max = 400 nm with main 

contributions by the HOMO and LUMO+2 (see Figure 184, bottom right). The latter 

corresponded to the HOMO-2 and LUMO in the neutral state. The lack of absorption 

features which involve orbitals with significant mixing of a metalorganic redox moiety 
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and an oxocarbon ligand, underlines the overall findings, that in the macrocyclic system 

the croconate ligand constitutes an innocent ligand. The overall scenario is therefore 

similar to that in the dicarboxylate-based structures in that both chromophores act 

mostly independently of each other and “just happen to be chemically linked”. 

Table 25|: UV/Vis/NIR data of the complexes in their various oxidation states 

 

 

max [nm] ( [M-1 cm-1]) TD-DFT calc. transitionse 

calc 
[nm] 

contribution 
(minor) 

character 

RuOMe-
Croca, b 

0 550 (4700), 427 (22200), 

611 

554 

417 

H → L 

H → L+1 

H-2 → L 

ML-L’CT 

ML-L’CT 

-*Croc 

1+ 
~1280 (~600), 1040 (2500), 729 (18300), 
450 (40900) 

1923 

1020 

690 

422 

βH → βL 

βH-1 → βL 

αH → αL 

αH-2 → αL 

IVCT 

IVCT 

ML-L’CT 

-*Croc 

2+e 
980 (5700), 885 (8300), 740 (28100), 460 
(53500) 

979 

859 

648 

410 

βH → βL, (βH → 
βL+2) 

αH → αL 

βH-2 → βL 

αH-2 → αL 

-*Croc, RuOMe 

-*Croc, RuOMe 

-*RuOMe 

-*Croc 

RuOMe-
TCroca, c 

0 655 (13600), 542 (15700) 

760 

662 

530 

H → L 

H-1 → L+1 

H-2 → L 

ML-L’CT 

ML-L’CT 

ML-L’CT / -*Croc 

1+ 

2210 (1100), 1515 (2400), 1190 (2400), 

885 (7000), 593 (17400), 444 (17500) 

2210 

1249 

750 

729 

606 

554 

406 

βH → βL 

βH-1 → βL 

βH-2 → βL, (βH 
→ βL+2) 

αH → αL+1 

βH-2 → βL+1 

αH-1 → αL, (βH-1 
→ βL+1) 

αH-4 → αL, (αH-2 
→ αL+2) 

IVCT 

IVCT / MLL’-MLCT 

ML-L’CT 

ML-MLL’CT 

-*RuOMe 

-*Croc 

ML-L’CT 

2+e 1330 (3900), 885 (-), 593 (-), 444 (-) 1037 βH → βL L’-MLCT 
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RuOMe-
Rhoda, d 

0 830 (7300), 610(28000) 

1021 

603 

H → L 

H-2 → L 

ML-L’CT 

-*Croc 

1+ 
1229 (4300), 1050 (-), 725 (29200), 675 
(29200), 425 (27000) 

1963 

1265 

665 

369 

βH → βL  

βH → βL+1  

f 

f 

IVCT 

ML-L’CT 

-*RuOMe 

-*RuOMe / ML-L’CT 

2+e 
~950 (~10000), 745 (38600), 620 (28900), 
440 (38900) 

987 

669 

642 

572 

367 

βH → βL  

βH-1 → βL+1 

(βH-2 → βL)  

βH → βL+2 

f 

L’-MLCT 

-*RuOMe 

-*RuOMe 

-*
Rhod 

M-L’CT 

2Ru2Ph-
Croc 

0 550 (8900), 410 (41100), 350 (73400) 

626 – 
608 

431 

329 

H → L, (H-1 → 
L+1) 

H-2 → L 

H → L+4 

ML-L’CT 

-*
Croc 

-*
Ru2Ph 

1+ 

1275 (23000), 1085 (14300), 930 (7300), 

570 (23700), 535 (22900), 410 (41100), 350 
(53000) 

2171 

1011 

663 

505 

βH → βL 

βH-1 → βL 

βH → βL+2 

αH-1 → αL 

IVCT (n.o.) 

ML-L’CT (n.o.) 

ML-L’CT 

ML-L’CT 

2+e 
1240 (34600), 1067 (30800), 930 (11900), 
570 (38800), 535 (38800), 410 (41100), 350 
(34600) 

928, 
923 

529 

βH → βL, (βH-1 
→ βL+1) 

αH-1 → αL  

CR 

ML-L’CT 

4+f 650 (sh), 605 (76500), 410 (48400) 

940 – 
923 

574 

400 

H → L, (H-1 → 
L+1) 

H-2 → L, (H-3 → 
L+1) 

H → L+2 

L’-MLCT (n.o.) 

-*
Ru2Ph 

-*
Croc 

a) In DCE/0.25 M TBAPF6, b) Z-isomer assumed, c) M-isomer assumed, d) cis-isomer assumed, e) Triplet state 

assumed, f) singlet state assumed 
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6.6. EPR Spectroscopy 

All accessible open-shell states of the three diruthenium complexes as well as those 

of the tetranuclear metallacycle were investigated by means of EPR spectroscopy. The 

position of the individual signals, their shapes and structuration through underlying 

hyperfine splitting to other nuclei were utilized to ascertain the extent to which the 

different oxocarbon dianions foster spin delocalization. In particular, the slower 

timescale of the EPR experiment compared to vibrational or electronic spectroscopy 

provides further insight into the rate of the diabatic electron transfer (see Chapters 3.4 

and 3.5). The moderate oxidation potentials associated to the respective cation(s) 

allowed in all cases the use of differently substituted ferrocenium salts as chemical 

oxidants. Their EPR-inactivity above the temperature of liquid helium renders them 

ideal oxidizing agents for this analytical method. The three employed oxidants were 

ferrocenium hexafluorophosphate (FcPF6, E1/2 = 0 mV), acetylferrocenium 

hexafluoroantimonate (AcFcSbF6, E1/2 = 270 mV), and 1,1’-diacteylferrocenium 

hexafluoroantimonate (Ac2FcSbF6, , E1/2 = 490 mV), and either were added in 

substoichiometric amounts to ensure the sole generation of the monocation, or, if 

appropriate, in excess to ensure full conversion to a higher oxidation state. The purity 

and identity of the respective oxidized species was again verified by comparing the 

characteristic Ru(CO) stretches of the chemically oxidized complexes to the spectra 

obtained via SEC. The EPR spectrum of the radical anion of croconate was also 

recorded and serves as a reference for a complex with an oxidized oxocarbon bridging 

ligand. The latter species was generated by oxidizing NBu4Croc with ferrocenium 

hexafluorophosphate. To support the experimental findings, MULLIKEN spin density 

analysis was also performed. The experimental data are collected in Table 26. 
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Table 26|: EPR data of the complexes in all accessible oxidized states in liquid solution (CH2Cl2) as well 

as in the frozen glass. 

 charge T [°C] g-value hfs [Gauss] 

NBu4Croc + 

+20 giso = 1.998 30x 13C (4.8) 

-140 n.o - 

RuOMe-Croc 

+ 

+20 gave = 2.022 -a 

-140 gz = 2.043, gx,y = 2.016 - 

2+ 

+20 gave = 2.020 -a 

-140 gave = 2.020 -a 

RuOMe-TCroc 

+ 

+20 gave = 2.019 -a 

-140 n.o. - 

2+ 

+20 

giso = 2.019 

giso = 1.994 

1x 99/101Ru (13) 

- 

-140 gz = 2.030, gx,y = 2.007 - 

    

RuOMe-Rhod 

+ 

+20 giso= 2.021 

2x 99/101Ru (10.1) 

 

-140 gz = 2.032, gx,y = 2.011 - 

2+ 

+20 

giso = 2.019 

giso = 1.994 

1x 99/101Ru (9.6) 

- 

-140 

gz = 2.030, gx,y = 2.007 

giso = 1.990 

- 

- 

2Ru2Ph-Croc 

+ 

+20 giso = 2.012 - 

-140 giso = 2.012 - 

2+ 

+20 giso = 2.012 - 

-140 giso = 2.012 - 

4+ 

-20 gave= 2.025 -a 

-140 gz = 2.040, gx,y = 2.015 -a 
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Figure 185|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of RuOMe-Croc•+ at 

+20 °C in CH2Cl2 solution (top left) and at -140 °C in the frozen glass (top right). Calculated (based on the 

Z-isomer) MULLIKEN spin density analysis plot on different parts of the molecule (bottom left) and 

corresponding contour plot of the spin orbital (bottom right). 

At room temperature the EPR signal observed for RuOMe-Croc•+ in CH2Cl2 is slightly 

anisotropically broadened (see Figure 185, top left). The positive half of the signal (at 

lower field) hints at underlying hyperfine splitting to additional nuclei, though, as typical 

for the six-coordinated variants, they are badly resolved, if at all. Based on the findings 

for the other six-coordinated styryl ruthenium complexes presented in this work, 

coupling to one or two 99/101Ru nuclei seems likely. Such observations are frequent for 

the radical cations of divinylarylene-bridged diruthenium complexes and are likely the 

result of an appreciable ruthenium contribution to the SOMO and their large sizes, 

which result in slow tumbling rates. An alternative explanation involving the presence 

of more than one isomer with slightly different g-values can, however, not be discorded 

in this case, as the superposition of two or more signals might also result in an 

asymmetric signal shape. The fact that radical cationic RuOMe-TCroc•+, which is 

present as only one isomer in solution, provides the same overall EPR characteristics, 

argues however against such an explanation. The g-values of the radical cations of all 

three oxocarbon-bridged diruthenium complexes fall in a very narrow range of 2.019 to 

2.022 and hence deviate slightly more from the LANDÈ factor of 2.0023 and those of 

their chloro-substituted 16 VE congeners. The giso-value of complex RuOMe•+ of 2.014 

may serve as a point of comparison. This indicates a somewhat enhanced metal 
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character of the SOMO as the metal-based d-orbitals are energetically lifted with an 

increasing electron count. On the other hand, the g-values are also appreciably smaller 

than that of 2.039 of RuOMe-dhbq•+.  

Cooling the sample to -140 °C yields the solid-state spectrum (see Figure 185, top 

right). It shows an axial signal which is anisotropically distorted along the P-Ru-P axis 

with associated g-values of gz = 2.043 and gx,y = 2.016. As all four ligands in the x,y-

plane are inequivalent, the signal must be intrinsically rhombic. The differences 

between these ligands however seem to only marginally affect the shape of the spin-

bearing orbital which, based on the contour plot in the bottom right of Figure 185, has 

strong contributions from the dxz (or dxy) orbital, when defining the equatorial plane as 

x,y. 

  

  

Figure 186|: Experimental EPR spectrum of RuOMe-Croc2+ at +20 °C in CH2Cl2 solution (top left) and at 

-140 °C in the frozen glass. Calculated (based on the Z-isomer). MULLIKEN spin density analysis plot on 

different parts of the molecule (bottom left) and corresponding contour plot of the spin orbital (bottom right). 

The contour and the spin density distribution plots clearly point to the dominant 

contributions from one of the two styryl ligands and the attached Ru ion as well as only 

minor ones from the bridging ligand to the overall spin density, and hence confirm the 

picture painted by IR-SEC measurements. Both place most of the unpaired spin density 

on just one RuOMe entity, while the oxocarbon-based linker contributes only 6%.  
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The fact that the dication of RuOMe-Croc displays a fairly intense EPR signal, both in 

solution and in the frozen glass (see Figure 186, top) supports the argument that the 

triplet state constitutes the correct spin state for the input structure for the quantum 

chemical calculations and also agrees with the results of the IR and UV/Vis/NIR 

spectroscopic investigations. At both temperatures, the signal is anisotropically 

broadened with an associated gave-value of 2.020. Furthermore, for the signal recorded 

at r.t., coupling to two 31P nuclei can be discerned due to the triplet-like splitting pattern 

of the half-signal at lower field. MULLIKEN spin density analysis places 70% of the 

overall spin on the styryl ligands, which exceeds the value of 60% for the monocation. 

The contribution by the oxocarbon is even reduced to only 0.5%, which is in line with 

the predicted trends in the charge distribution by the NBO analysis (see Figure 150, 

left).  

 

  

Figure 187|: Experimental EPR spectra of RuOMe-TCroc•+ in CH2Cl2 solution in a temperature range 

between +20 and -50 °C as well as at -140 °C in the frozen glass (top). Calculated (based on the M-

isomer) MULLIKEN spin density analysis plot on different parts of the molecule (bottom left) and 

corresponding contour plot of the spin orbital (bottom right). 

The radical cation of the dithiocroconate-bridged complex RuOMe-TCroc behaves 

rather differently compared to its parent croconate-bridged congener in terms of the 

temperature dependence of its EPR signature. At room temperature a slightly 

anisotropic, ill-resolved signal is observed with a gave-value of 2.019. It exhibits subtle 

line broadening as the temperature of the sample is decreased to -50 °C with no 

discernable change in position. Surprisingly, in the frozen glass at -140 °C no signal 
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was observed (see Figure 187, top). As the cause for this unusual behavior we put 

forward the dimerization of the radical cation to a diamagnetic dication. The 

dimerization of charge/spin delocalized radical cations including triphenylaminium 

cations (see Chapter 4.6) or a related ruthenium complex with a -bonded phenylide 

ligand, Ru(CO)Cl(PiPr3)2(-C6H5)•+, is not novel.303 Usually though, a 4-substituent 

other than H or a halide prevents this process. In consequence, the formation of an 

analogous dimer formed by two RuOMe-TCroc•+ units seems unlikely. Instead, we 

propose the formation of a dimeric structure linked by a peroxide bridge. Two 

arguments can be brought forwards in support of this hypothesis: For once, the 

MULLIKEN spin distribution analysis (see Figure 187, bottom left) assigns a significant 

proportion (19%) of the overall spin density to the dithiocroconate ligand, which is about 

three times as much as compared to the parent croconate-bridged complex. This 

increases the likelihood for dimerization under peroxide formation between the 

remaining, non-coordinating oxygen atoms on the oxocarbon bridge. Secondly, the 

radical cation of the free croconate ligand in NBu4Croc shows a very similar 

temperature dependence. While at r.t. a very intense, isotropic signal is observed with 

an associated giso-value of 1.998 (see Figure 188), no signal is observed in the frozen 

glass at -140 °C.  

  

Figure 188|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of NBu4Croc•- at +20 

°C in CH2Cl2 solution oxidized by 1/6th of an equivalent of ferrocenium hexafluorophosphate (left). 

Experimental EPR spectrum of NBu4Croc•- at +20 °C in CH2Cl2 solution oxidized by an excess of 

ferrocenium hexafluorophosphate and at -140 °C in the frozen glass. 

Curiously, the investigations of the radical anion of croconate unearthed another 

peculiar phenomenon. As evident from the spectrum shown on the left hand side in 

Figure 188, the signal in fluid solution shows hyperfine splittings. In analogy to what 

was reported previously by WEST and his coworkers,265 they correspond to the coupling 

to the 13C nuclei of the five-membered ring. However, to replicate the intensity of these 

satellites, 30 equivalent 13C nuclei had to be considered instead of just five. In 

consequence, one must assume that the analyte solution is comprised of hexamers 
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consisting of one singly oxidized and five reduced croconate ions which undergo 

intermolecular single-electron transfer on a timescale faster than that of EPR 

spectroscopy (~10-8 s). This assumption is supported by two factors: 1) X-Ray single 

crystal structure analysis on the alkali metal salts show that croconate favors a sheet-

like, stacked structure. Electron transfer along these sheets seems feasible not only in 

theory but also in practice. This renders oxocarbons a subject of research as future 

battery materials.304,305 2) Upon the addition of an excess of ferrocenium PF6
-, the hfs 

vanish with a concomitant broadening of the isotropic signal. This strong interaction 

between the radical anion and neighboring dianions could also contribute to the 

dimerization suspected for the radical cation RuOMe-TCroc•+ at -140 °C and the 

absence of an EPR signal. That the radical anion of croconate forms oligomers with its 

dianion which show high electron mobilities is further suggested by the fact that 

NBu4Croc•- is thermochromic. While at room temperature it is orange, at ca. -20 °C it 

appears red, and finally turns green in the frozen glass. This constant redshift in the 

absorption wavelength as a reciprocal function of temperature fits the description of a 

‘quantum particle in a box’. The ‘box’ is thereby extending with a decrease in 

temperature as the number of aggregated units increases.  

The dication RuOMe-TCroc2+ displays a broad isotropic signal in fluid solution at r.t. 

with a giso-value of 2.019, identical to the value observed in the monocation. Cooling 

the sample has no significant impact on the shape of the signal. An additional small 

signal at higher field with an associated giso-value of 1.994 does however lose in 

intensity as the temperature decreases (see Figure 189, top). This constitutes the 

opposite trend as dictated by CURIE’S law. The proximity of this signal’s g-value to that 

of NBu4Croc•- (giso = 1.998) suggests that it corresponds to a species where most of 

the unpaired spin density is placed on the pseudooxocarbon. The relatively high 

oxidation state in conjunction with the instability of RuOMe-TCroc2+ discovered during 

the UV/Vis/NIR-SEC experiments, suggest that this signal corresponds to a 

decomposition product. The MULLIKEN spin density distribution as well as the contour 

plot of the spin density distribution again place nearly its entirety on the styryl ruthenium 

appendices, in line with the observations made for the croconate-bridged congener. 

The signal observed in the frozen glass at -140 °C is discernably more anisotropic as 

compared to what is observed for RuOMe-Croc2+, but devoid of any additional 

information. 
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Figure 189|: Experimental EPR spectra of RuOMe-TCroc2+ in CH2Cl2 solution in a temperature range 

between +20 and -50 °C as well as at -140 °C in the frozen glass (top). Calculated (based on the M-

isomer) MULLIKEN spin density analysis plot on different parts of the molecule (bottom left) and 

corresponding contour plot of the spin orbital (bottom right). 

In contrast to the previously discussed radical cations, RuOMe-Rhod•+ shows an 

isotropic EPR signal in CH2Cl2 at room temperature. This supports the notion that the 

presence of more than one isomer does not appreciably affect the EPR signature. The 

quantum chemical calculations were again solely performed for the cis-isomer. The 

giso-value of 2.021 is intermediate between those of the other two diruthenium 

complexes of this series. The isotropic nature of the signal enabled proper simulation 

of the signal, revealing hfs to two equivalent 99/101Ru nuclei of 10.1 Gauss (see Figure 

190, top left). This reflects the findings by the IR-SEC measurements in that RuOMe-

Rhod•+ is a moderately coupled mixed-valent system. The Class  character, as 

implied by the EPR spectrum, is thereby compatible with the slower timescale of the 

EPR experiment. 
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Figure 190|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of RuOMe-Rhod•+ at 

+20 °C in CH2Cl2 solution (top left) and at -140 °C in the frozen glass (top right). Calculated (based on the 

cis-isomer) MULLIKEN spin density analysis plot on different parts of the molecule (bottom left) and 

corresponding contour plot of the spin orbital (bottom right). 

The delocalized nature of the unpaired electron is further supported by the contour plot 

of the spin orbital as it extends across the bridging ligand and encompasses both styryl 

ruthenium entities. The calculations also place a non-zero spin density on the bridging 

ligand (note that the probability to find the unpaired spin on any location of the complex 

is positive despite the negative value of the total spin density). Cooling the sample 

to -140 °C furnishes the axial spectrum in the top right hand corner of Figure 190. The 

associated g-values of gz = 2.032 and gx,y = 2.011 are slightly closer to the value of the 

free electron and the g-tensor is less anisotropic with g = 0.021 instead of 0.027. This 

supports the notion of a more delocalized spin as compared to the croconate-bridged 

complex. 
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Figure 191|: Experimental (top curve) and simulated (bottom curve) EPR spectrum of RuOMe-Rhod2+ at 

+20 °C in CH2Cl2 solution(top left) and at -140 °C in the frozen glass (top right). Calculated (based on the 

cis-isomer). MULLIKEN spin density analysis plot on different parts of the molecule (bottom left) and 

corresponding contour plot of the spin orbital (bottom right). 

The EPR signature of the dication RuOMe-Rhod2+ at room temperature is 

characterized by a dominant EPR signal at giso = 2.019 with resolved hfs to one 

ruthenium atom of A(99/101Ru) = 9.6 Gauss (see Figure 191, top left). The slightly 

smaller giso-value thereby supports the trend observed in RuOMe-Croc2+ of a more 

styryl ruthenium-centered spin as further supported by the corresponding contour plot. 

Similarly to RuOMe-TCroc2+
, the spectrum contains a second, smaller resonance at 

giso = 1.994. As WEST reports identical giso-values for the radical anions of both, 

croconate and rhodizonate, it is safe to assume that this signal corresponds to the 

signature of the radical with the unpaired spin localized on the oxocarbon-bridge, i.e. a 

decomposition product. In contrast to the dication of the dithiocroconate-bridged 

complex, the two-component nature of the EPR signal persists even at -140 °C with an 

axially distorted signal with gz = 2.030 and gx,y = 2.007 as well as an isotropic signal at 

giso = 1.990. One possible explanation for the observation of the contaminant with an 

oxocarbon-based spin even at lower temperatures is a relatively lower propensity of 

the rhodizonate-based complex to dimerize, compared to the one dithiocroconate-

based radical. Furthermore, one must consider that the increase in signal intensity due 

to CURIE’S law competes with any process which fosters spin pairing in terms of signal 
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intensity. The results of the MULLIKEN spin density analysis as well as the trend in the 

g-values for the dominant species agree well with the notion of a mainly styryl 

ruthenium-centered spin, in line with the generally made observation. 

  

  

Figure 192|: Experimental EPR spectrum of 2Ru2Ph-Croc•+ at +20 °C in CH2Cl2 solution(top left) and at -

140 °C in the frozen glass (top right). Calculated MULLIKEN spin density analysis plot on different parts of 

the molecule (bottom left) and corresponding contour plot of the spin orbital (bottom right). 

The radical cation of 2Ru2Ph-Croc shows an isotropic signal over the entire 

temperature range of +20 °C down to -50 °C with a giso-value of 2.012. The isotropic 

shape and associated giso-value are even maintained in the frozen glass at -140 °C 

(see Figure 192). This value is smaller than that found the related dication of the 

1,3-dinicotinate-linked tetraruthenium metallacycle 2Ru2Ph-mPy of 2.041 or that for the 

radial cation of the 16 VE complex Ru2Ph of 2.040. This assigns a more pronounced 

ligand character to the unpaired electron in the croconate-based metallacycle. In the 

light of the results from IR- and UV/Vis/NIR-SEC, one can safely assume that the -

extended divinylphenylene unit is responsible for the more pronounced ligand 

character rather than potential delocalization across the oxocarbons. The quantum 

chemical calculations support this notion, both in terms of the MULLIKEN spin density 

analysis as well as through the contour plot, as neither predict a considerable 

involvement of the croconate linkers. 
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Figure 193|: Experimental EPR spectrum of 2Ru2Ph-Croc2+ at +20 °C in CH2Cl2 solution (top left) and at 

-140 °C in the frozen glass (top right). Calculated MULLIKEN spin density analysis plot on different parts of 

the molecule (bottom left) and corresponding contour plot of the spin orbital (bottom right). 

Oxidation of the second Ru2Ph entity to furnish the dication 2Ru2Ph-Croc2+ results in 

a EPR spectrum virtually identical to that of the monocation, in fluid solution and in the 

frozen glass (see Figure 193). This underlines the previous conclusions that the 

croconate linkers act as electrical insulators towards the monooxidized, mixed-valent 

divinylphenylene diruthenium units. The localized nature of the two spins might even 

be more pronounced in the dication 2Ru2Ph-Croc2+ compared to the hypothetical 

radical cation of the isophthalate-bridge analog due to the increased ring strain in the 

former complex (see the discussion on the X-ray structure in Chapter 6.2, which limits 

the contribution of the two Ru ions in the first place, as implied by the smaller giso value. 

This would further attenuate any involvement of the oxocarbon linkers with respect to 

the already small contributions in the dinuclear complexes RuOMe-Croc, RuOMe-

TCroc or RuOMe-Rhod. DFT again confirms this assumption as it assigns no 

probability density of the unpaired electron to the croconate bridges (see contour plot 

in Figure 193). This also agrees with the results of the MULLIKEN spin density analysis, 

which shows that the croconate linkers are completely devoid of any unpaired spin 

density.  
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Figure 194|: Experimental EPR spectrum of 2Ru2Ph-Croc4+ at -20 °C in CH2Cl2 solution (top left) and at 

-140 °C in the frozen glass (top right). Calculated (based on quintet state). MULLIKEN spin density analysis 

plot on different parts of the molecule (bottom left) and corresponding contour plot of the spin orbital 

(bottom right). 

As it is typical for compounds containing the dicationic Ru2Ph2+ complex fragment (see 

Chapter 3.5), the tetracation 2Ru2Ph-Croc4+ is EPR-active at room temperature as 

well, although the experimental spectra were better matched by assuming a singlet 

state in the TD-DFT calculations. The open-shell form is hence likely to be easily 

thermally accessible or constitutes the ground state configuration (see Chapter 3.1). 

The relatively high charge on this small cycle did not allow for a measurement at +20 °C 

due to competing decomposition. The spectrum in fluid solution was hence recorded 

at -20 °C. Under these conditions, a slightly anisotropically broadened signal is 

observed with a gave-value of 2.026 (see Figure 194, top left). The half-signal at lower 

field again hints at the presence of hfs to a 99/101Ru nucleus. Compared to the 

tetracation 2Ru2Ph-mPy4+ (giso = 2.0455) this value is still smaller so that the higher 

contribution by the divinylphenylene unit seems to be maintained throughout all three 

accessible oxidation states. The limited influence of the oxocarbon ligands is further 

supported by quantum chemical calculations. They indicate that the latter host only 1% 

of the unpaired spin density in the open-shell quintet state. The unpaired spins in the 

tetracation of the croconate-based metallacycle do however show a higher metal 

contribution as compared to the mono- and dication, as at -140 °C an axially distorted 

signal is observed, in analogy to the dications of the diruthenium complexes RuOMe-
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TCroc and RuOMe-Rhod. The associated g-values of gz = 2.040 and gx,y = 2.015 also 

point towards a slightly more pronounced metal character.  

In summary one can state that the trends observed in the IR and UV/Vis/NIR 

spectroscopic investigations also hold true for those made by EPR spectroscopy. While 

the croconate, dithiocroconate or rhodizonate bridging ligands can facilitate diabatic as 

well as adiabatic electron transfer in the dinuclear complexes, the croconate ligands 

act as insulators in the macrocyclic system. 

6.7. Summary 

In this chapter the cyclic oxocarbon dianions croconate, dithiocroconate and 

rhodizonate were employed as bridging bis-chelating ligands towards two ruthenium-

based complex fragments of the type [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)]+ to give 

RuOMe-Croc, RuOMe-TCroc and RuOMe-Rhod. The focus was thereby placed on 

the propensity of the respective oxocarbon linker to foster electron transfer between 

the two terminally appended metalorganic moieties in their singly oxidized, mixed-

valent forms. The D5h symmetry of C5O5
2- was furthermore exploited to successfully 

synthesize a ruthenium-based metallamacrocycle containing two units of the 

divinylphenylene diruthenium complex Ru2Ph (Ru(CO)(PiPr3)2(CH=CH-pC6H4-

CH=CH)Ru(CO)(PiPr3)2). The latter served as an additional testbed to probe the 

capabilities of the croconate ligand to enable adiabatic and diabatic charge transfer in 

such a cyclic structure.  

While the dinuclear complexes could be obtained in good yields of 65% to 80%, the 

tetraruthenium macrocycle could only be isolated in a 21% yield because of a 

competing reaction pathway to a macrocycle containing four repeating units of twice 

the size as well as to linear oligomers. As a mixture of the two differently sized 

metallacycles could not be separated, a synthetic route involving kinetic control, using 

high concentrations of the reagents and elevated temperature was developed. This led 

to the selective precipitation of the smaller macrocycle 2Ru2Ph-Croc. Its identity could 

unambiguously be determined through high-resolution ESI mass spectrometry. The 

immiscibility of the alkali metal salts of the croconate dianion in organic solvents further 

complicated the reaction design as it necessitated the use of a biphasic solvent mixture 

of benzene and water. The structure of this tetranuclear complex was finally 

established by means of single crystal X-ray crystallography. It was found that the 

smaller size of the croconate dianion compared to isophthalates, which constitute 

popular building blocks for the synthesis of macrocycles based on divinylphenylene 

diruthenium complex fragments, leads to a more cramped bonding situation. For once 
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this is expressed through the significantly smaller void inside the macrocycle of only 

50 - 60% the size of that in dicarboxylate-linked tetraruthenium macrocycles. It is also 

less accessible due to the shorter distance between the isopropyl groups of the PiPr3 

coligands. The larger Ru-CH=CH angle of 140.7° as compared to 134.4° is another 

consequence of the smaller size. Such angular distortion is suspected to have a 

detrimental impact on the extent of electron delocalization in the mixed-valent cationic 

states of 2Ru2Ph-Croc. All attempts to synthesize a similar macrocyclic structure linked 

by the dithiocroconate ligand failed unfortunately. This is probably caused by the higher 

binding affinity of the sulfur donors to the soft ruthenium-based LEWIS acid, which 

prohibits the scrambling process of constant coordination and decoordination. Such 

processes are considered vital for the formation of cyclic structures.  

For the synthesis of the dinuclear complexes, the necessity to work with a biphasic 

solvent mixture was not an issue as the ligand could be used in excess to ensure full 

conversion. The intrinsic inequivalence of the four donor atoms in the equatorial 

coordination plane around the ruthenium atoms opens the possibility for the formation 

of different structural isomers. In fact, for RuOMe-Croc the presence of all three 

conceivable isomers in CD2Cl2 solution could be proven by means of NMR 

spectroscopy. Temperature-dependent measurements furthermore revealed that 

these readily interconvert at room temperature at a rate faster than the timescale of the 

NMR experiment. This entailed unexpected consequences such as the absence of the 

13C resonances corresponding to the croconate ligand, which is probably rooted in a 

migration of the metal ions around the C5O5
2- ring. DFT calculations furthermore 

confirmed that the different isomers are almost isoenergetic. However, apart from NMR 

spectroscopy, no other employed spectroscopic technique could distinguish between 

individual isomers or even indicate their presence. The higher binding affinity of sulfur 

compared to oxygen led to the observation of only a single isomer for the diruthenium 

dithiocroconate complex RuOMe-TCroc. Quantum chemical calculations predicted that 

RuOMe-TCroc is present as the isomer in which the sulfur donor is placed opposite to 

the methoxystyryl ligand as dictated by the differences in donor/acceptor qualities of 

the alkenyl and the carbonyl ligand on one side and of the oxygen and sulfur donor on 

the other side. The results of cyclic voltammetry and IR spectroscopy fully support this 

assignment. The presence of six possible donors mutually disposed at an angle of 60° 

in the rhodizonate dianion enables RuOMe-Rhod to potentially exist as a mixture of 

five different isomers. According 31P{1H}-NMR spectroscopic investigations in both 

CD2Cl2 as well as C6D6 this is indeed the case. Their equilibrium appears, however, to 

be less dynamic.  

Electrochemical investigations of the dinuclear complexes by cyclic voltammetry reveal 
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two reversible one-electron oxidations at moderate potentials with half-wave potential 

splittings E1/2 of up to 190 mV. This points towards a significant thermodynamic 

stabilization of the intermediate oxidation state. Both, the replacement of two of the 

oxygen donors by sulfur atoms in RuOMe-TCroc as well as enlargement of the 

oxocarbon to a cyclohexene in RuOMe-Rhod increase the magnitude of E1/2 

compared to C5O5
2-, implying a larger non-innocent character of the former two ligands. 

The redox activity intrinsic to oxocarbon dianions was expressed through the 

observation of an irreversible oxidation at ca. 1000 mV as well as a reversible one-

electron reduction. The reduction potential strongly depends on the nature of the 

oxocarbon, with croconate showing the most cathodic potential.  

The number of observed redox waves and their associated half-wave potentials in the 

macrocyclic complexes 2Ru2Ph-Croc depend on the nature of the anion of the 

supporting electrolyte. With the more strongly coordinating PF6
- anion, three redox 

events can be distinguished. The first two each comprise of a one-electron oxidation, 

while the third is a two-electron process. Replacing the hexafluorophosphate anion for 

the “non-coordinating” BArF- anion leads to a sizeable increase in the half-wave 

potential splittings for all anodic redox events to the point where the charging process 

from the di- to the tri- and from the tri- to the tetracation can be made out as two 

consecutive one-electron oxidation processes with a half-wave potential splitting of 165 

mV. As a consequence of the relatively high charge of a tetracation, the additional 

oxocarbon-based oxidations were pushed to outside of the accessible potential 

window, while their reduction could be identified as an incompletely reversible 

processes at the cathodic limit of the potential window.  

IR spectroscopic investigations on the Ru(CO) stretches of the selectively addressable 

cationic forms of the three diruthenium complexes indicated unambiguously that their 

respective one-electron oxidized, mixed-valent forms constitute moderately coupled 

systems of Class  according to the classification by ROBIN and DAY. The deduced 

GEIGER parameters  of 0.12 for RuOMe-Croc•+ and of 0.15 for RuOMe-TCroc•+ and 

RuOMe-Rhod•+ are slightly larger as those of previously investigated complexes with 

dihydroxybenzoquinone, chloroanilate or fluoroanilate bridging ligands. In particular, 

the improved diabatic charge transfer in the dithiocroconate complex could be 

assigned to an increased participation of this ligand to both redox processes as 

deduced from the changes of ligand-based C=O and C-C vibrations during the twofold 

oxidation. This was traced to the ability of the dithiocroconate ligand to better 

compensate the loss of electron density through participation of the sulfur donors. The 

redox behavior of dithiocroconate therefore resembles that of other dithiolene-type 
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ligands such as 1,2-bis(trifluoromethyl)ethylenedithiolate) or maleonitrile-1,2-dithiolate. 

The better performance of the larger C6-congener rhodizonate over croconate in terms 

of its ability to foster electron transfer could not fully be verified by IR spectroscopy, as 

the larger number of potentially present isomers concealed the relevant ligand-based 

vibrations. DFT calculations, while providing crucial input for an assignment of ligand-

based vibrations, could also not fully explain the cause for the higher  value in 

RuOMe-Rhod•+
, although the computed charge density differences indicate, that it is 

also able to electronically couple the styryl ruthenium entities.   

For the IR-SEC investigations of 2Ru2Ph-Croc the supporting electrolyte containing the 

less coordinating anion BArF- was chosen in order to allow for the better observation of 

intermediate redox states as dictated through the associated half-wave potential 

splittings. Indeed, this provided access to its neutral, mono-, di- and tetracationic forms 

as separate identifiable species. The tricationic form did not show a unique IR 

spectrum. The signatures of the individual redox states closely resembled those of 

isophthalate-bridged tetraruthenium metallacycles. The only exception is the 

monocation, which is specific to 2Ru2Ph-Croc. All our results do not provide any 

indication towards the presence of diabatic charge transfer between two mixed-valent 

divinylphenylene diruthenium entities within the macrocycle. Instead they suggest that 

the radical cation is comprised of one homovalent Ru2Ph entity on one side and its 

fully delocalized, mixed-valent analog on the other, both of which are insulated from 

each other. The smaller change in the croconate-based vibrations compared to what 

was observed for RuOMe-Croc further underlines redox-innocence of the bis-chelate 

in the macrocycle, in contrast to what was observed in the diruthenium complex.  

The electronic spectra of the neutral forms of all four complexes are dominated by two 

transitions. The broad band at lowest energy, the HOMO - LUMO transition, involves 

charge transfer from the metalorganic moiety to the oxocarbon. In RuOMe-Croc and 

2Ru2Ph-Croc it is found at max = 550 nm. It is considerably redshifted in RuOMe-TCroc 

(max = 665 nm) and in RuOMe-Rhod (max = 830 nm) as a result of an energetic 

lowering of the LUMO. The second band at higher energy is due to an oxocarbon-

based -* transition in the visible region and contributes significantly to the color 

impression of the respective complex. The singly oxidized forms of the three 

diruthenium complexes are characterized by their weak absorptivity in the NIR. 

Identification of the band corresponding to the IVCT transition could only be achieved 

by subtracting the spectrum of the corresponding dication. Through a GAUSSIAN fit the 

position and width of this band could be determined, enabling a MULLIKEN-HUSH 

analysis. The latter revealed Hab-values of 190 cm-1 for RuOMe-Croc•+, 210 cm-1 for 
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RuOMe-TCroc•+, and of 525 cm-1 for RuOMe-Rhod•+, qualitatively following the trend 

suggested by the GEIGER parameter. The significantly larger value for the rhodizonate-

based complex is rather surprising, but matches with the larger value of the charge 

distribution parameter . The non-innocence of all oxocarbons is clearly evident from 

the identification of a non-classical inter-valence charge-transfer transition which 

includes the oxocarbon as either or both the electron acceptor and donor. The redox-

amphoteric nature of these ligands was particularly evident in the fully oxidized forms 

through its function as the electron donor in the corresponding CT transitions.  

The UV/Vis/NIR spectrum of 2Ru2Ph-Croc•+ can be considered a hybrid of that of 

RuOMe-Croc•+, regarding the electronic transition in the visible region, and that of the 

16 VE precursor Ru2Ph•+ in terms of its NIR spectrum. The latter type of chromophore 

is characterized by the presence of three distinct absorption features in the range of 

900 nm to 1300 nm which constitute the typical charge-resonance band of the fully 

delocalized radical cation of a divinylphenylene diruthenium entity. An absorption 

feature which would point towards an adiabatic charge transfer between Ru2Ph and 

the Ru2Ph•+ entities could not be identified. The insulating properties of the croconate 

linker was further confirmed by the rough doubling in intensity of all visible and NIR 

absorption features during the second charging process. The observed changes in the 

energies and absorptivities of the NIR bands could thereby be attributed to subtle 

variations in the energies of the involved molecular spin orbitals through inductive 

effects. The larger magnitude of the band shifts as compared to the dicarboxylate-

based metallacycles is obviously caused by the smaller size of 2Ru2Ph-Croc. 

Exhaustive oxidation leads to the expected bleach of the CR bands and the formation 

of an intense band in the visible range, characteristic to the bipolaron band in dicationic 

divinylarylene diruthenium complexes.  

Both the radical cations as well as dications of the diruthenium complexes are EPR-

active at room temperature. The latter fact suggests an open-shell state as a 

significant, if not the dominant form. This is also supported by the results of the 

(TD-)DFT calculations, which provide a good match of the IR and UV/Vis/NIR spectra 

with the experimental ones. The monocations of the croconate and dithiocroconate-

bridged complexes yield slightly anisotropically broadened EPR spectra with 

gave-values of ca. 2.02 and unresolved hyperfine splittings. The signal observed for 

RuOMe-Rhod•+ is isotropic and displays hfs to two 99/101Ru nuclei, which renders it a 

fully spin delocalized Class  system on the timescale of the EPR experiment. The 

more pronounced non-innocent character of the dithiocroconate ligand was 

furthermore supported by the quantum chemical calculations. The absence of an EPR 

signal for RuOMe-TCroc•+ in the frozen state is suspected to be the result of 
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dimerization of two radical cations under formation of a dithiocroconate-linked 

peroxide. Analogues results for the radical anion of the “free” croconate dianion support 

this notion.  

In 2Ru2Ph-Croc all three accessible oxidized forms are EPR-active. For the mono- and 

dication, an isotropic signal with no or unresolved hfs is observed at giso = 2.012, 

pointing towards a lower contribution of the ruthenium atoms to the overall spin density. 

This is ascribed to the obtuse bond angle of the ruthenium-vinyl bond. The absence of 

resolved hyperfine splitting is typical of the hexa-coordinated variants of oxidized 

divinylphenylene diruthenium complexes. The tetracation is also EPR-active. This is 

against the reasoning of OVCHINNIKOV’S rule, but in line with the observations made for 

other variants containing this metalorganic building block. 

The experimental findings for the three diruthenium and the tetraruthenium macrocycle 

presented in this chapter unambiguously show that oxocarbon dianions constitute 

dianionic bis-chelating ligands capable of facilitating electron transfer between two 

styryl ruthenium building blocks. Furthermore, their non-innocent behavior could be 

demonstrated. The latter even increases through the replacement of two oxygen 

donors for sulfur, rendering dithiocroconate a ligand of the dithiolene class. Increasing 

the ring size to six carbon atoms also aids with its ability to foster charge and spin 

exchange in the respective mixed-valent state. Installation of the croconate ligand as 

the bridging ligand in a metallacycle based on divinylphenylene diruthenium moieties 

however does not allow for either adiabatic or diabatic electron transfer in the 

respective mixed-valent state. This is likely to be a result of the tremendous stability of 

the radical cation of the -extended metalorganic moiety and therefore a lack in driving 

force towards further extending any delocalization of unpaired charge and/or spin, 

rather than an inherent inability of the oxocarbon ligand to foster charge transfer itself.  

  



Summary of This Thesis 

274 

 

7. Summary of This Thesis 

This work focused on identifying and refining the factors which govern the extent of 

electronic coupling in mixed-valent di- and tetranuclear ruthenium styryl complexes. 

Model systems included in this study were divinylarylene-bridged diruthenium 

complexes as well as systems containing two mononuclear styryl ruthenium complexes 

linked by a bridging, bis-chelating ligand. The four addressed topics were, i) The 

Influence of Quinoidal Distortion on the Electronic Properties of Oxidized 

Divinylarylene-Bridged Diruthenium Complexes, ii) Dibenzoylmethane-modified, 

multinuclear Vinyl Ruthenium Complexes, iii) Diketopyrrolopyrroles as Bridging 

Ligands for Styryl Ruthenium Complexes and iv)  Oxocarbon Dianions as Bridging 

Ligands for Styryl and Divinylphenylene Ruthenium Complexes. 

The first part focuses on the synthesis and characterization of divinylarylene-bridged 

diruthenium complexes containing arylene moieties with a high propensity towards 

quinoidal distortion on oxidation. These were the naphthalene-1,4-diyl-based complex 

Ru2NA along with the 2,1,3-benzothiadiazole-4,7-diyl-based complexes Ru2BTD, 

Ru2
eBTD2 and Ru2

vBTD2 (see Figure 195). Special emphasis was put on assessing 

the impact of quinoidal distortion on the extent of electronic coupling in the mixed-valent 

state as well as the prevalent spin state in the respective homovalent dications. The 

phenylene-based parent compounds served as points of comparison.  

 

Figure 195|: Divinylarylene diruthenium complexes with proquinoidal arylene units discussed in the first 

part of this thesis. 

Voltammetric studies revealed that all four complexes undergo two consecutive one-

electron oxidations as expected for molecules containing two {Ru}-(CH=CH) 

fragments. The two shorter compounds Ru2NA and Ru2BTD behave comparably to 

the phenylene-bridged parent compound, as they show two well-separated waves 

(E1/2 ≈ 250 mV). The expected decrease in redox splitting for the elongated BTD-
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derivatives even led to negative values (E1/2 = -18 mV) in the case of Ru2
vBTD2, 

meaning that its dicationic form is actually thermodynamically more stable than its 

radical cation. It therefore belongs to the special class of compounds that display the 

phenomenon of potential inversion.  

IR spectroelectrochemistry with focus on the shift of the charge-sensitive CO bands of 

the carbonyl ligands, reveals a fully delocalized ground state for the radical cations of 

the two shorter diruthenium complexes, as inferred by the observation of only a single 

Ru(CO) band in the radical cation and in unbroken analogy to the phenylene-bridged 

complexes. Analysis of BTD-based stretches in Ru2BTD further revealed that 

oxidatively induced quinoidal distortion seems to not affect the annelated thiadiazole 

ring but only the phenylene ring. For the longer variants an intrinsically localized 

electronic ground state was found, based on the presence of a pattern of two distinct 

Ru(CO) bands (see Figure 196) for their respective radical cations. The deduced 

charge distribution parameters  of 0.24 and 0.31 for Ru2
eBTD2

•+ and Ru2
vBTD2

•+, 

respectively render both moderately coupled Class  mixed-valent compounds and 

indicate a stronger coupling as that of their parent tolane- and stilbene-based 

counterparts. In the light of the electron-withdrawing properties of the BTD moiety, 

which normally impedes hole-based charge transport, the observed increase in 

electronic coupling can be fully assigned to their propensity to undergo quinoidal 

distortion. The asymmetric charge distribution in Ru2
eBTD2

•+ was further confirmed 

through the observation of an intense C≡C stretching vibration of the central ethynyl 

moiety. The ability of benzothiadiazole to support quinoidal distortion could be further 

shown by the observation of an intense cumulenic C=C=C=C stretch after twofold 

oxidation of Ru2
eBTD2 (see Figure 196, right). 

  

Figure 196|: IR spectrum of Ru2BTD (left) and Ru2
eBTD2 (right) in their neutral, monocationic and 

dicationic states. 
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EPR spectroscopy on the radical cations of Ru2NA and Ru2BTD further confirmed the 

fully delocalized nature of the unpaired electron/spin through observation of equivalent 

hyperfine splittings to all four 31P nuclei of the phosphine ligands as well as to both 

99/101Ru nuclei. The associated giso-value for Ru2BTD•+ was surprisingly close to the 

Landè-factor despite the electron poor nature of the -conjugated bridging ligand. To 

our delight, the presumed tendency of these proquinoidal arylene units to form 

dicationic diruthenium complexes with a singlet ground state turned out to be correct, 

as the doubly oxidized complexes Ru2NA2+ as well as Ru2BTD2+ are not EPR-active 

between +20 °C and -140 °C. Complexes Ru2NA2+ and Ru2BTD2+ therefore adhere to 

OVCHINNIKOV’S rule, in contrast to their simple phenylene-bridged congener.  

In contrast to the unsymmetrical charge distribution, the EPR spectra of the radical 

cations of the tolane and stilbene derivatives suggested a fully delocalized spin. This 

can be explained by the difference in timescale of EPR (ca. 10-9 s) and IR spectroscopy 

(ca. 10-11 s) and thus allows for the narrowing down of the diabatic electron transfer 

rate. Their doubly oxidized forms were surprisingly EPR-active at room temperature, 

showcasing the ability of the ruthenium vinyl moiety to stabilize unpaired spin density. 

Temperature-dependent experiments do, however, suggest a singlet ground state in 

contrast to the divinylphenylene-bridged diruthenium parent complex. Introduction of 

the electron-accepting BTD moiety into the bridge leads to an even more strongly 

structured NIR absorption of the radical cationic form as compared to the other three 

complexes. The added charge-transfer contribution to virtually every transition as well 

as the dipole moment vector perpendicular to the Ru-Ru axis were made responsible 

for the rather impressive electrochromic behavior with molar extinctions coefficients as 

high as 74,000 M-1‧cm-1.  

 

The second topic dealt with the synthesis and characterization of 4,4’-

bis(vinylruthenium)-functionalized dibenzoylmethanes (Figure 197). By either 

coordinating a non-redox active moiety to the central -ketoenolato chelate, in this case 

[BF2]+ (Ru2DBzM-BF2), or an additional redox-active styryl ruthenium complex 

[(Ru(CO)(PiPr3)2(CH=CH-4-C6H4-R)]+ with R = CF3 (Ru2DBzM-RuCF3) or OMe 

(Ru2DBzM-RuOMe)), the extent of electronic coupling was either exclusively assessed 

between the mixed-valent, terminal redox centers, or between the former as well as 

the central, chemically inequivalent redox units. For the trifluoromethyl derivative, the 

peripheral {Ru} moieties were also transformed into 18 VE variants by replacing the 

chloro ligand for acetylacetonate to give Ru2
acacDBzM-RuCF3. This allowed for the 

inversion in the redox sequence. The rationale behind was to be able to compare the 
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influence of either an oxidized or a reduced central {Ru} entity on the degree of 

electronic coupling between the peripheral, mixed-valent redox sites. 

 

Figure 197|: 4,4’-bis(vinylruthenium)-modified dibenzoylmethane complexes discussed in the second part 

of this thesis. 

The electron-withdrawing character of the 1,3-diketonate moiety, and of the BF2-variant 

in particular, was evident from the strong downfield shift of characteristic proton 

resonances in the 1H-NMR spectra. 1H- and 31P{1H}-NMR spectroscopy further 

supported the great similarity between all three Ru-based redox centers in the 

trinuclear complexes. The intrinsic discrepancy in the two benzoyl fragments in the 

triruthenium complexes as a result of the two chemically different ligands in the 

equatorial coordination plane of the central {Ru} moiety, i.e. one arm is trans the CO 

ligand while the other is opposite to the styryl ligand, was sufficient to be discernable 

by NMR spectroscopy. NOESY NMR experiments thereby confirmed the chemical 

intuition in that the arm in a relative trans orientation to the carbonyl ligand inherits less 

electron density and its proton resonances are in consequence found at relatively lower 

field.  

Cyclic voltammetry further supported the generally electron-poor character of these 

complexes and was further able to confirm the inversion of the redox sequence in 

Ru2
acacDBzM-RuCF3 compared to Ru2DBzM-RuCF3, in that for the former complex the 

first oxidation does not occur on the central {Ru} moiety but rather on one of the two 

peripherally appended units (see Figure 198). The presence/absence of a radical 

cationic/neutral styryl ruthenium entity on the half-wave potential splitting between the 

oxidations assigned to the peripheral redox sites is however negligible, as the 

associated E1/2 value remained basically constant at ca. 90 mV. Only in Ru2DBzM-

BF2
•+ it is slightly increased to 100 mV which is surprising in the light of the particularly 

electron-poor character of the bridging ligand. 
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Figure 198|: Square-wave voltammograms of Ru2DBzM-BF2, Ru2DBzM-RuCF3 and Ru2
acacDBzM-

RuCF3 including deconvolution for the latter two complexes. 

Analysis of the IR spectrum of Ru2DBzM-BF2
 and its oxidized forms not only further 

confirmed its electron-deficient nature but also the rather weak electronic coupling in 

the mixed-valent, radical cationic state with an experimental  parameter of only 0.06. 

IR spectroscopy turned out to be too insensitive to properly differentiate between the 

individual Ru(CO) stretches in the oxidized forms of the three triruthenium complexes, 

despite DFT-based support. Diabatic electron transfer between the terminally 

appended {Ru} moieties is therefore likely to be of similar magnitude as in the 

diruthenium variant and fully indifferent to the presence of either a neutral or a 

unipositively charged styryl ruthenium fragment in the bidentate diketonate binding 

pocket. The poor electronic coupling was thereby traced back to the pseudo meta 

substitution pattern on the central 1,3-diketonate fragment, as this poses an irregularity 

in the conjugation pathway, leading to destructive interference for a diabatic electron 

exchange. Furthermore, and in accordance with the common notion for a -ketoenolato 

ligand, analysis of DBzM-based vibrations failed to assign any significant non-innocent 

character to the bridging ligand. The adiabatic charge-exchange mechanism which is 

probed by electronic spectroscopy, revealed a similarly small extent of electronic 

coupling between the terminally appended redox moieties in the radical cationic state 

of Ru2DBzM-BF2 or Ru2
acacDBzM-RuCF3, or the dicationic state of Ru2DBzM-RuOMe 

or Ru2DBzM-RuCF3, as the corresponding NIR absorption feature was low in energy 

as well as in absorptivity (max ≈ 2000 nm, max < 1000 M-1‧cm-1, see Figure 199, left) 

or not even observed at all. This is contrasted by a surprisingly large electronic coupling 

between chemically inequivalent peripheral and central redox moieties at the level of 

the respective radical cation, as indicated by max values of ca. 1000 nm and decent 

molar absorption coefficients of ca. 2500 M-1‧cm-1 (see Figure 199, right). The 

asymmetric open-shell nature of the oxidized forms further convoluted the electronic 

spectrum of the triruthenium complexes to a point where specific statements on the 

influence of the central {Ru} fragment and its oxidation state were not viable. These 

analyses were further compromised by the fact that under the conditions of SEC in 
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general and under irradiation with UV/Vis light in particular, the higher oxidized forms 

of these trinuclear complexes seem to decompose. This was traced back to the 

hampering influence oxidation of the DBzM backbone has on the donor capability of 

the central chelating moiety, which would quickly lead to the decoordination of the 

central styryl ruthenium complex fragment.  

  

  

Figure 199|: Changes in the UV/Vis/NIR spectra of Ru2DBzM-BF2 (left) and Ru2DBzM-RuOMe (right) 

during the first oxidation and graphical representations of the MOs with the largest contributions to the 

dominant NIR absorption in the radical cation state. 

 

The third topic of this thesis comprises the endeavor of finding suitable dianionic bis-

chelating ligands, which are capable of facilitating charge transfer between to two 

appended styryl ruthenium entities. The corresponding findings are detailed in 

Chapters 5 and 6 of this thesis. In Chapter 5, the dianions of diaryl 

diketopyrrolopyrroles with either 2-pyridiyl (DPPP), 2-(6-methylpyridyl) (MeDPPP), or 2-

thienyl (DTPP) as the aryl substituents were utilized as the bridging ligands. To 

increase the overlap between the occupied frontier orbitals of the styryl ruthenium 

fragments with those of the DPPP/DTPP bridge, their energies were adjusted by 

varying the substituents R1 in the 4-position of the styryl ligands from strongly electron-

withdrawing (R1 =CF3) to strongly electron-donating (R1 = NMe2). Likewise, the electron 
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density on the diketopyrrolopyrrole was varied through the use of the different aryl 

substituents. In total, eight new diruthenium complexes were synthesized and 

characterized in this manner. These were RuCF3-DPPP, RuMe-DPPP, RuOMe-

DPPP, RuNMe2-DPPP, RuCF3-MeDPPP, RuNMe2-MeDPPP as well as RuCF3-DTPP, 

RuOMe-DTPPP (see Figure 200). 

 

Figure 200|: Diaryl diketopyrrolopyrrole-bridged diruthenium complexes discussed in Chapter 5. 

The presence of four different donor atoms in the equatorial plane of the two {Ru} 

fragments, leads to the presence of these complexes as a mixture of three different 

isomers, which differ with respect to the relative disposition of these ligands around the 

Ru ions. These are two centrosymmetric forms in which the pyrrolide donor is 

positioned trans to either the carbonyl (H-isomer) or styryl ligand (I-isomer) as well as 

one non-centrosymmetric configuration where one pyrrolide is cis while the other 

remains trans to the carbonyl ligand (L-isomer). NMR spectroscopic investigations of 

the DPPP-bridged complexes in both CD2Cl2 as well as in the less polar C6D6 solvent 

showed that a solvent-dependent interconversion occurs between at least two isomers, 

with the H-isomer being the predominant form. This agrees with chemical intuition, 

based on the donor and acceptor properties of the four different ligands and is also 

borne out of accompanying quantum chemical calculations. The synthesis of the 

derivative bearing a methyl group at the 6-position of the pyridyl donor experimentally 

verified the identity of the H-isomer in RuCF3-DPPP, as in the test molecule RuCF3-

MeDPPP isomerization to either the L- or I-forms is inhibited. 1H-1H NOESY NMR 

experiments provided further proof for the existence of the L-isomer in the DPPP-

bridged complexes (see Figure 201). 
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Figure 201|: a) Graphical elucidation of styryl- and pyridyl-based hydrogen atoms that show through-

space coupling in the 1H-1H ROESY NMR spectrum; b) Illustration of how steric clash between vinylic 

hydrogen atoms and the methyl group in 6-position prevent the formation of the L- and I- isomer in RuCF3-
MeDPPP. 

Electrochemical studies on this set of complexes revealed that the number of reversibly 

accessible cationic redox states and their associated half-wave potentials are 

drastically influenced by the identity of the substituent R1 as well as the aryl substituents 

of the diketopyrrolopyrrole bridging ligand itself (see Figure 202). While for RuCF3-

DPPP only one reversible oxidation can be found, the other three more electron rich 

derivatives exhibit a second reversible oxidation on the timescale of the CV experiment. 

The observed trend of a decreasing E1/2 value from 210 mV for R1 = Me to just 80 mV 

for R1 = NMe2 was found to be a clear indicator for a shift in the locus of the first 

oxidation from a nearly entirely DPPP-centered process in RuCF3-DPPP to fully 

localized on the appended 4-dimethylaminostyryl ligands in RuNMe2-DPPP. 

 

Figure 202|: Cyclic voltammograms of the complexes discussed in Chapter 5. 

Rendering the diketopyrrolopyrrole ligand more electron rich oddly results in the 

observation of generally higher oxidation potentials. The smaller ability of thiophene to 
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accommodate a partial negative charge as compared to pyridine was made guilty for 

this observation.  

  

  

  

Figure 203|: Changes in the IR spectra (left panel) of RuCF3-DPPP (top), RuMe-DPPP (middle) and 

RuNMe2-DPPP (bottom) during the first oxidation, showcasing the transformation of the H-isomer of the 

neutral complex to the asymmetric L-isomer in the radical cation. EPR spectra (right panel) of RuCF3-

DPPP•+ (top), RuMe-DPPP•+ (middle) and RuNMe2-DPPP•+ (bottom), which illustrate the existence and 

different characteristics of the two isomers.  

With the help of IR and EPR spectroscopy and of accompanying quantum chemical 

calculations we were able to show that the difference in the locus of the first oxidation 
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in the DPPP-bridged complexes entails a redox induced isomerization from 

predominantly the H-isomer to the L-isomer for the complexes with R1 = CF3, Me and 

OMe, and even to the I-isomer for RuNMe2-DPPP•+. This became evident through the 

replacement of the single Ru(CO) band at ca. 1900 cm-1 by a two-band pattern with an 

increasing energy difference between the low- and high-energy bands as R1 was 

permutated from electron-withdrawing (CF3, ̃ = 30 cm-1) to electron donating (OMe, 

̃ = 41 cm-1, see Figure 203, top panel). In the corresponding EPR spectra this 

circumstance became evident by the observation of a two-component signal, which 

within a few minutes or only seconds changed into only a single signal. Comparison 

with the “locked” compound RuCF3-MeDPPP•+ revealed that the EPR signal with a giso-

value of ca. 2.00 corresponds to the H-isomer with the unpaired spin / excess charge 

residing on the diketopyrrolopyrrole bridge, while the signal with a giso-value of ca. 2.02 

is the signature of the L-isomer with significantly higher contributions from the styryl 

and in particular the {Ru} entities. DFT calculations proved to be of great help in 

assigning the observed trends in the spectroscopic data to any particular difference in 

chemical structure. The comparison between the experimental and computationally 

generated data furthermore allowed for the assignment of RuNMe2-DPPP•+ to the 

Class - borderline regime (see Figure 203, bottom panel).  

The in part vastly different spectroscopic signatures of the DPPP-based complexes 

were ultimately traced back to the influence of the 4-substituent. It is thought that with 

an increase in its donor capacity, isomerization to a form with a more extended 

conjugated -system is favored more strongly, which directly influences the rate of this 

isomerization process. For R1 = CF3, Me or OMe this driving force is however only 

strong enough to enforce the formation of the asymmetric L-isomer. For the 

dimethylamino variant, however, the styryl ruthenium-based oxidation and the even 

better overlap of the peripheral styryl ruthenium- with the DPPP-based orbitals even 

results in a twofold isomerization process to provide the I-isomer (see Figure 204).  

 

Figure 204|: Skeletal structures of the isomer formed upon one-electron oxidation of RuCF3-MeDPPP (left), 

of RuCF3-DPPP, RuMe-DPPP, or RuOMe-DPPP (middle), and of RuNMe2-DPPP (right). Parts colored in 

blue indicate the locus of the oxidation. 

The presence of three chemically different chromophores in the singly oxidized states 

of these compounds entails a large number of conceivable electronic transitions. 
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Especially the near-infrared region contains multiple transitions, whose character can 

be described as both classical inter-valence charge transfer between the metalorganic 

moieties as well as non-classical intervalence charge transfers between the styryl 

ruthenium moieties as the donors and the formally unipositively charged 

diketopyrrolopyrrole bridge as the acceptor. This showcases the crucial importance of 

a non-innocent bridging ligand for facilitating electronic coupling between terminally 

appended redox-active moieties in their mixed-valent states.  

The last chapter explores cyclic oxocarbon dianions, namely croconate, 

dithiocroconate and rhodizonate, with respect to their ability to foster charge transfer 

between two terminally appended styryl ruthenium entities. The D5h symmetry of the 

croconate ligand was also exploited to building a tetraruthenium macrocycle comprised 

of two divinylphenylene diruthenium complex subunits linked by the oxocarbon bridges. 

The skeletal structures of these complexes are shown in Figure 205. 

 

Figure 205|: Oxocarbon-bridged diruthenium complexes (left) and croconate-based tetraruthenium 

macrocycle (right) discussed in Chapter 6. 

RuOMe-Croc was obtained as a mixture of its three conceivable isomers. 

Temperature-dependent NMR experiments established that these isomers, which 

differ in terms of the relative orientations of the styryl ruthenium moieties around the 

croconate bridge, dynamically interconvert at room temperature at a rate faster than 

the timescale of the NMR experiment. Replacing the two enolic oxygen atoms for sulfur 

to give RuOMe-TCroc leads to the formation of only a single isomer. The structure of 

the latter corresponds to the orientation as shown in Figure 205. The D6h-symmetric 

bridging ligand in RuOMe-Rhod even allows for up to five different isomers, which are 

suggested to be present in solution. Their equilibrium seems, however, to be less 

dynamic. Furthermore, besides NMR spectroscopy, no other of the applied analytical 

techniques could differentiate between the different isomers or even infer their 

presence. The insolubility of the oxocarbon precursor salts in organic solvents 
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necessitated the use of a biphasic reaction mixture of an organic solvent containing 

the ruthenium complex and an aqueous layer containing the oxocarbon dianion. For 

the synthesis of the diruthenium complexes this did not pose a problem. The 

metallacycle, however, could be obtained in pure form after optimizing the reaction 

conditions with respect to the organic solvent, the concentration of the reagents, as 

well as the reaction temperature and time. 2Ru2Ph-Croc was identified as the kinetic 

product, while the macrocycle of twice the size is likely to constitute the thermodynamic 

product. X-ray crystallographic studies on the former revealed a significantly smaller 

size of the macrocycle as compared to the isophthalate-bridged congeners, with a 

central cavity only 50% to 60% the size and a significantly closer transannular distance 

between the two divinylphenylene diruthenium entities.  

The electrochemical behavior of the diruthenium complexes is characterized by the 

observation of two reversible, one-electron oxidations with E1/2 values of 160 to 190 

mV. Furthermore, the oxocarbon-based oxidation is expressed in form of an 

irreversible process at ca. 1000 mV, while its reduction is also reversible, but its 

potential strongly depends on the nature of the oxocarbon. The number of individual 

redox events observed for 2Ru2Ph-Croc is subject to the nature of the supporting 

electrolyte. While in NBu4PF6 the first and second oxidations can be identified as one-

electron oxidations with the third oxidation encompassing the two-electron charging 

process to the tetracation, in the weakly coordinating NBu4BArF electrolyte, four 

individual one-electron oxidations can be observed (see Figure 206). 

  

Figure 206|: Cyclic voltammograms of RuOMe-TCroc and 2Ru2Ph-Croc. 

In the diruthenium complexes the observed redox splitting is the result of contributions 

by electrostatic interactions but also due to electronic coupling across the oxocarbon 

bridge. In the metallacycle, however, it is exclusively the result of electrostatic repulsion 

with electronic coupling being limited to the individual divinylphenylene diruthenium 

entities. This became evident from the IR and UV/Vis/NIR spectroscopic data (see 
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Figure 207). The shift in the Ru(CO) bands in the diruthenium complexes allowed for 

their assignments as moderately coupled Class  mixed-valent systems as  

parameters between 0.13 and 0.15 were found. The dithiocroconate and rhodizonate 

bridging ligands were identified to be particularly efficient in comparison to the parent 

compounds bridged by either croconate or the dianion of the related 

dihydroxybenzoquinone. For RuOMe-TCroc•+ this increase in electronic coupling could 

be traced back to a higher degree of non-innocent character of the dithiocroconate 

ligand, as manifested by the observed changes in its vibrational characteristics. 

  

Figure 207|: IR spectrum of RuOMe-TCroc in the neutral, mono- and dication state (left); UV/Vis/NIR 

spectrum of macrocyclic 2Ru2Ph-Croc in the neutral, mono-, di-, and tetracationic state (right). 

Oxocarbon dianions can in conclusion be classified as modestly non-innocent ligands, 

capable of promoting electronic coupling between two appended, mixed-valent styryl 

ruthenium complexes. As part of a macrocycle built from divinylphenylene diruthenium 

complex fragments, however, they act as electrical insulators in the same way as the 

previously investigated isophthalate-based linkers do. This dichotomy is in part due to 

the immense stability of the radical cation of these -extended metalorganic 

divinylphenylene-bridged diruthenium moieties, which lowers the local frontier MOs to 

such an extent that they do not match with those of the bridging ligands. 
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8. Zusammenfassung der Dissertation 

Der Fokus dieser Arbeit liegt auf der Identifizierung und Verfeinerung derjenigen 

Faktoren, welche das Ausmaß an elektronischer Kommunikation in gemischtvalenten 

di- und tetranuklearen Styrylruthenium-Komplexen bestimmen. Modellsysteme, die in 

dieser Studie einbezogen wurden, waren sowohl divinylarylenverbrückte Diruthenium-

Komplexe als auch Systeme, die zwei einkernige Styrylruthenium-Komplexe enthalten, 

welche über einen verbrückenden Bischelatliganden miteinander verbunden sind. Die 

vier behandelten Themen waren: i) Der Einfluss von chinoidaler Verzerrung auf die 

elektronischen Eigenschaften von oxidierten divinylarylenverbrückten 

Dirutheniumkomplexen, ii) Dibenzoylmethan-modifizierte, mehrkernige 

Vinylruthenium-Komplexe, iii) Diketopyrrolopyrrole als Brückenliganden für 

Styrylruthenium-Komplexe und iv) Oxokohlenstoff-Dianionen als Brückenliganden für 

Styryl- und Divinylphenylenruthenium-Komplexe. 

Der erste Teil konzentriert sich auf die Synthese und Charakterisierung von 

divinylarylenverbrückten Dirutheniumkomplexen mit Aryleneinheiten die ein hohe 

Neigung zu chinoidaler Verzerrung nach der Oxidation zeigen. Dabei handelt es sich 

um Ru2NA auf Basis des Naphthalin-1,4-diyl Motivs, sowie den drei weiteren 

Komplexen Ru2BTD, Ru2
eBTD2 und Ru2

vBTD2 auf Basis des 2,1,3-Benzothiadiazol-

4,7-diyl Motivs (siehe Abbildung 1). Besonderes Augenmerk lag auf dem Einfluss der 

chinoidalen Verzerrung auf das Ausmaß an elektronischer Kopplung im 

gemischtvalenten Zustand sowie auf dem dominierenden Spinzustand in den 

jeweiligen homovalenten Dikationen. Als Vergleichspunkte dienten die 

benzolbasierten Vergleichsverbindungen.  

 

Abbildung 1|: Divinylarylendiruthenium-Komplexe mit proquinoiden Aryleneinheiten, die im ersten Teil 

dieser Arbeit diskutiert wurden. 



Zusammenfassung der Dissertation 

288 

 

Voltammetrische Untersuchungen ergaben, dass alle vier Komplexe zwei 

aufeinanderfolgende Einelektronenoxidationen aufzeigen, wie es für Moleküle mit zwei 

{Ru}-(CH=CH)-Fragmenten üblich ist. Die beiden kürzeren Verbindungen Ru2NA und 

Ru2BTD sind vergleichbar mit dem phenylenverbrückten Analogon, da sie beide zwei 

gut getrennte Einelektronenoxidationen zeigen (E1/2 ≈ 250 mV). Die erwartete 

Abnahme der Halbstufenpotentialaufspaltung bei den längeren BTD-Derivaten führte 

für Ru2
vBTD2 sogar zu negativen Werten (E1/2 = -18 mV). Dies bedeutet, dass die 

dikationische Form thermodynamisch stabiler ist als das Radikalkation. Es gehört 

damit zu der besonderen Klasse von Verbindungen, die das Phänomen der 

Redoxpotentialinversion zeigen.  

IR-Spektroelektrochemie erfolgte insbesondere im Hinblick auf die Verschiebung der 

ladungsempfindlichen CO-Banden der Carbonylliganden. Sie zeigt einen vollständig 

delokalisierten elektronischen Grundzustand für die Radikalkationen der beiden 

kürzeren Dirutheniumkomplexe, was aus der Beobachtung einer einzigen Ru(CO) 

Bande für das entsprechende Radikalkation geschlossen werden kann. Dies steht in 

ungebrochener Analogie zu den phenylenverbrückten Komplexen. Die Analyse der 

BTD-basierten Streckschwingungen in Ru2BTD ergab ferner, dass die oxidativ 

induzierte chinoidale Verzerrung offenbar nicht den anellierten Thiadiazolring, sondern 

ausschließlich die Phenyleneinheit betrifft. Für die längeren Varianten wurde ein 

intrinsisch lokalisierter elektronischer Grundzustand gefunden, der auf dem 

Vorhandensein eines Musters von zwei verschiedenen Ru(CO) Banden (siehe 

Abbildung 2) für die jeweiligen Radikalkationen beruht. Die daraus abgeleiteten 

Ladungsverteilungsparameter  von 0,24 für Ru2
eBTD2

•+ und von 0,31 für Ru2
vBTD2

•+ 

klassifizieren die beiden Komplexkationen als mäßig gekoppelte Verbindungen der 

Klasse  und deuten auf eine stärkere Kopplung hin als in den Stammverbindungen 

mit Tolan oder Stilben als Brückenbaustain. Angesichts des elektronenarmen 

Charakers des BTD-Rings, der normalerweise den lochbasierten Ladungstransport 

behindert, kann die beobachtete Zunahme der elektronischen Kopplung voll und ganz 

der Neigung zur chinoidalen Verzerrung zugesprochen werden. Die asymmetrische 

Ladungsverteilung in Ru2
eBTD2 wurde durch die Beobachtung einer intensiven C≡C 

Streckschwingung der zentralen Ethinyleinheit weiter bestätigt. Die Fähigkeit von 

Benzothiadiazol, chinoidale Verzerrung zu unterstützen, manifestiert sich in dem 

Auftreten einer intensiven kumulenartigen C=C=C=C-Streckung nach zweifacher 

Oxidation von Ru2
eBTD2 (siehe Abbildung 2, rechts). 
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Abbildung 2|: IR-Spektrum von Ru2BTD (links) und Ru2
eBTD2 (rechts) in der neutralen, 

monokationischen und dikationischen Form. 

EPR-Spektroskopie an den Radikalkationen von Ru2NA und Ru2BTD bestätigte 

weiterhin die vollständig delokalisierte Natur des ungepaarten Elektrons/Spins anhand 

der Beobachtung von äquivalenten Hyperfeinspaltungen zu allen vier 31P-Kernen der 

Phosphinliganden sowie zu beiden 99/101Ru-Kernen. Der zugehörige giso-Wert für 

Ru2BTD•+ liegt trotz der elektronenarmen Natur des -konjugierten Brückenliganden 

überraschend nahe am Landè-Faktor. Zu unserer Befriedigung erwies sich die 

vermutete Tendenz der prochinoidalen Aryleneinheiten, dikationische 

Dirutheniumkomplexe mit einem Singulettgrundzustand auszu bilden, als richtig, da 

sowohl die doppelt oxidierten Komplexe Ru2NA2+ als auch Ru2BTD2+ zwischen +20 °C 

und -140 °C keine ESR-Aktivität zeigen. Die Komplexe Ru2NA2+ und Ru2BTD2+ 

verhalten sich daher im Gegensatz zu ihren verwandten, phenylenverbrückten 

Verbindungen, so wie es die Regel von OVCHINNIKOV vorhersagt.  

Im Gegensatz zu der unsymmetrischen Ladungsverteilung deuten die ESR-Spektren 

der Radikalkationen der Tolan- und Stilbenderivate auf einen vollständig 

delokalisierten Spin hin. Dies lässt sich durch den Unterschied in der Zeitskala von 

ESR- (ca. 10-9 s) und IR-Spektroskopie (ca. 10-11 s) erklären und erlaubt somit die 

Eingrenzung der diabatischen Elektronentransferrate. Die doppelt oxidierten Formen 

sind bei Raumtemperatur überraschenderweise ESR-aktiv. Dies verdeutlicht die 

Fähigkeit der Vinylrutheniumeinheit, ungepaarte Spindichte zu stabilisieren. 

Temperaturabhängige Experimente deuten jedoch auf einen Singulett-Grundzustand 

hin, im Gegensatz zum divinylphenylenverbrückten Dirutheniumkomplex. Die 

Einführung des elektronenakzeptierenden BTD-Motivs in die Brücke führte im 

Vergleich zu den Radikalkationen der anderen drei Komplexe zu einer noch stärker 

strukturierten NIR-Absorption. Der zusätzliche Charge-Transfer Beitrag zu praktisch 

jedem Übergang sowie ein Dipolmomentsvektor senkrecht zur Ru-Ru-Achse sind wohl 
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für das recht beeindruckende elektrochrome Verhalten mit molaren 

Extinktionskoeffizienten von bis zu 74.000 M-1‧cm-1 verantwortlich. 

Das zweite Thema befasste sich mit der Synthese und Charakterisierung von 4,4'-

bis(Vinylruthenium)-funktionalisierten Dibenzoylmethanen (Abbildung 3). Durch 

Koordination eines nicht-redoxaktiven LEWIS-sauren Zentrums [oder eines 

zusätzlichen redoxaktiven Styrylruthenium-Komplexmotivs [(Ru(CO)(PiPr3)2(CH=CH-

4-C6H4-R)]+ mit R = CF3 (Ru2DBzM-RuCF3) oder OMe (Ru2DBzM-RuOMe)] an den 

zentralen -Ketoenolatochelat, in diesem Fall [BF2]+ (Ru2DBzM-BF2), ließ sich das 

Ausmass der elektronischen Kopplung entweder zwischen den gemischtalenten, 

terminalen Redoxzentren oder zwischen den äußeren sowie dem zentralen, chemisch 

inäquivalenten Redoxzentrum bestimmen. Für das Trifluormethylderivat wurden die 

peripheren {Ru}-Einheiten ebenfalls zu ihren 18 VE Varianten umgesetzt, indem die 

Chloroliganden jeweils durch Acetylacetonat ersetzt wurden. Dadurch wurde der 

Komplex Ru2
acacDBzM-RuCF3 erhalten. Dies ermöglichte eine Inversion in der 

Redoxsequenz. Der Grundgedanke dahinter war, den Einfluss entweder einer 

oxidierten oder einer reduzierten zentralen {Ru}-Einheit auf den Grad der 

elektronischen Kopplung zwischen den peripheren, gemischtvalenten Redoxzentren 

vergleichen zu können. 

 

Abbildung 3|: 4,4’-bis(Vinylruthenium)-modifizierte Dibenzoylmethankomplexe, die im zweiten Teil dieser 

Arbeit behandelt werden. 

Der elektronenziehende Charakter des 1,3-Diketonatoliganden und insbesondere der 

BF2-Einheit zeigte sich an der starken Tieffeldverschiebung der charakteristischen 

Protonenresonanzen in den 1H-NMR Spektren. Die 1H- und 31P{1H}-NMR 

Spektroskopie belegt zusätzlich die große Ähnlichkeit zwischen allen drei Ru-basierten 

Redoxzentren in den trinuklearen Komplexen. Die intrinsische Diskrepanz der beiden 

Benzoylfragmente in den Trirutheniumkomplexen als Folge der beiden chemisch 
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unterschiedlichen Liganden in der äquatorialen Koordinationsebene um die zentrale 

{Ru}-Einheit, d.h. ein Arm ist trans zum CO-Liganden während der andere dem 

Styrylliganden gegenüber angeordnet ist, reicht aus, um durch NMR-Spektroskopie 

detektiert zu werden. 1H-1H-ROESY NMR-Experimente bestätigten damit die 

chemische Intuition, dass der Arm mit einer relativen trans-Orientierung zum 

Carbonylliganden eine geringere Elektronendichte aufweist und die 1H-Signale 

dementsprechend bei tieferem Feld zu finden sind.  

Cyclovoltammetrie zeigt ebenfalls den allgemein elektronenarmen Charakter dieser 

Komplexe auf und bestätigte ferner die Umkehrung der Redoxsequenz in 

Ru2
acacDBzM-RuCF3 im Vergleich zu Ru2DBzM-RuCF3. Beim ersteren Komplex 

erfolgt die erste Oxidation damit nicht an der zentralen {Ru}-Einheit, sondern an einer 

der beiden peripher angebrachten Einheiten (siehe Abbildung 4). Der Einfluss einer 

monokationischen, beziehungsweise neutralen, Styrylruthenium-Einheit auf die 

Halbstufenpotentialaufspaltung zwischen den Oxidationen der periphären 

Redoxzentren ist jedoch vernachlässigbar gering, da der zugehörige E1/2-Wert 

unverändert bei ca. 90 mV liegt. Nur in Ru2DBzM-BF2
•+ ist er leicht auf 100 mV erhöht, 

was angesichts des besonders elektronenarmen Charakters des Brückenliganden 

überrascht. 

   

Abbildung 4|: Square-wave-Voltammogramme von Ru2DBzM-BF2, Ru2DBzM-RuCF3 und Ru2
acacDBzM-

RuCF3 mit Dekonvolution. 

Die Analyse des IR Spektrums von Ru2DBzM-BF2 und seiner oxidierten Formen 

bestätigte nicht nur dessen elektronenarme Natur, sondern auch die schwach 

ausgeprägte elektronische Kommunikation im gemischtvalenten, monokationischen 

Zustand anhand des experimentellen -Parameters von nur 0,06. Die IR-

Spektroskopie erwies sich als zu unempfindlich, um zwischen den einzelnen Ru(CO)-

Streckschwingungen in den oxidierten Formen der drei Trirutheniumkomplexe zu 

unterscheiden. Der diabatische Elektronentransfer zwischen den endständigen {Ru}-

Einheiten ist daher wahrscheinlich von ähnlicher Größenordnung wie im 

Dirutheniumkomplex und völlig unabhängig vom Vorhandensein eines entweder 
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neutralen oder eines einfach positiv geladenen Styrylruthenium-Fragments. Die 

schlechte elektronische Kopplung ist letztlich auf das Substitutionsmuster am zentralen 

1,3-Diketonatfragment zurückführbar, welches dem einer meta-Substitutention im 

Benzol ähnelt. Es stellt daher eine Unregelmäßigkeit im Konjugationsweg dar, was 

wiederum eine destruktive Interferenz für einen diabatischen Elektronenaustausch 

nach sich zieht. Darüber hinaus, und in Übereinstimmung mit dem allgemein 

beobachteten Verhalten für einen -Ketoenolatoliganden, wies die Analyse der DBzM-

basierten Schwingungen dem Brückenliganden keinen signifikanten Redoxbeitrag zu.  

  

  

Abbildung 5|: Änderungen in den UV/Vis/NIR-Spektren von Ru2DBzM-BF2 (links) und Ru2DBzM-

RuOMe (rechts) während der ersten Oxidation und grafische Darstellung der MOs mit dem größten 

Beitrag zur dominanten NIR-Absorption des entsprechenden Radikalkations. 

Der adiabatische Ladungsaustausch, der durch elektronische Spektroskopie 

untersucht wird, zeigte ein ähnlich geringes Ausmaß an elektronischer Kopplung 

zwischen den endständigen Redoxgruppen im radikalkationischen Zustand von 

Ru2DBzM-BF2 oder Ru2
acacDBzM-RuCF3, bzw. im dikationischen Zustand von 

Ru2DBzM-RuOMe oder Ru2DBzM-RuCF3, da die entsprechenden NIR-

Absorptionsbanden sowohl hinsichtlich ihrer Energie als auch hinsichtlich ihres 

Absorptionsvermögens eher gering ausfallen (max ≈ 2000 nm, max < 1000 M-1‧cm-1, 

siehe Abbildung 5, links) oder gar nicht beobachtet wurden. Dem gegenüber steht 

eine überraschend starke elektronische Kopplung zwischen den chemisch 
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nichtequivalenten, redoxaktiven Einheiten, der peripheren und der zentralen 

Styrylruthenium-Einheit, auf der Stufe des jeweiligen Radikalkations. Dies macht sich 

anhand von Absorptionsmaxima im Bereich von ca. 1000 nm und molaren 

Absorptionskoeffizienten von ca. 2500 M-1‧cm-1 (siehe Abbildung 5, rechts) 

bemerkbar. Der asymmetrische, open-shell Charakter der oxidierten Formen 

verkompliziert das elektronische Spektrum der Trirutheniumkomplexe so weit, dass 

spezifische Aussagen über den Einfluss des zentralen {Ru}-Fragments und dessen 

Oxidationszustandes nicht mehr möglich waren. Eine weitere Schwierigkeit ergab sich 

daraus, dass unter den Bedingungen der SEC im Allgemeinen, und unter Bestrahlung 

mit UV/Vis-Licht im Besonderen, die höher oxidierten Formen der dreikerinigen 

Komplexe Zersetzungsreaktionen eingehen. Dies ist darauf zurückzuführen, dass die 

Oxidation des DBzM-Rückgrats die Donorfähigkeit des zentralen Chelatliganden 

schwächt, was letzendlich zur Dekoordination des zentralen metallorganischen 

Fragments und weiterer Folgechemie führen kann. 

Der dritte Themenblock dieser Arbeit widmet sich dem Versuch, dianionische 

bischelatisierende Liganden zu finden, die in der Lage sind, einen Ladungstransfer 

zwischen zwei Styrylruthenium-Einheiten zu bewrken. Die entsprechenden Ergebnisse 

werden in den Kapiteln 5 und 6 dieser Arbeit ausgeführt. In Kapitel 5 wurden die 

Dianionen von Diaryldiketopyrrolopyrrolen als Brückenliganden verwendet, welche 

sich in der Natur der Arylsubstituenten voneinander unterscheiden. Diese waren 

entweder 2-Pyridiyl (DPPP), 2-(6-Methylpyridyl) (MeDPPP) oder 2-Thienyl (DTPP). Um 

die Orbitalüberlappung zwischen den besetzten Grenzorbitalen der 

Styrylrutheniumfragmente mit denen der DPPP/DTPP-Brücke zu erhöhen, wurden 

deren Energien durch Variation der Substituenten R1 in der 4-Position der 

Styrylliganden von stark elektronenziehend (R1 =CF3) bis stark elektronendonierend 

(R1 = NMe2) variiert. Ebenso wurde die Elektronendichte des Diketopyrrolopyrrols 

durch die Verwendung der underschiedlichen Arylsubstituenten eingestellt. Insgesamt 

wurden auf diese Weise acht neue Diruthenium-Komplexe synthetisiert und 

charakterisiert, und zwarRuCF3-DPPP, RuMe-DPPP, RuOMe-DPPP, RuNMe2-DPPP, 

RuCF3-MeDPPP, RuNMe2-MeDPPP sowie RuCF3-DTPP und RuOMe-DTPP (siehe 

Abbildung 6). 
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Abbildung 6|: Diaryldiketopyrrolopyrrol-verbrückte Dirutheniumkomplexe, die in Kapitel 5 behandelt 

werden. 

Die vier verschiedenen Donoratome in der äquatorialen Ebene der beiden 

{Ru}-Fragmente führten dazu, dass diese Komplexe als Mischung aus drei 

verschiedenen Isomeren vorliegen, die sich hinsichtlich der relativen Anordnung dieser 

Liganden um die Ru-Ionen unterscheiden. Dabei sind zwei zentrosymmetrische 

Formen vorstellbar, bei denen der Pyrrolid-Donor entweder trans zum Carbonyl- (H-

Isomer) oder zum Styrylliganden (I-Isomer) angeordnet ist, sowie eine 

nicht-zentrosymmetrische Konfiguration, bei der ein Pyrrolid-Donor cis zum 

Carbonylliganden steht, während der andere sich in trans-Stellung dazu befindet (L-

Isomer). NMR-spektroskopische Untersuchungen der DPPP-verbrückten Komplexe in 

CD2Cl2 bzw. im weniger polaren C6D6 zeigten, dass mindestens zwei isomere Formen 

lösungsmittelabhängig, nebeneinander vorliegen und sich rasch ineinander 

umwandeln. Das H-Isomer stellt dabei jeweils dominante Form dar. Dies stimmt mit 

der chemischen Intuition überein, basierend auf den Donor- und 

Akzeptoreigenschaften der vier verschiedenen Liganden. Mit Hilfe des Derivats, 

welches einen Methylsubstituenten in der 6-Position des Pyridyldonors trägt, konnte 

die Identität des H-Isomers in RuCF3-DPPP experimentell verifiziert werden, da dieser 

im Testmolekül RuCF3-MeDPPP die Isomerisierung entweder zur L- oder zur I-Form 

verhindert. 1H-1H ROESY NMR-Experimente lieferten einen weiteren Beweis für die 

Existenz des L-Isomers in den DPPP-verbrückten Komplexen (siehe Abbildung 7). 
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Abbildung 7|: a) Grafische Darstellung der Wasserstoffatome an den Styryl- und Pyridyleinheiten, die im 
1H-1H-ROESY-NMR-Spektrum eine Wechselwirkung durch den Raum zeigen; b) Veranschaulichung, wie 

der sterische Anspruch der vinylischen Wasserstoffatome und der Methylgruppe in 6-Position des 

Pyridylsubstituenten die Bildung des L- und I-Isomers in RuCF3-MeDPPP verhindert. 

Die elektrochemischen Untersuchungen an diesen Komplexen ergaben, dass die 

Anzahl der reversibel zugänglichen Oxidationszustände und die damit verbundenen 

Halbstufenpotentiale drastisch von der Identität des Substituenten R1 sowie den 

Arylsubstituenten am Diketopyrrolopyrrol-Brückenliganden abhängen (siehe 

Abbildung 8). Während für RuCF3-DPPP nur eine reversible Oxidation gefunden wird, 

zeigen die anderen drei elektronenreicheren Derivate eine zweite Oxidation, die auf 

der Zeitskala des CV-Experiments ebenfalls chemisch reversibel ist. Der innerhalb der 

Reihe R1 = Me nach R1 = NMe2 von 210 mV nach 80 mV abnehmende E1/2-Wert 

erwies sich als eindeutiger Indikator für eine Verschiebung der ersten Oxidation von 

einem fast vollständig DPPP-zentrierten Prozess in RuCF3-DPPP hin zu einer 

vollständigen Lokalisierung auf den äußeren 4-Dimethylaminostyrylliganden in 

RuNMe2-DPPP. 

 

Abbildung 8|: Cyclovoltammogramme der Komplexe behandelt in Kapitel 5. 
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Seltsamerweise führt eine Eröhung der Elektronendichte auf dem 

Diketopyrrolopyrrolliganden in aller Regl zu höheren Oxidationspotentialen. Die im 

Vergleich zu Pyridin geringere Fähigkeit des Thiophens, eine negative (Partial)Ladung 

aufzunehmen, ist wohl dafür verantwortlich. Mit Hilfe der IR- und der 

ESR-Spektroskopie konnte gezeigt werden, dass der unterschiedliche Ort der ersten 

Oxidation in den DPPP-verbrückten Komplexen eine redoxinduzierte Isomerisierung 

von überwiegend dem H-Isomer zum L-Isomer für die Komplexe mit R1 = CF3, Me und 

OMe und sogar zum I-Isomer für RuNMe2-DPPP•+ nach sich zieht. Ausschlaggebend 

war dabei die Beobachtung, dass das Einbandenmuster bei ca. 1900 cm-1 für die 

entsprechenden, neutralen Fomren durch ein Zweibandenmuster im Monokation 

ersetzt wird, wobei während der Permutation von R1 von einem elektronenziehenden 

(CF3, ̃ = 30 cm-1) zu einem elektronendonierenden (OMe, ̃ = 41 cm-1) 

Substituenten, ein zunehmender Energieunterschied zwischen den beiden Ru(CO)-

Banden beobachtet wurde (siehe Abbildung 9, linker Teil). Gestützt wurden die 

experimentellen Befunde jeweils durch die Ergebnisse quantenchemischer 

Rechnungen.  

In den entsprechenden ESR-Spektren (siehe Abbildung 9, rechter Teil) wurde dieser 

Umstand durch die Beobachtung eines Zweikomponentensignals deutlich, welches 

sich innerhalb von Minuten oder auch nur von Sekunden in ein einziges Signal 

umwandelt. Der Vergleich mit der "fixierten" Verbindung RuCF3-MeDPPP•+ ergab, 

dass das ESR-Signal mit einem giso-Wert von ca. 2.00 dem Radikalkation des 

H-Isomers entspricht, bei dem der ungepaarte Spin auf derDiketopyrrolopyrrol-Brücke 

lokalisiert ist. Demgegenüber ist das Signal mit einem giso-Wert von ca. 2.02 die 

Signatur des L-Isomers mit signifikant höheren Beitrag der Styryl- und insbesondere 

der {Ru}-Einheiten. Der Vergleich zwischen den experimentellen und den 

computergenerierten Daten erbrachte darüber hinaus den Nachweis, dass es sich bei 

RuNMe2-DPPP•+ um eine gemischtvalente Verbindung der Klasse - handelt (siehe 

Abbildung 9, unten). 
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Abbildung 9|: Änderungen in den IR-Spektren (linke Hälfte) von RuCF3-DPPP (oben), RuMe-DPPP 

(Mitte) und RuNMe2-DPPP (unten) während der ersten Oxidation, die die Umwandlung des H-Isomers im 

neutralen Komplex zum asymmetrische L-Isomer im Radikalkation zeigen. ESR-Spektren (rechte Hälfte) 

von RuCF3-DPPP•+ (oben), RuMe-DPPP•+ (Mitte) und RuNMe2-DPPP•+ (unten), die die Existenz und die 

unterschiedlichen Spektren der beiden Isomere veranschaulichen. 

Die zum Teil sehr unterschiedlichen spektroskopischen Signaturen der DPPP-

basierten Komplexe wurden letztlich auf den Einfluss des 4-Substituenten 

zurückgeführt. Es ist anzunehmen, dass mit zunehmender Donorkapazität die 

Isomerisierung zu einer Form mit einem ausgedehnteren konjugierten -System 

stärker begünstigt wird, was die Geschwindigkeit dieses Isomerisierungsprozesses 
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direkt beeinflusst. Für R1 = CF3, Me oderOMe reicht die Triebkraft jedoch nur aus, um 

die Bildung des asymmetrischen L-Isomers zu erzwingen. Für die 

Dimethylaminovariante hingegen führt die Oxidation der Styrylruthenium-Einheit und 

die noch bessere Überlappung der peripheren Styrylruthenium- mit den DPPP-

basierten Orbitalen sogar zu einem zweifachen Isomerisierungsprozess und 

letztendlich zum I-Isomer (siehe Abbildung 10). 

 

Abbildung 10|: Lewis-Strukturen des durch Einelektronenoxidation gebildeten Isomers von RuCF3-
MeDPPP (links), von RuCF3-DPPP, RuMe-DPPP und RuOMe-DPPP (Mitte) sowie von RuNMe2-DPPP 

(rechts). Blau eingefärbte Teile zeigen den Ort der Oxidation an. 

Das Vorhandensein von drei chemisch unterschiedlichen Chromophoren in den 

einfach oxidierten Zuständen dieser Verbindungen bringt eine große Anzahl von 

elektronischen Übergängen mit sich. Insbesondere der Nahinfrarotbereich enthält eine 

Vielzahl von Übergängen, deren Charakter sowohl als klassischer Invervalenz-

Charge-Transfer zwischen den metallorganischen Einheiten als auch als nicht-

klassischer Invervalenz-Charge-Transfer zwischen den Styrylrutheniumgruppen als 

Donor und der formal einfach positiv geladenen Diketopyrrolopyrrolbrücke als Akzeptor 

beschrieben werden kann. Dies zeigt die immense Bedeutung eines redoxaktiven 

Brückenliganden für das Ausmaß an elektronischer Kopplung zwischen endständigen, 

redoxaktiven Einheiten in den entsprechenden gemischtvalenten Zuständen. 

Das letzte Kapitel befasst sich mit zyklischen Oxokohlenstoffdianionen, nämlich 

Krokonat, Dithiokrokonat und Rhodizonat, im Hinblick auf ihre Fähigkeit zum 

Ladungstransfer zwischen zwei endständigen Styrylruthenium-Einheiten. Die 

D5h-Symmetrie des Krokonatliganden wurde zudem dazu genutzt, einen 

Tetraruthenium-Makrozyklus aufzubauen, der aus zwei Divinylphenyldiruthenium-

Komplexuntereinheiten besteht, die durch die Oxokohlenstoffbrücke miteinander 

verbunden sind. Die LEWIS-Strukturen dieser Komplexe sind in Abbildung 11 

dargestellt. 
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Abbildung 11|: Oxokohlenstoff-verbrückte Dirutheniumkomplexe (links) und der Tetraruthenium-

Makrozyklus auf Krokonatbasis (rechts), aus Kapitel 6. 

RuOMe-Croc wurde als Mischung seiner drei denkbaren Isomere gewonnen. 

Temperaturabhängige NMR-Experimente zeigten, dass diese Isomere, die sich 

hinsichtlich der relativen Orientierungen der Styrylruthenium-Einheiten um die 

Krokokonatbrücke voneinander unterscheiden, bei Raumtemperatur in einem 

dynamischen Gleichgewicht  miteinander stehen. Die Umwandlung verläuft dabei 

schneller als die Zeitskala des NMR-Experiments. Ersetzen der beiden enolischen 

Sauerstoffatome durch Schwefel liefert RuOMe-TCroc, welches nur als ein einziges 

Isomer vorliegt. Dessen Struktur entspricht der in Abbildung 11 gezeigten 

Orientierung. Der D6h-symmetrische Brückenligand in RuOMe-Rhod lässt sogar bis zu 

fünf verschiedene Isomere zu, die auch alle in Lösung vorliegen. Das Gleichgewicht 

zwischen ihnen scheint jedoch weniger dynamisch zu sein. Außer der NMR-

Spektroskopie konnte allerdings keine andere der angewandten analytischen 

Techniken zwischen den verschiedenen Isomeren unterscheiden oder auch nur 

nahelegen, dass diese in Lösung vorliegen. Die Unlöslichkeit der Alkalimetallsalze der 

Oxokohlenstoffdianionen in organischen Lösungsmitteln machte die Verwendung 

eines zweiphasigen Reaktionsgemisches, bestehend aus einem organischen 

Lösungsmittel, welches den Rutheniumkomplex enthält, und einer wässrigen Schicht, 

die den Oxokohlenstoff enthält, erforderlich. Für die Synthese der 

Dirutheniumkomplexe stellte dies kein Problem dar. Der Metalla-Macrozyklus konnte 

jedoch erst nach Optimierung der Reaktionsbedingungen in Bezug auf das organische 

Lösungsmittel, die Konzentration der Reagenzien sowie die Reaktionstemperatur und 

-zeit in reiner Form erhalten werden. 2Ru2Ph-Croc wurde als das kinetische Produkt 

identifiziert, während ein doppelt so großer Makrozyklus wahrscheinlich das 

thermodynamische Produkt darstellt. Röntgenkristallographische Untersuchungen an 

Ersterem ergaben eine signifikant kleinere Größe des Makrozyklus im Vergleich zu 

den Isophthalat-verbrückten Analogen, mit einem zentralen Hohlraum von nur 50% bis 



Zusammenfassung der Dissertation 

300 

 

60% der Größe und einem signifikant kleineren transanulären Abstand zwischen den 

beiden Divinylphenylendiruthenium-Fragmenten.  

Das elektrochemische Verhalten der Dirutheniumkomplexe ist durch die Beobachtung 

von zwei reversiblen Einelektronenoxidationen mit E1/2-Werten von 160 bis 190 mV 

gekennzeichnet. Darüberhinaus wird die Oxidation des Brückeliganden in Form eines 

irreversiblen Prozesses bei ca. 1000 mV beobachtet. Die brückenzentrierte Reduktion 

ist teilweise reversibel, wobei das Reduktionspotential stark von der Natur des 

Oxokohlenstoffs abhängt. Die Anzahl der aufgelösten Redoxprozesse, für 2Ru2Ph-

Croc hängt stark von der Art des Leitsalzes ab. Während mit NBu4PF6 nur die erste 

und die zweite Oxidation als Einelektronenoxidationen identifiziert werden können, 

während die dritte Oxidation eine Zweielektronenoxidation zum Tetrakation umfasst, 

können mit dem schwach koordinierenden NBu4BArF-Elektrolyten vier einzelne 

Einelektronenoxidationen beobachtet werden (siehe Abbildung 12). 

  

Abbildung 12|: Cyclovoltammogramme von RuOMe-TCroc und 2Ru2Ph-Croc. 

In den Dirutheniumkomplexen ist die beobachtete Halbstufenpotentialaufspaltung das 

Ergebnis von sowohl elektrostatischen Wechselwirkungen wie auch von elektronischer 

Kopplung über die Oxokohlenstoffbrücke. Im Makrozyklus ist sie jedoch ausschließlich 

das Ergebnis einer elektrostatischen Abstoßung, während sich die elektronische 

Kopplung auf die einzelnen Divinylphenylendiruthenium-Einheiten beschränkt. Dies 

wird aus den IR- und UV/Vis/NIR-spektroskopischen Daten deutlich (siehe Abbildung 

13). Die Verschiebung der Ru(CO)-Banden in den Dirutheniumkomplexen erlaubte 

deren Zuordnung als mäßig stark gekoppelte gemischtvalente Verbindungen der 

Klasse , mit Werten für den -Parameter zwischen 0,13 und 0,15. Die 

Dithiokrokonat- und Rhodizonat-Brückenliganden erwiesen sich dabei im Vergleich zu 

den analogen Komplexen, die entweder Krokonat oder das Dianion des verwandten 

Dihydroxybenzochinons als Brückenliganden aufweisen, als besonders effizient. Für 
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RuOMe-TCroc•+ konnte mittels der Veränderung von charakterisitischen IR Banden, 

die Zunahme der elektronischen Kopplung auf einen ausgeprägten Beitrag des 

Dithiocroconatliganden, zu den jeweiligen Redoxprozessen zurückgeführt werden.  

  

Abbildung 13|: IR-Spektrum von RuOMe-TCroc im neutralen, mono- und dikationischen Zustand 

(links), UV/Vis/NIR-Spektrum des makrosyklischen Komplexes 2Ru2Ph-Croc im neutralen, mono-, di- 

und tetrakationischen Zustand (rechts). 

Abschließend kann gesagt werden, dass Oxokohlenstoffdianionen durchaus als 

nicht-unschuldige Liganden klassifiziert werden können, und dazu in der Lage sind, 

eine elektronische Kopplung zwischen zwei Styrylruthenium-Komplexfragmenten im 

gemischtvalenten Zustand herzustellen. Als Teil eines Makrozyklus, der aus 

Divinylphenylendiruthenium-Komplexfragmenten aufgebaut ist, wirken sie jedoch als 

elektrische Isolatoren, und zwar in der gleichen Weise wie die zuvor untersuchten 

Isophthalat-basierten Linker. Dieser Widerspruch ist zum Teil auf die immense 

Stabilität des Radikalkations dieser -konjugierten, metallorganischen 

Divinylphenylendiruthenium-Komplexe zurückzuführen. Dies führt zu einer so starken 

energetischen Absenkung der Grenzorbitale, dass sie nur sehr schlecht oder garnicht 

mit denen des Brückenliganden überlappen. 
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9. Experimental Section 

9.1. Materials and Methods 

9.1.1. Synthetic Details 

All syntheses which required the exclusion of atmospheric moisture or oxygen were 

conducted under dry nitrogen using standard SCHLENK techniques. For these instances 

the used solvents were predried and distilled over the commonly used desiccants306 or 

stored over 4 Å molecular sieves for at least 36 hours prior to use and saturated with 

N2. The following starting materials were prepared according to or analogously to 

published procedures: 

• 2,1,3-Benzothiadazole307 

• 4,7-Dibromo-2,1,3-benzothiadazole (1) 308 

• 4,7-Diethynyl-2,1,3-benzothiadazole142 

• 1,4-Diethynylnaphthalene143 

• HRu(CO)Cl(PiPr3)2 (H{Ru})65 

• 1,3-Bis(4’-ethynylphenyl)-propane-1,3-dione(10)208 

• Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-CF3) (RuCF3)83 

• Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-OMe) (RuOMe)186 

• Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-NMe2) (RuNMe2)83 

• 3,6-Bis-(2'-pyridyl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (DPPP)241 

• 3,6-Bis-(2'-(6’-methylpyridyl))-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione 

(MeDPPP)241  

• 3,6-Bis-(2'-thienyl)-2,5-dihydro-pyrrolo[3,4-c]pyrrole-1,4-dione (DTPP)241 

• Dipotassium croconate monohydrate275,284 

• Dipotassium dithiocroconate 275 

• Bis(tetra-n-butylammonium) croconate tetrahydrate (NBu4Croc)289  

The following chemicals were synthesized according to established procedures within 

the working group: NBu4BArF, ferrocenium hexafluorophosphate (FcPF6), 

acetylferrocenium hexafluoroantimonate (AcFcSbF6), 1,1’-diacetylferrocenium 

hexafluoroantimonate (Ac2FcSbF6), tris(4-bromophenyl)ammonium 

hexafluoroantimonate (“Magic Blue”). For more information please contact Michael 

Linseis at Michael-Linseis@uni-konstanz.de.  

javascript:
mailto:Michael-Linseis@uni-konstanz.de
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All other chemicals were sourced from commercial vendors and used without additional 

purification. 

9.1.2. NMR Spectroscopy 

1H-, 13C{1H}-, 31P{1H}-,19F{1H}- or 11B{1H}-NMR spectra were recorded on the following 

spectrometers: 

• Bruker Avance III 400 Automation (BH = 400 MHz, BC = 101 MHz, BP = 162 

MHz, BF = 376 MHz, BB = 128 MHz) 

• Bruker Avance III 600 (BH = 600 MHz, BC = 151 MHz, BP = 243 MHz) 

• Bruker Avance NEO 800 (BH = 800 MHz, BC = 201 MHz) 

Spectral shifts are given in ppm and were referenced to the residual protonated solvent 

(1H) or the solvent signal (13C). 31P-, 19F- and 11B-NMR spectra were referenced to the 

external reference of the spectrometer ((31P) = 0 ppm for 87% H3PO4, (19F) = 0 ppm 

for CFCl3 or (19F) = 0 ppm for 15% BF3‧Et2O in CDCl3).  

9.1.3. Electrochemical and Spectroelectrochemical Measurements 

All electrochemical experiments were performed in a custom-built, cylindrical, vacuum-

tight, one-compartment cell. A spiral-shaped Pt wire and an Ag wire, covered in AgCl, 

as the counter and pseudo-reference electrodes are sealed into glass capillaries that 

are introduced via Quickfit screws at opposite sides of the cell. A platinum working 

electrode (diameter 1.6 mm, from BASi) is introduced through the top via a PTFE screw 

cap with a suitable fitting. It is polished with first 1.0 m and then 0.25 m diamond 

pastes (Buehler-Wirtz) before measurements. To exclude the presence of O2 and N2, 

the cell and solvent (7ml of CH2Cl2) are purged by bubbling a continuous stream of 

argon through the solution for several minutes. NBu4PF6 (0.1 M) or NBu4BArF (0.05 M) 

was used as the supporting electrolyte. Internal referencing was done by the addition 

of equimolar amounts of either ferrocene (Cp2Fe) or decamethylferrocene (Cp*2Fe) 

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 with 

NBu4PF6 or E1/2(Cp*2Fe0/+) = −620 mV with NBu4BArF as the supporting electrolyte. 

Control over the electrode potential and data recording was done through a computer-

controlled BASi potentiostat.  

The optically transparent thin-layer electrochemical (OTTLE) cell was also lab-built and 

comprises a Pt-mesh working and counter electrode and a thin silver wire as the 
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pseudo-reference electrode sandwiched between the CaF2 windows of a conventional 

liquid IR cell. Its design follows that of HARTL et. al.157 For the SEC measurements 

increased supporting electrolyte concentration of 0.25 M for NBu4PF6 or 0.1 M for  

NBu4BArF were used.  

Simulation of the cyclic voltammograms was performed using the program DigiSim.309 

Mandatory initial parameters where set as follows: Initial concentration = 0.1 mM; 

electrode surface area = 0.0256 cm2 ; T = 298 K; electron transfer coefficient = 0.5; 

electron transfer rate = 0.008 cm/s; diffusion coefficient = 4.5‧10-6 cm2/s. Half-wave 

potentials were estimated by deconvolution of the corresponding square-wave 

voltammograms. By loading cyclic voltammograms within the scan rate range of 

100−2000 mV/s, the program was free to change the chosen parameters in an iterative 

manner to optimally replicate the shape of the CV at any given scan rate. A fixed value 

of ca. 3‧10-7 F was eventually added to accommodate for non-FARADAIC currents.  

FT-IR spectra were recorded on a Bruker Tensor III instrument in a range between 

1000 cm-1 to 11500 cm-1.  

UV/Vis/NIR spectra were obtained on a TIDAS fiberoptic diode array spectrometer 

(combined MCS UV/NIR and PGS NIR instrumentation) from J&M in a range between 

250 nm to 2100 nm in HELLMA quartz cuvettes with 0.1 cm optical path length.  

Electron paramagnetic resonance (EPR) studies were performed on a tabletop X-band 

spectrometer MiniScope 400 with the compatible temperature controller model H03; 

both are manufactured by Magnettec. Samples were prepared from the diamagnetic 

forms by either chemical or electrochemical oxidation. For the used specific oxidizing 

agents, please see the corresponding EPR sections in Chapters 3.5, 4.6 5.5 or 6.6. 

Electrochemical oxidation, which was mostly limited to the generation of the radical 

cation, i.e. the first oxidation, a three-electrode array comprising of a Pt-wire at the 

bottom, an Ag-wire in the middle and a Pt-wire at the top was inserted into the quartz 

EPR tube (inner diameter 2 mm). The bottom wire constitutes the working electrode, 

with the pseudo-reference electrode positioned and the counter electrode at the top to 

limit mixing and contamination of the analyte at the bottom of the tube. The individual 

strands of wire were insulated against each other by fusing them into PTFE-shrink 

tubing. The potential was controlled by the aforementioned potentiostat by BASi. 

Simulation of the spectra was done within MATLAB using the EasySpin310 tool box (v. 

5.28, see: http://easyspin.org/). Isotropic signals in fluid solution were simulated using 

the core-function ‘garlic’. For anisotropic signals recorded at cryogenic temperature in 

the frozen glass, the core-function ‘pepper’ was utilized. 

http://easyspin.org/
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9.1.4. Elemental Analysis 

Elemental analyses were performed in house on a C,H,N,S-analyzer (model Elementar 

vira MICRO Cube) by Heraeus. 

9.1.5. Mass Spectrometry 

The mass spectrometric analysis of the croconate-based macrocyclic structures 

2Ru2Ph-Croc and 4Ru2Ph-Croc were conducted by Dr. Nicole Orth withinin the 

facilities of Prof. Dr. Ivanović-Burmazović at the Friederich-Alexander-University of 

Erlangen-Nürnberg on a on an UHR-ToF Bruker Daltonik maXis plus instrument, an 

ESI-quadrupole time-of-flight (qToF) mass spectrometer capable of resolution of at 

least 60.000 FWHM. Detection was done in the positive-ion mode with a 4.5 kV voltage 

supply. The drying gas (N2) was held at 180 °C and the spray gas was held at 20 °C. 

The spectrometer was calibrated with ESI-ToF Low Concentration Tuning Mix of 

Agilent prior to every measurement. All measurements were carried out using 

dichloromethane as the solvent.  

The ESI-MS data on all other compounds were acquired on a Bruker micrOTOF II 

mass spectrometer using dichloromethane as the solvent. 

9.1.6. Single Crystal X-Ray Diffraction 

X-Ray diffraction analysis was performed on a STOE IPDS-II diffractometer equipped 

with a graphite.monochromated Mo K radiation source ( = 0.71073 Å) and an image 

plate detection system at T = 100.15 K. Using Olex2,311 the structures were solved with 

the ShelXT312 structure solution program using Intrinsic Phasing and refined with the 

ShelXL313 refinement package using Least Squares minimization. Hydrogen atoms 

were introduced at their calculated positions. Structure plots were made with the Platon 

program. 

9.1.7. Computational Details 

The ground state electronic structures of the (model) complexes were calculated by 

density functional theory (DFT) methods using the Gaussian 09 or Gaussian 16 

program packages.314 Geometry optimizations were performed without any symmetry 

constrains. For calculations on sets of molecules or redox states whose absolute 

energy (i.e. “Sum of electronic and thermal Free Energies”) was compared, the same 
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version of Gaussian was used. 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 dichloromethane or 

1,2-dichloroethane.315,316 The output values of the vibrational analysis were corrected 

for their offset in zero-point energy dependent on the utilized combination of functional 

and basis set functions by multiplication with a vibrational frequency scaling factor. This 

factor is 0.950 for the combination of pbe0/6-31G(d) and 0.949 for B97X-D/6-

31G(d).317  

Electronic spectra were calculated by the TD-DFT method on optimized geometries. 

The quasirelativistic WOOD−BORING small-core pseudopotentials (MWB)318319 and the 

corresponding optimized set of basis functions for Ru atoms320 as well as 6-31G(d) 

polarized double-ζ basis sets for the remaining atoms321 were employed together with 

the PERDEW, BURKE, ERNZERHOF exchange and correlation functional (pbe0 aka. 

pbe1pbe)322,323 or the GRIMME functional with dispersion interaction inclusion B97X-

D.163 The GaussSum program package was used to analyze the results,324 while the 

visualization of the results was performed with the Avogadro program package.325 

Graphical representations of molecular orbitals were generated with the help of GNU 

Parallel326 and plotted using the vmd program package327 in combination with POV-

Ray.328 

9.2. Synthesis of Proquinoidal Divinylarylene Diruthenium 

Complexes 

[{Ru(CO)Cl(PiPr3)2}2(-4,7-CH=CH−BTD−CH=CH)] (Ru2BTD) 

 

Under N2-protection, to a solution of 52 mg (0.28 mmol, 1.0 eq) of 4,7-diethynyl-2,1,3-

benzothiadiazole307 in CH2Cl2 were added 270 mg (0.56 mmol, 2.0 eq) of 

HRu(CO)Cl(PiPr3)2. The initially orange solution immediately turned deep purple. It was 

stirred for an additional 15 min at r.t. The solvent was subsequently removed and the 

residue was repeatedly washed with MeOH and hexane to give Ru2BTD as a purple 

solid. Yield: 210 mg (0.18 mmol, 91%). 
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1H-NMR (400 MHz, CD2Cl2): [ppm] 9.31 (d, 3JHH = 13.2 Hz, 2H, H5), 7.01 (s, 2H, H1), 

6.63 (dt, 3JHH = 13.2 Hz, 4JHH = 2.2 Hz, 2H, H4), 2.81 - 2.72 (m, 12H, PCHCH3), 1.34 - 

1.22 (m, 72H, PCHCH3)  

13C{1H}-NMR (101 MHz, CD2Cl2): [ppm] 203.6 (t, 2JCP = 13.1 Hz, CO), 158.8 (t, 2JCP 

= 10.7 Hz, C5), 153.7 (s, C3), 131.1 (t, 4JCP = 3.4 Hz, C4), 126.3 (s, C2), 122.6 (s, C1), 

25.1 (vt, JCP = 9.8 Hz, PCHCH3), 20.2 (d, 2JCP = 39.0 Hz, PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2): [ppm] 38.97 (s, PCHCH3).  

MS (ESI[+], CH2Cl2): calcd for Ru2BTD + H+ 1157.32, found 1157.35.  

Anal. Calcd. for C48H90Cl2N2O2P4Ru2S: C, 49.86; H, 7.85; N, 2.42; S, 2.77. Found: C, 

47.84; H, 7.53; N, 2.41; S, 2.77. 

[{Ru(CO)Cl(PiPr3)2}2(-1,4-CH=CH-naphthalene-CH=CH)] (Ru2NA) 

 

Under N2-protection, to a solution of 50 mg of 1,4-diethynylnaphthalene142 (0.28 mmol, 

1.0 eq.) in 10 ml of 1,2-dichloroethane a 1.5-fold excess of HRu(CO)Cl(PiPr3)2 (410 

mg, 0.85 mmol, 3.0 eq.) in 10 ml of 1,2-dichloroethane was added. To ensure complete 

conversion of the dialkyne, the reaction mixture was warmed to 50 °C for 4 h. After 

evaporation of the solvent under reduced pressure the residue was washed five times 

with 10 ml of hexane each to remove the excess of the hydride complex. The product 

was obtained as a red-brown solid in 76% yield (240 mg, 0.21 mmol). 

1H-NMR (400 MHz, CD2Cl2): [ppm] 8.51 (d, 3JHH = 12.9 Hz, 2H, H1), 8.08 (dt, 3JHH = 

6.6 Hz, 4JHH = 3.4 Hz 2H, H6), 7.35 (dt, 3JHH = 6.6 Hz, 4JHH = 3.4 Hz, 2H, H7), 7.21 (s, 

2H, H4), 6.73 (dt, 3JHH = 12.3 Hz, 4JHP = 3.6 Hz, 2H, H2), 2.86 - 2.73 (m, 12H, PCHCH3), 

1.38 - 1.25 (m, 72H, PCHCH3).  

13C{1H}-NMR (101 MHz, CD2Cl2): [ppm] 203.8 (t, 2JCP = 13.2 Hz, CO), 152.3 (t, 2JCP 

= 10.9 Hz, C1), 133.3 (s, C3), 131.4 (t, 4JCP = 3.6 Hz, C2), 130.0 (s, C5), 125.0 (s, C7), 

124.6 (s, C6), 123.2 (s, C4),  25.0 (vt, JCP = 9.8 Hz, PCHCH3), 20.3 (d, 2JCP = 35.0 Hz, 

PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2): [ppm] 38.54 (s, PCHCH3).  

MS (ESI[+], CH2Cl2): calcd for Ru2NA+ 1148.36, found 1148.31.  

Anal. Calcd. for C52H94Cl2O2P4Ru2: C, 54.39; H, 8.25. Found: C, 54.90; H, 8.83. 
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4-Bromo-7-(2-methyl-3-butyn-2-ol)-BTD (2)145 

 

4,7-Dibromo-2,1,3-benzothiadiazole (1)308 (0.9 g, 3 mmol, 3 eq), copper(I)iodide (10 

mg, 0.052 mmol, 0.052 eq) and PdCl2(dppf) (36mg, 0.049 mmol, 0.049 eq) were put 

under nitrogen atmosphere, dissolved in dry toluene (20 mL) and triethylamine (5 mL) 

and cooled to 0 °C. After the addition of 2-methyl-3-butyn-2-ol (0.1 mL, 1 mmol, 1 eq) 

the solution was stirred for 16 h while allowing to warm to room temperature. The 

reaction mixture turned from yellow to a dark red and then to black. The resulting 

mixture was evaporated to dryness and purified by column chromatography over silica 

(pentane to pentane:ethyl acetate, 1:1). 236 mg (0.79 mmol) of product were obtained 

as a yellow solid, corresponding to a 26% yield. 

 

1H-NMR (400 MHz, CDCl3): [ppm] 7.78 (d, 3JHH = 7.55 Hz, 1H, H8), 7.54 (d, 3JHH = 

7.55 Hz, 1H, H7), 2.91 (s, 1H, H2), 1.71 (s, 6H, H1).  

13C{1H} NMR (101 MHz, CDCl3): [ppm] 154.3 (s, C11), 153.2 (s, C10), 133.1 (s, C7), 

132.0 (s, C8), 116,3 (s, C9), 114.9 (s, C6), 101.7 (s, C4), 77.5 (s, C5), 65.9 (s, C3), 31.5 

(s, C1).  

Anal. Calcd. for C11H9BrN2OS: C, 44.46; H, 3.05; N, 9.43; S, 10.79. Found: C, 43.92; 

H, 3.25; N, 9.16; S, 10.85. 

 

4-Trimethylsilylethynyl-7-(2-methyl-3-butyn-2-ol)-BTD (3) 

 

Copper(I)iodide (8 mg, 0.04 mmol, 0.05 eq) and PdCl2(dppf) (28 mg, 0.04 mmol, 0.05 

eq) were put under nitrogen atmosphere and dissolved in dry toluene (15 mL) and 

triethylamine (5 mL). A solution of 2 (0.24 g, 0.81 mmol, 1.0 eq) in THF (5 mL) and 

trimethylsilylacetylene (0.46 mL, 3.2 mmol, 4.0 eq) were added. The color of the 

solution changed from red to black. After being stirred at r.t. for 16 h, the resulting 

reaction mixture was evaporated to dryness and purified by column chromatography 
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over silica (pentane to pentane:ethyl acetate, 1:1). The product was obtained as a 

yellow solid (201 mg, 0.64 mmol, 79%). 

 

1H-NMR (400 MHz, CDCl3): [ppm] 7.70 (d, 3JHH = 7.38 Hz, 1H, H6), 7.64 (d, 3JHH = 

7.39 Hz, 1H, H7), 2.37 (s, 1H, HOH), 1.71 (s, 6H, H1), 0.33 (s, 9H, HTMS).  

13C{1H} NMR (101 MHz, CDCl3): [ppm] 154.4 (s, C9,10), 133.3 (s, C7), 132.6 (s, C6), 

117.2 (s, C5), 117.1 (s, C8), 103.7 (s, C12), 102.2 (s, C3), 100.1 (s, C11), 78.2 (s, C4), 

66.0 (s, C2), 31.5 (s, C1), 0.0 (s, CTMS).  

Anal. Calcd for C16H18N2OSSi: C, 61.11; H, 5.77; N, 8.91; S, 10.19. Found: C, 61.74; 

H, 6.04; N, 8.78; S, 10.05. 

4-Ethynyl-7-(2-methyl-3-butyn-2-ol)-BTD (4) 

 

Compound 3 (201 mg, 0.64 mmol, 1.0 eq) was dissolved in methanol (50 mL). An 

excess of potassium carbonate was added and the solution was stirred for 1 h at room 

temperature. Then, 50 mL of deionized water were added and the solution was 

extracted with 4 × 50 mL of diethyl ether. The organic layers were combined and dried 

over magnesium sulfate. Subsequently, the organic layer was evaporated to dryness, 

and the resulting residue was purified by column chromatography over silica (pentane 

to pentane/ethyl acetate, 1:1). The product was obtained in a 52% (80 mg, 0.33 mmol) 

yield as a yellow solid. 

1H-NMR (400 MHz, CDCl3): [ppm] 7.74 (d, 3JHH = 7.30 Hz, 1H, H7), 7.66 (d, 3JHH = 

7.30 Hz, 1H, H6), 3.66 (s, 1H, H12). 2.47 (s, 1H, HOH), 1.71 (s, 6H, H1).  

13C{1H}-NMR (101 MHz, CDCl3): [ppm] 154.6 (s, C9), 154.3 (s, C10), 133.5 (s, C7), 

132.5 (s, C6), 117.8 (s, C5), 116.1 (s, C8), 102.5 (s, C3), 85.1 (s, C12), 79.2 (s, C11), 78.0 

(s, C4), 66.0 (s, C2), 31.5 (s, C1).  

Anal. Calcd for C13H12N2O2S: C, 64.44; H, 4.16; N, 11.56; S, 13.23. Found: C, 64.68; 

H, 4.03; N, 11.02; S, 13.09 
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Bis[7-(2-methyl-3-butyn-2-ol)-4,4’-BTD]-1,2-acetylene (5) 

 

Copper(I)iodide (6 mg, 0.03 mmol, 0.05 eq), Pd(PPh3)4 (37 mg, 0.032 mmol, 0.05 eq) 

and 2 (190 mg, 0.64 mmol, 1.0 eq) were dissolved in toluene (20 mL) and triethylamine 

(10 mL). After addition of 4 (155 mg, 0.64 mmol, 1.0 eq) in THF (10 mL), the reaction 

mixture was stirred for 16 h at 40 °C. The resulting reaction mixture was evaporated to 

dryness and purified by column chromatography over silica (pentane to pentane:ethyl 

acetate, 1:1). The product was obtained in 53 % yield (155 mg, 0.34 mmol) as a yellow 

solid.  

 

1H-NMR (800 MHz, CDCl3): [ppm] 7.91 (d, 3JHH = 7.30 Hz, 2H, H7), 7.74 (d, 3JHH = 

7.30 Hz, 2H, H6), 2.24 (s, 2H, HOH), 1.74 (s, 12H, H1).  

13C{1H}-NMR (202 MHz, CDCl3): [ppm] 154.5 (s, C11), 154.4 (s, C10), 133.2 (s, C6), 

132.7 (s, C7), 117.7 (s, C8), 116.6 (s, C5), 102.6 (s, C3), 92.8 (s, C9), 78.2 (s, C4), 66.1 

(s, C2), 31.5 (s, C1). 

Bis[7-(ethynyl)-4,4’-BTD]-1,2-acetylene (eBTD2, 6) 

 

To a solution of 5 (160 mg, 0.35 mmol, 1 eq) in toluene (20 mL) and iso-propanol (20 

mL), a solution of excess sodium isopropoxide in iso-propanol was added. The reaction 

mixture was stirred for 1.5 h at 80 °C while a stream of N2 was used to remove the 

formed acetone. The progress of the reaction was monitored at regular intervals by 

TLC (CH2Cl2:ethyl acetate, 10:1). After full conversion (1.5 h) the solution was 

extracted with deionized water (50 mL), the layers were separated, and the aqueous 

layer was extracted with CH2Cl2 (3 x 25 mL). The organic layers were combined, dried 

over MgSO4, the solvent was evaporated off, and crude 6 was repeatedly rinsed with 

n-hexane and chloroform to remove the bulk soluble impurities. Owing to its instability, 
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the obtained crude product (ca. 28 % yield, 0.1 mmol, 40 mg) was normally not isolated 

but directly used in the next step without further purification. 

 

1H-NMR (600 MHz, CDCl3): [ppm] 7.94 (d, 3JHH = 7.30 Hz, 2H, H5), 7.84 (d, 3JHH = 

7.30 Hz, 2H, H4), 3.73 (s, 2H, H1).  

13C{1H}-NMR (151 MHz, CDCl3): [ppm] 154.7 (s, C9), 154.2 (s, C8), 133.6 (s, C4), 

133.1 (s, C5), 117.3 (s, C6), 117.0 (s, C3), 92.9 (s, C7), 85.8 (s, C1), 79.3 (s, C2).  

Anal. Calcd. for C36H18N8OS4 (eBTD2‧0.5 H2O): C, 61.52; H, 2.01; N, 15.94; S, 18.25. 

Found: C, 61.15; H, 2.21; N, 15.72; S, 18.28.  

Bis[7-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4,4’-BTD]-1,2-acetylene (Ru2
eBTD2) 

 

Under N2-protection, to a solution of HRu(CO)Cl(PiPr3)2 (65.4 mg, 0.134 mmol, 2.00 

eq) in CH2Cl2 (20 mL), a solution of eBTD2 (6) (22.9 mg, 0.0669 mmol, 1.00 eq) in 

dichloromethane (10 mL) was added. After stirring for 1 h at room temperature, the 

reaction mixture was evaporated to dryness. The resulting residue was washed with n-

hexane (2 x 2 mL) and diethyl ether (2 x 2 mL), giving 45 mg (0.034 mmol, 51%) of 

Ru2
eBTD2 as a black solid. 

 

1H-NMR (600 MHz, CD2Cl2): [ppm] 10.0 (d, 3JHH = 13.3 Hz, 2H, H1), 7.73 (d, 3JHH = 

7.6 Hz, 2H, H5), 7.13 (d, 3JHH = 7.6 Hz, 2H, H4), 6.84 (dt, 3JHH = 13.3 Hz, 4JHP = 2.0 Hz, 

2H, H2), 2.85 - 2.74 (m, 12H, PCHCH3), 1.44 - 1.32 (m, 72H, PCHCH3).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 203.3 (t, 2JCP = 12.9 Hz, CO), 169.4 (t, 2JCP 

= 10.6 Hz, C1), 155.9 (s, C8), 152.9 (s, C7), 134.5 (s, C6), 130.9 (m,  C2,3), 120.9 (s, C4), 

110.5 (s, C5), 92.1 (s, C9), 25.2 (vt, JCP = 10.0 Hz, PCHCH3), 20.2 (d, 2JCP = 48.3 Hz, 

PCHCH3).  

31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 39.46 (s, PCHCH3).  

MS (ESI[+], CH2Cl2): calcd for Ru2
eBTD2

+= 1314.30, found 1314.30.  

Anal. Calcd for C56H92Cl2N4O2P4Ru2S2: C, 51.17; H, 7.06; N, 4.26; S, 4.88. Found: C, 

50.99; H, 6.80; N, 4.69; S, 5.21.  
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Bis[7-(2-methyl-3-butyn-2-ol)-4,4’-BTD]-1,2-ethylene (7) 

 

A mixture of trans-1,2-bis(tributylstannyl)ethene (300 mg, 0.5 mmol, 1 eq) and 2 (326 

mg, 1.1 mmol, 2.2 eq) was diluted with toluene (40 mL). Subsequently, PdCl2(dppf) (37 

mg, 0.051 mmol, 0.1 eq) was added and the black solution was stirred for 16 h at 100 

°C. The solution was evaporated to dryness and the product was purified by 

recrystallization from chloroform. The target compound 7 was obtained in 35 % yield 

(0.18 mmol, 83 mg) as a yellow solid. 

 

1H-NMR (600 MHz, CDCl3): [ppm] 8.52 (s, 2H, H9), 7.77 (d, 3JHH = 7.40 Hz, 2H, H7), 

7.74 (d, 3JHH = 7.40 Hz, 2H, H6), 2.36 (s, 2H, HOH), 1.73 (s, 12H, H1).  

13C{1H}-NMR (151 MHz, CDCl3): [ppm] 155.4 (s, C12), 153.0 (s, C11), 133.3 (s, C7), 

131.0 (s, C9), 130.1 (s, C10), 127.8 (s, C8), 115.8 (s, C6), 101.4 (s, C4), 78.6 (s, C5), 66.1 

(s, C3), 31.6 (s, C2). 

Bis[7-(ethynyl)-4,4’-BTD]-1,2-ethylene (vBTD2, 8) 

 

To a solution of 7 (80 mg, 0.17 mmol, 1.0 eq) in toluene (20 mL) and iso-propanol (20 

mL) an excess of sodium isopropoxide in iso-propanol was added. The reaction mixture 

was stirred for 1.5 h at 60 °C under a constant stream of N2 to remove the formed 

acetone under regular monitoring by TLC (CH2Cl2:ethyl acetate, 10:1). After full 

conversion (1.5 h), the solution was extracted with deionized water (50 mL). The layers 

were separated and the aqueous layer was extracted with CH2Cl2 (3 x 25 mL). The 

organic layers were combined, dried over MgSO4, the solvent was removed and the 

crude product was liberated from decomposition products by repeated washings with 

hexane. vBTD2 was obtained as a hydrate in 77 % yield (48 mg, 0.13 mmol)) as a 

yellow solid. 
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1H-NMR (600 MHz, CDCl3): [ppm] 8.58 (s, 2H, H7), 7.85 (d, 3JHH = 7.40 Hz, 2H, H4), 

7.80 (d, 3JHH = 7.40 Hz, 2H, H5), 3.68 (s, 2H, H1).  

13C{1H}-NMR (151 MHz, CDCl3): [ppm] 155.6 (s, C9), 152.9 (s, C8), 134.1 (s, C4), 

131.7 (s, C6), 130.5 (s, C7),  127.9 (s, C5), 115.1 (s, C3), 84.6 (s, C1), 79.8 (s, C2).  

Anal. Calcd for C18H10N4OS2 (vBTD2 ∙ H2O): C, 59.65; H, 2.78; N, 15.46; S, 17.69. 

Found: C, 58.85; H, 2.50; N, 15.77; S, 17.39. 

Bis[7-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4,4’-BTD]-1,2-ethylene (Ru2
vBTD2) 

 

Under N2-protection, to a solution of HRu(CO)Cl(PiPr3)2 (131.3 mg, 0.270 mmol, 2.00 

eq) in CH2Cl2 (20 mL), a solution of 7 (48.5 mg, 0.135 mmol, 1.00 eq) in CH2Cl2 (10 

mL) was added. After stirring for 1 h at room temperature, the reaction mixture was 

evaporated to dryness. The resulting residue was washed with n-hexane (2 x 2 mL) 

and diethyl ether (2 x 2 mL), giving 55 mg (31%, 0.042 mmol) of Ru2
vBTD2 as a black 

solid.  

1H-NMR (600 MHz, CD2Cl2): [ppm] 9.80 (d, 3JHH = 13.3 Hz, 2H, H1), 8.33 (s, 2H, H9), 

7.66 (d, 3JHH = 7.6 Hz, 2H, H5), 7.16 (d, 3JHH = 7.6 Hz, 2H, H4), 6.83 (dt, 3JHH = 13.3 Hz, 

4JHP = 1.8 Hz, 2H, H2), 2.85 - 2.70 (m, 12H, PCHCH3), 1.35 - 1.23 (m, 72H, PCHCH3).

  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 203.4 (t, 2JCP = 12.8 Hz, CO), 165.7 (t, 2JCP 

= 10.6 Hz, C1), 154.6 (s, C8), 153.9 (s, C7), 131.1 (s, C2), 129.5 (s, C9), 128.8 (s, C5), 

127.6 (s, C9), 126.1 (s, C3) 121.6 (s, C4), 25.2 (vt, JCP = 9.9 Hz,  PCHCH3), 20.2 (d, 2JCP 

= 48.3 Hz, PCHCH3). 31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 39.17 (s, PCHCH3).

  

MS (ESI[+], CH2Cl2): calcd for Ru2
vBTD2

+ = 1316.32, found 1316.32; calcd for 

Ru2
vBTD2

+-Cl = 1281.35, found 1281.37.  

Anal. Calcd for C56H94Cl2N4O2P4Ru2S2: C, 51.09; H, 7.20; N, 4.26; S, 4.87. Found: C, 

50.87; H, 6.88; N, 4.72; S, 5.07. 
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9.3. Synthesis of Dibenzoylmethane-modified Styryl Ruthenium 

Complexes 

-O,O’-Borondifluoride-1,3-bis-(4’-ethynylphenyl)-propane-1,3-dionate (11) 

 

At room temperature, to a solution 1,3-bis-(4’-ethnynylphenyl)-propane-1,3-dione 

(10)208 (120.8 mg, 0.44 mmol, 1.00 eq) in 10 ml of CH2Cl2 was added borontrifluoride-

diethyl ether complex (0.085 ml, 0.68 mmol, 1.55 eq) dropwise, leading to a color 

change from yellow to fluorescent green. After stirring the solution for 4 h, the solvent 

was removed under reduced pressure and the residue dissolved in the minimum 

amount of acetone (~5ml). The desired product was precipitated by the addition of 

twice the volume of hexane. The yellow-green solid was collected via centrifugation 

and dried under vacuum. 10 was obtained in a 63% yield (90 mg, 0.28 mmol). 

1H-NMR (400 MHz, CDCl3): [ppm] 8.12 (d, 3JHH = 8.5 Hz, 4H, H3), 7.66 (d, 3JHH = 8.5 

Hz, 4H, H2), 7.16 (s, 1H, H4), 3.38 (s, 2H, H1).  

19F{1H}-NMR (376 MHz, CDCl3): [ppm] -139.34 (s, BF2). 

 

1,3-Bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dione  

(Ru2DBzM-H) 

 

Under N2-protection, to a solution of HRu(CO)Cl(PiPr3)2 (378 mg, 0.78 mmol, 2.1 eq) 

in CH2Cl2 (20 mL), a solution of 10 (10mg, 0.37 mmol, 1.00 eq) in CH2Cl2 (10 mL) was 

added at 0 °C to suppress subsequent auto-coordination. After stirring for 30 min, the 

reaction mixture was evaporated to dryness under reduced pressure. The resulting 
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residue was dissolved in 1 ml of CH2Cl2 and precipitated by the addition of 5 ml of 

hexane. After separation by centrifugation, this procedure was repeated two more 

times, to obtain the product as a red solid in 83% yield based on H{Ru} (387 mg, 0.31 

mmol).  

1H-NMR (600 MHz, C6D6): [ppm] 9.46 (d, 3JHH = 13.4 Hz, 2H, H1), 7.93 (d, 3JHH = 8.0 

Hz, 4H, H5), 7.21 (d, 3JHH = 8.1 Hz, 4H, H4), 6.70 (s, 1H, H8), 6.46 (d, 3JHH = 13.4 Hz, 

2H, H2), 2.65 - 2.60 (m, 12H, PCHCH3), 1.20 - 1.12 (m, 72H, PCHCH3).  

13C{1H}-NMR (151 MHz, C6D6): [ppm] 203.5 (t, 2JCP = 12.8 Hz, CO), 185.3 (s, C7), 

158.7 (t, 2JCP = 10.8 Hz, C1), 142.1 (s, C3), 134.7 (t, 3JCP = 3.5 Hz, C2), 131.9 (s, C5), 

128.4 (s, C6), 124.0 (s, C4), 92.3 (s, C8), 25.1 - 24.8 (m, PCHCH3), 20.1 - 19.8 (m, 

PCHCH3).  

31P{1H}-NMR (162 MHz, C6D6): [ppm] 39.03 (s, PCHCH3).  

MS (ESI[+], CH2Cl2): calcd for Ru2DBzM-H+ = 1243.38, found 1243.38.  

Anal. Calcd for C57H98Cl2O4P4Ru2: C 55.02; H 7.94 Found: C 55.74; H 8.25. 

-O,O’-Borondifluoride-1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dionate  

(Ru2DBzM-BF2) 

 

Under N2-protection, to a solution of HRu(CO)Cl(PiPr3)2 (272.2 mg, 0.56 mmol, 2.00 

eq) in CH2Cl2 (20 mL), a solution of 10 (90mg, 0.28 mmol, 1.00 eq) in CH2Cl2 (10 mL) 

was added. After stirring for 15 min at room temperature, the reaction mixture was 

evaporated to dryness. The resulting residue was washed with n-hexane (2 x 2 mL), 

giving 286 mg (79%, 0.22 mmol) of Ru2DBzM-BF2 as a purple solid.  

1H-NMR (600 MHz, CD2Cl2): [ppm] 9.64 (d, 3JHH = 13.5 Hz, 2H, H1), 7.95 (d, 3JHH = 

8.7 Hz, 4H, H5), 7.16 (d, 3JHH = 8.5 Hz, 4H, H4), 7.02 (s, 1H, H8), 6.25 (dt, 3JHH = 13.5 

Hz, 4JHP = 2.1 Hz, 2H, H2), 2.76 (ddh, 1JHP = 10.7 Hz, 2JHP = 7.2 Hz, 3JHH = 3.5 Hz, 12H, 

PCHCH3), 1.28 (vdq, 72H, PCHCH3).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 202.9 (t, 2JCP = 12.5 Hz, CO), 180.3 (s, C7), 

168.1 (t, 2JCP = 10.3 Hz, C1), 144.3 (s, C3), 134.5 (t, 3JCP = 3.0 Hz, C2), 130.0 (s, C5), 
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127.3 (s, C6), 124.4 (s, C4), 92.5 (s, C8), 25.2 (vt, JCP = 10.0 Hz, PCHCH3),j 20.1 (d, 

2JCP = 32.5 Hz, PCHCH3). 31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 39.32 (s, 

PCHCH3).  

19F{1H}-NMR (376 MHz, CD2Cl2): [ppm] -141.99 (s, BF2).  

11B{1H}-NMR (128 MHz, CD2Cl2): [ppm] 1.1 (s, BF2).  

MS (ESI[+], CH2Cl2): calcd for Ru2DBzM-BF2
+ = 1355.48, found 1355.44; 

 

-O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}-1,3-bis-(4’-ethynylphenyl)-propane-

1,3-dionate (12) 

 

46 mg of 1,3-bis-(4’-ethynylphenyl)-propane-1,3-dione (0.170 mmol, 1.05 eq) and 10 

mg of KHCO3  (0.81 mmol, 5 eq) were suspended in a 1:1 mixture of 3 mL of MeOH 

and CH2Cl2. RuOMe (100 mg, 162 mmol, 1 eq) was dissolved in 2 mL of CH2Cl2 and 

added. The mixture was stirred for 16 h at room temperature. The solvent was removed 

under reduced pressure and the residue was dissolved in 3 mL of DCM. Inorganic salts 

were separated by centrifugation. The solvent of the supernatant was removed under 

reduced pressure and the obtained solid was washed with 2 ml of MeOH. After drying 

under reduced pressure, the crude product was used without further purification. 

1H-NMR (400 MHz, CD2Cl2): [ppm] 8.77 (d, 3JHH = 16.5 Hz, 1H, H), 8.07 (d, 3JHH = 

8.2 Hz, 2H), 7.89 (d, 3JHH = 8.1 Hz, 2H), 7.59 (d, 3JHH = 8.1 Hz, 2H), 7.53 (d, 3JHH = 8.2 

Hz, 2H), 7.15 (d, 3JHH = 8.6 Hz, 2H), 6.79 (s, 1H, Hmeso), 6.41 (d, 3JHH = 16.3 Hz, 1H, 

H), 3.77 (s, 3H, OCH3), 3.27 (s, 1H, C≡CH), 3.26 (s, 1H, C≡CH), 2.37 - 2.29 (m, 6H, 

PCHCH3), 1.25 - 1.16 (m, 36H, PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2): [ppm] 35.25 (s, PCHCH3). 
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-O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}-1,3-bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-

propane-1,3-dionate (Ru2DBzM-RuOMe) 

 

The compound was synthesized in an analogous fashion to Ru2BDzM-BF2, starting 

from 138 mg (0.16 mmol) of compound 12 and 165 mg (0.34 mmol) of 

HRu(CO)Cl(PiPr3)2. The crude product was washed four times with 2 ml portions of 

hexane. After drying the product under vacuum, Ru2DBzM-RuOMe was obtained as a 

red solid in 89 % yield over two steps based on RuOMe (263 mg, 0.14 mmol). 

1H-NMR (600 MHz, CD2Cl2): [ppm] 8.91 (dt, 3JHH = 13.4, 3JHP = 1.1 Hz, 1H, H8’), 8.89 

(dt, 3JHH = 13.4 Hz, 3JHP = 1.1 Hz, 1H, H8), 8.86 (dt, 3JHH = 16.6 Hz, 3JHP = 1.4 Hz, 1H, 

H9), 7.91 (d, 3JHH = 8.2 Hz, 2H, H4’), 7.74 (d, 3JHH = 8.4 Hz, 2H, H4), 7.14 (d, 3JHH = 8.7 

Hz, 2H, H12), 7.08 (d, 3JHH = 8.2 Hz, 2H, H5’), 7.03 (d, 3JHH = 8.3 Hz, 3H, H5), 6.79 (d, 

3JHH = 8.7 Hz, 2H, H13), 6.71 (s, 1H, H1), 6.39 (dt, 3JHH = 16.5 Hz, 4JHP = 1.9 Hz, 1H, 

H10), 6.11 (dt, 3JHH = 13.4 Hz, 4JHH = 1.9 Hz, 1H, H7’), 6.08 (dt, 3JHH = 13.4 Hz, 4JHH = 

2.0 Hz, 1H, H7), 3.77 (s, 3H, OCH3), 2.81 - 2.72 (m, 12H, PCHperiCH3), 2.36 - 2.30 (m, 

6H, PCHcenCH3), 1.36 - 1.25 (m, 72H, PCHCH3,peri), 1.24 - 1.15 (m, 36H, PCHCH3,cen).

  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 210.1 (t, 2JCP = 15.5 Hz, C16), 202.8 (t, 2JCP = 

13.1 Hz, C15‘), 202.7 (t, 2JCP = 13.1 Hz, C17), 182.0 (s, C2’), 180.7 (s, C2), 161.6 (t, 2JCP 

= 11.9 Hz, C9), 156.0 (s, C14), 155.5 (t, 2JCP = 10.8 Hz, C8’), 155.4 (t, 2JCP = 11.0 Hz, 

C8), 140.1 (t, 4JCP = 1.8 Hz, C6’), 140.1 (t, 4JCP = 1.8 Hz, C6), 136.0 (s, C3’), 135.9 (s, 

C3), 135.7 (t, 4JCP = 1.7 Hz, C11), 134.0 (t, 3JCP = 3.5 Hz, C7’), 133.9 (t, 3JCP = 3.4 Hz, 

C7), 132.9 (t, 4JHP = 2.1 Hz, C10), 127.5 (s, C4’), 127.3 (s, C4), 124.4 (s, C12), 123.2 (s, 

C5’), 123.2 (s, C5), 113.5 (s, C13), 93.1 (s, C1), 55.1 (s, OCH3), 24.5 (t, 2JCP = 9.9 Hz, 

PCperi’HCH3), 24.4 (t, 1JCP = 9.9 Hz, PCperiHCH3), 24.1 (t, 1JCP = 8.6 Hz, PCcenHCH3), 

19.70/19.69/19.49/19.42/19.18 (s, PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2): [ppm]  38.48/38.44 (s, PperiCHCH3), 35.19 (s, 

PcentCHCH3).  
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MS (ESI[+], CH2Cl2): calcd for Ru2DBzM-RuOMe+-RuOMe+H = 1243.38 found 

1243.36; calcd for RuOMe+(-Cl) = 583.24, found 583.23.  

Anal. Calcd for C85H148Cl2O6P6Ru3:C 55.91; H 8.17 Found: C 51.66; H 7.21. 

 

-O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-bis-(4’-ethynylphenyl)-propane-1,3-

dionate (13) 

 

Compound 13 was prepared in an analogous fashion to compound 12, starting from 

43 mg of 1,3-bis-(4’-ethynylphenyl)-propane-1,3-dione (0.160 mmol) and 100 mg of 

RuCF3 (0.152 mmol). The crude product was again used without further purification. 

1H-NMR (400 MHz, CD2Cl2): [ppm] 9.54 (d, 3JHH = 16.5 Hz, 1H, H), 8.07 (d, 3JHH = 

8.3 Hz, 2H), 7.90 (d, 3JHH = 8.2 Hz, 2H), 7.60 (d, 3JHH = 8.2 Hz, 2H), 7.54 (d, 3JHH = 8.2 

Hz, 2H), 7.46 (d, 3JHH = 8.1 Hz, 2H), 7.30 (d, 3JHH = 8.1 Hz, 2H), 6.82 (s, 1H, Hmeso), 

6.60 (d, 3JHH = 16.6 Hz, 1H, H), 3.27 (s, 2H, C≡CH), 2.40 - 2.18 (m, 6H, PCHCH3), 

1.31 - 1.11 (m, 36H, PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2): [ppm] 35.60 (s, PCHCH3).  

19F{1H}-NMR (376 MHz, CD2Cl2): [ppm] -61.93 (s, CF3). 

 

-O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-

propane-1,3-dionate (Ru2DBzM-RuCF3) 
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The compound was synthesized in an analogous fashion to Ru2BDzM-RuOMe, 

starting from 130 mg (0.15 mmol) of compound 13 and 149 mg (0.31 mmol) of 

HRu(CO)Cl(PiPr3)2. The crude product was extracted into hexane through repeated 

steps of extraction and centrifugation with 4 ml portions of hexane. The solvent of the 

combined supernatants was removed under reduced pressure and the residue washed 

three times with 2 ml portions of MeOH. After drying under vacuo, the product 

Ru2DBzM-RuCF3 was obtained as an orange solid in 78 % yield over two steps based 

on RuCF3 (222 mg, 0.12 mmol). 

1H-NMR (600 MHz, CD2Cl2): [ppm] 9.75 (dt, 3JHH = 16.6 Hz, 3JHP = 1.7 Hz, 1H, H9), 

9.03 (dt, 3JHH = 13.4, 3JHP = 1.0 Hz, 1H, H8’), 9.02 (dt, 3JHH = 13.4 Hz, 3JHP = 1.0 Hz, 1H, 

H8), 8.01 (d, 3JHH = 8.3 Hz, 2H, H4’), 7.84 (d, 3JHH = 8.4 Hz, 2H, H4), 7.55 (d, 3JHH = 8.0 

Hz, 2H, H13), 7.39 (d, 3JHH = 8.1 Hz, 2H, H12), 7.19 (d, 3JHH = 8.3 Hz, 3H, H5’), 7.13 (d, 

3JHH = 8.3 Hz, 2H, H5), 6.83 (s, 1H, H1), 6.68 (dt, 3JHH = 16.6 Hz, 4JHP = 1.8 Hz, 1H, H10), 

6.22 (dt, 3JHH = 13.4 Hz, 4JHH = 2.2 Hz, 1H, H7’), 6.18 (dt, 3JHH = 13.4 Hz, 4JHH = 2.2 Hz, 

1H, H7), 2.86 - 2.75 (m, 12H, PCHperiCH3), 2.44 - 2.38 (m, 6H, PCHcenCH3), 1.43 - 1.36 

(m, 72H, PCHCH3,peri), 1.32 - 1.28 (m, 36H, PCHCH3,cen).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 210.3 (t, 2JCP = 15.1 Hz, C16), 203.3 (t, 2JCP = 

13.0 Hz, C15, 15‘), 182.7 (s, C2), 181.4 (s, C2’), 175.0 (t, 2JCP = 11.8 Hz, C9), 156.4 (t, 2JCP 

= 10.8 Hz, C8), 156.3 (t, 2JCP = 10.8 Hz, C8’), 144.9 (s, C11), 140.9 (t, 4JCP = 2.0 Hz, C6), 

140.8 (t, 4JCP = 2.0 Hz, C6’), 136.5 (s, C3), 136.3 (s, C3’), 134.6 (t, 3JCP = 3.3 Hz, C7), 

134.5 (t, 3JCP = 3.4 Hz, C7’), 133.3 (s, C10), 128.1 (s, C4), 127.9 (s, C4’), 125.7 (t, 1JCF = 

3.8 Hz, CF3), 123.9 - 123.8 (m, C5,12,14), 93.1 (s, C1), 25.1 (t, 2JCP = 9.9 Hz, PCperi’HCH3), 

25.4 (t, 1JCP = 9.9 Hz, PCperiHCH3), 24.8 (t, 1JCP = 8.8 Hz, PCcenHCH3), 

20.30/20.07/20.29/20.02/20.02/19.75 (s, PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2): [ppm] 38.49/38.47 (s, PperiCHCH3), 35.54 (s, 

PcentCHCH3).  

19F{1H}-NMR (376 MHz, CD2Cl2): [ppm] -61.85 (s, CF3).  

MS (ESI[+], CH2Cl2): calcd for Ru2DBzM-RuCF3
+-RuCF3+H = 1243.38, found 

1243.36; calcd for RuCF3
+(-Cl) = 621.21, found 621.24.  

Anal. Calcd for C73H121Cl2F3O5P6Ru3: C 54.77; H 7.84 Found: C 54.05; H 7.71 
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-O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)(acac)(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2
acacDBzM-RuCF3) 

 

To a solution of 103 mg (0.055 mmol, 1 eq) of Ru2DBzM-RuCF3 in 10 ml of DCM was 

added 0.6 ml (0.12 mmol, 2.2 eq) of a 0.2 M solution of acetylacetone in DCM. After 

the addition of 5 ml of MeOH and 28 mg (0.28 mmol, 5.1 eq) of KHCO3, the solution 

was stirred for 16 h. After removal of the solvent mixture, the orange solid was 

extracted into hexane through repeated steps of extraction and centrifugation. The 

solvent was removed under reduced pressure and the residue was washed twice with 

2 ml portions of MeOH. Final purification was achieved by dissolving the solid in a 10:1 

mixture of n-pentane and MeOH. The solution was slowly concentrated in vacuo until 

the product precipitated. The precipitate was collected via centrifugation and dried 

under vacuo. This gave 99 mg of Ru2
acacDBzM-RuCF3 (0.05 mmol), which corresponds 

to a 89% yield. 

1H-NMR (600 MHz, CD2Cl2): [ppm] 9.71 (dt, 3JHH = 16.6 Hz, 3JHP = 1.8 Hz, 1H, H9), 

9.37 (dt, 3JHH = 16.6, 3JHP = 1.7 Hz, 1H, H8’), 9.34 (dt, 3JHH = 16.6 Hz, 3JHP = 1.7 Hz, 1H, 

H8), 7.94 (d, 3JHH = 8.4 Hz, 2H, H4’), 7.76 (d, 3JHH = 8.7 Hz, 2H, H4), 7.45 (d, 3JHH = 8.3 

Hz, 2H, H13), 7.31 (d, 3JHH = 8.1 Hz, 2H, H12), 7.20 (d, 3JHH = 8.3 Hz, 3H, H5’), 7.14 (d, 

3JHH = 8.4 Hz, 2H, H5), 6.77 (s, 1H, H1), 6.60 (dt, 3JHH = 16.5 Hz, 4JHP = 1.8 Hz, 1H, H10), 

6.54 (dt, 3JHH = 17.0 Hz, 4JHH = 2.2 Hz, 1H, H7’), 6.49 (dt, 3JHH = 17.0 Hz, 4JHH = 1.8 Hz, 

1H, H7), 5.34/5.33 (s, 2H, H17,17’), 2.38 - 2.29 (m, 18H, PCHCH3), 1.95/1.94/1.80/1.79 

(s, 12H, H19,19’,20,20’), 1.25 - 1.20 (m, 108H, PCHCH).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 210.4 (t, 2JCP = 15.1 Hz, C16), 210.2 (t, 2JCP = 

15.1 Hz, C15, 15‘), 189.2 (s, C18,18’), 187.2 (s, C21,21’), 182.8 (s, C2’), 181.5 (s, C2), 175.7 

(t, 2JCP = 11.8 Hz, C9), 173.1 (t, 2JCP = 11.8 Hz, C8’), 173.0 (t, 2JCP = 11.8 Hz, C8), 145.0 

(s, C11), 146.7 (t, 4JCP = 1.4 Hz, C6’), 143.6 (t, 4JCP = 1.4 Hz, C6), 135.6 (s, C3’), 135.3 

(s, C3), 134.4 (t, 3JCP = 1.9 Hz, C7’), 134.3 (t, 3JCP = 1.9 Hz, C7), 133.2 (s, C10), 128.1 

(s, C4), 127.9 (s, C4’), 125.7 (t, 1JCF = 3.9 Hz, CF3), 123.9 (s, C12), 123.5 (s, C5,5’,14), 

100.6 (s, C17,17’), 93.7 (s, C1), 28.9 (s, C19,19’,20,20’), 25.1 - 24.6 (m PCHCH3), 20.1/ 
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20.0/19.8/19.8/19.7 (s, PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2): [ppm] 35.83/35.77 (s, PperiCHCH3), 35.60 (s, 

PcentCHCH3).  

19F{1H}-NMR (376 MHz, CD2Cl2): [ppm] -61.83 (s, CF3).  

MS (ESI[+], CH2Cl2): calcd for Ru2
acacDBzM-RuCF3

+-RuCF3+H = 1375.54, found 

1375.72; calcd for RuCF3
+(-Cl) = 621.21, found 621.56.  

Anal. Calcd for C73H121Cl2F3O5P6Ru3 : C 54.77; H 7.84 Found: C 54.05; H 7.71 

 

9.4. Synthesis of Diaryl Diketopyrrolopyrrole-bridged Styryl 

Ruthenium Complexes 

Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-Me) (RuMe)83 

 

Under N2-protection, to a solution of 200 mg (0.41 mmol, 1.0 eq) of HRu(CO)Cl(PiPr3)2 

were added dropwise 50 mg (0.44 mmol, 1.1 eq) of p-tolylacetylene. The pale orange 

solution turned immediately pink and was stirred for 15 min at room temperature after 

complete addition of the alkyne. The solvent was removed under reduced pressure 

and the residue was washed several times with 2 ml portions of hexane to remove 

excess alkyne and Ru-based decomposition products. After drying in vacuo, RuMe 

was obtained in a 92% (227 mg, 0.38 mmol). 

1H-NMR (400 MHz, CD2Cl2): [ppm] 8.43 (d, 3JHH = 13.5 Hz, 1H, H6), 6.98 (d, 3JHH = 

8.0 Hz, 2H, H2), 6.92 (d, 3JHH = 8.0 Hz, 2H, H4), 6.98 (d, 3JHH = 8.0 Hz, 2H, H3), 5.94 

(dt, 3JHH = 13.5 Hz, 3JHP = 2.3 Hz, 1H, H5), 2.80 - 2.69 (m, 6H, PCHCH3), 2.55 (s, 3H, 

CH3), 1.34 - 1.22 (m, 36H, PCHCH3).  

13C{1H}-NMR (101 MHz, CD2Cl2): [ppm] 203.6 (t, 2JCP = 13.1 Hz, CO), 149.0 (t, 2JCP 

= 10.9 Hz, C6), 136.3 (t, 4JCP = 2.4 Hz, C4), 134.5 (t, 3JCP = 3.5 Hz, C5), 133.8 (s, C1), 

129.5 (s, C2), 124.3 (s, C3), 25.0 (vt, JCP = 9.9 Hz, PCHCH3), 21.1 (s, CH3), 20.1 (vd, 

2JCP = 25.7 Hz, PCHCH3). 31P{1H}-NMR (162 MHz, CD2Cl2): [ppm] 37.90 (s, 

PCHCH3).   

MS (ESI[+], CH2Cl2): calcd for RuMe+ = 602.21, found 602.25.  
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3,6-Bis-(2'-pyridyl)-2,5-di-n-butyl-pyrrolo[3,4-c]pyrrole-1,4-dione (nBu2-DPPP)329 

 

n-Alkylation of the diketopyridylpyrrolopyrrole followed the procedure published by 

YANG et. al. Under inert conditions, 215 mg (0.75 mmol, 1.0 eq) of DPPP and 500 mg 

(3.75 mmol, 5.0 eq) of K2CO3 were suspended in 30 ml of dry DMF and heated to 110 

°C. To this solution were added 0.35 ml (0.41 mmol, 5.5 eq) of nbutyl bromide and the 

reaction was allowed to stir at 110 °C for 16 h. The obtained homogenous red solution 

was allowed to cool to r.t. and poured into 60 ml of water to form a red precipitate. The 

solid was collected by filtration and washed repeatedly with water and 30 ml of MeOH 

to be then dried under vacuo. Yield: 90 mg (22.3 mmol, 30%). 

1H-NMR (400 MHz, CDCl3): [ppm] 8.99 (d, 3JHH = 8.0 Hz, 2H, H4), 8.72 (dd, 3JHH = 4.9 

Hz, 4JHH = 1.8 Hz, 2H, H1), 7.90 (ddd, 3JHH = 8.0 Hz, 3JHH = 7.7 Hz, 4JHH = 1.8 Hz, 2H, 

H3), 7.36 (ddd, 3JHH = 7.6 Hz, 3JHH = 4.9 Hz, 4JHH = 1.8 Hz, 2H, H2), 4.36 (t, 3JHH = 7.5 

Hz, 4H, H9), 1.62 (m, 4H, H10), 1.34 (tq, 3JHH = 7.35 Hz, 3JHH = 7.4 Hz, 4H, H11), 0.9 (t, 

3JHH = 7.4 Hz, 4H, H9).  

13C{1H}-NMR (101 MHz, CDCl3): [ppm] 162.7 (s, C8), 149.2 (s, C1), 148.0 (s,C5), 145.8 

(s, C6), 137.1 (s, C3), 127.5 (s, C4), 125.0 (s, C2), 111.3 (s, C7), 42.5 (s, C9), 32.2 (s, 

C10), 20.2 (s, C11), 13.9 (s, C12).  

MS (ESI[+], CH2Cl2): calcd for nBu2-DPPP+ = 402.20, found 402.19.  

Anal. Calcd for C24H26N4O2: C 71.62; H 6.51; N 13.92 Found: C 71.43; H 6.64; N 13.55. 

 

General procedure for the synthesis of the DPPP-bridged ruthenium styryl complexes: 

At room temperature 1 eq. of DPPP/DTPP was suspended in 5 ml of methanol, basified 

with 2 eq. of a 0.56 M sodium methoxide in methanol solution and stirred for 15 

minutes. The obtained red/orange fluorescing suspension was added dropwise to 5 ml 

of a CH2Cl2 solution containing 2 eq. of the mononuclear styryl ruthenium complex 

Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-R1; with R1 = CF3, Me, OMe or NMe2. After addition, 

the dark purple/blue solution was stirred for 1 hour followed by the removal of the 

solvent at reduced pressure. The obtained solid was taken up in CH2Cl2 and the 

precipitate of sodium chloride was removed by centrifugation. The supernatant was 
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decanted off and the solvent was removed under vacuo. The remaining solid was 

washed with n-hexane as well as methanol to give the desired product complex.  

The NMR-spectroscopic data of the complexes is exclusively given for the dominant 

isomeric form (H-isomer). 

{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DPPP) (RuCF3-DPPP) 

 

RuCF3-DPPP was prepared according to the general procedure on a 0.12 mmol scale 

based on DPPP. Yield: 143 mg (0.094 mmol, 78%). 

1H-NMR (600 MHz, CD2Cl2): [ppm] 11.16 (dt, 3JHH = 17.1 Hz, 3JHP = 2.3 Hz, 2H, H7), 

9.56 (d, 3JHH = 7.8 Hz, 2H, H11), 8.97 (d, 3JHH = 5.5 Hz, 2H, H8), 7.95 (ddd, 3JHH = 7.8 

Hz, 3JHH = 7.1 Hz, 4JHH = 1.4 Hz, 2H, H10), 7.48 (d, 3JHH = 8.0 Hz, 4H, H3), 7.38 (d, 3JHH 

= 8.0 Hz, 4H, H4), 7.23 (ddd, 3JHH = 7.1 Hz, 3JHH = 5.5 Hz, 4JHH = 1.4 Hz, 2H, H9), 6.65 

(dt, 3JHH = 17.1 Hz, 4JHP = 2.3 Hz 2H, H6), 2.14 - 2.09 (m, 12H, PCHCH3) 1.17 - 1.06 

(m, 72H, PCHCH3).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 208.9 (t, 3JCP = 13.0 Hz, CO), 172.5 (s, C15), 

170.7 (t, 3JCP = 13.0 Hz, C7), 157.4 (s, C13), 154.5 (s, C12), 153.4 (s, C8), 145.5 (s, C5), 

138.2 (s, C10), 136.0 (s, C6), 126.5 (s, C11), 125.8 (q, 1JCF = 271.0 Hz, C1), 125.8 (s, 

C3), 125.6 (s, C14), 124.2 (s, C4), 124.0 (s, C9), 123.3 (s, C2) 25.1 (vt, 2JCP = 8.8 Hz, 

PCHCH3) 19.8 (s, PCHCH3).  

31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 27.56 (s, PCHCH3)  

19F{1H}-NMR (376 MHz, CD2Cl2): [ppm] -61.77 (s, CF3).  

Anal. Calcd for C72H104F6N4O4P4Ru: C, 56.53; H, 6.85; N, 3.66 Found: C, 56.85; H, 

6.02; N, 3.42. 
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{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-MeDPPP) (RuCF3-MeDPPP) 

 

RuCF3-MeDPPP was prepared according to the general procedure on a 0.2 mmol scale 

based on DPPP. Yield: 250 mg (0.16 mmol, 80%). 

1H-NMR (600 MHz, CD2Cl2): [ppm] 11.14 (dt, 3JHH = 17.0 Hz, 3JHP = 2.3 Hz, 2H, H7), 

9.71 (d, 3JHH = 7.8 Hz, 2H, H11), 7.95 (vt, 3JHH = 7.7 Hz, 2H, H10), 7.50 (d, 3JHH = 8.0 Hz, 

4H, H3), 7.40 (d, 3JHH = 8.0 Hz, 4H, H4), 7.25 (d, 3JHH = 7.5 Hz, 2H, H9), 6.67 (dt, 3JHH = 

16.9 Hz, 2H, H6), 3.12 (s, 6H, CH3), 2.32 - 2.14 (m, 12H, PCHCH3) 1.16 - 1.00 (m, 72H, 

PCHCH3).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 172.8 (s, C15), 170.0 (s, C7), 162.1 (s, C8), 

159.2 (s, C13), 155.5 (s, C12), 145.1 (s, C5), 138.0 (s, C10), 135.7 (t, 4JCP = 3.0 Hz, C6), 

125.8 (s, C3), 125.6 (s, C9,14), 124.3 (s, C4,11), 122.9 (s, C2), 30.5 (s, CH3), 25.8 (vt, 2JCP 

= 8.4 Hz, PCHCH3), 20.0 (s, PCHCH3). Resonances for the CO and CF3 groups are 

missing as integration time was severely limited by compound degradation.   

31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 25.18 (s, PCHCH3).  

19F{1H}-NMR (376 MHz, CD2Cl2): [ppm] -61.74 (s, CF3).  

Anal. Calcd for C74H108F6N4O4P4Ru2: C, 57.06; H, 6.99; N, 3.60 Found: C, 58.26; H, 

6.12; N, 3.34. 

{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-Me)}2(,-N,N’-DPPP) (RuMe-DPPP) 

 

RuMe-DPPP was prepared according to the general procedure on a 0.125 mmol scale 

based on DPPP. Yield: 131 mg (0.092 mmol, 74%). 
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1H-NMR (600 MHz, CD2Cl2): [ppm] 10.47 (dt, 3JHH = 17.1 Hz, 3JHP = 2.3 Hz, 2H, H7), 

9.55 (d, 3JHH = 7.9 Hz, 2H, H11), 8.97 (d, 3JHH = 5.4 Hz, 2H, H8), 7.93 (vtd, 3JHH = 7.7 Hz, 

4JHH = 1.5 Hz, 2H, H10), 7.20 (m, 2H, H9), 7.18 (d, 3JHH = 7.7 Hz, 4H, H4), 7.06 (d, 3JHH 

= 7.7Hz, 4H, H3), 6.50 (dt, 3JHH = 17.1 Hz, 4JHP = 2.3 Hz 2H, H6), 2.29(s, 6H, H1) 2.17 - 

2.08 (m, 12H, PCHCH3) 1.18 - 1.02 (m, 72H, PCHCH3).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 209.2 (t, 3JCP = 14.1 Hz, CO), 172.4 (s, C15), 

156.0 (t, 3JCP = 12.9 Hz, C7), 157.4 (s, C13), 154.6 (s, C12), 153.2 (s, C8), 140.5 (s, C5), 

137.9 (s, C10), 136.9 (t, 4JCP = 3.6 Hz, C6), 132.6 (s, C2), 129.35 (s, C3), 126.4 (s, C11), 

124.4 (s, C4), 123.8 (s, C9), 123.4 (s, C14), 51.09 (s, C1), 25.0 (t, 2JCP = 8.7 Hz, 

PCHCH3), 21.2 (s, C1) 19.8 (s, PCHCH3). 

31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 27.40 (s, PCHCH3).  

Anal. Calcd for C72H110N4O4P4Ru2: C, 60.83; H, 7.80; N, 3.94 Found: C, 62.55; H, 7.21; 

N, 3.35. 

{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-N,N’-DPPP) (RuOMe-DPPP) 

 

RuOMe-DPPP was prepared according to the general procedure on a 0.045 mmol 

scale based on DPPP. Yield: 46 mg (0.032 mmol, 71%). 

1H-NMR (600 MHz, CD2Cl2): [ppm] 10.32 (dt, 3JHH = 17.0 Hz, 3JHP = 2.3 Hz, 2H, H7), 

9.55 (d, 3JHH = 7.9 Hz, 2H, H11), 8.97 (d, 3JHH = 5.6 Hz, 2H, H8), 7.92 (vtd, 3JHH = 7.6 Hz, 

4JHH = 1.5 Hz, 2H, H10), 7.21 (d, 3JHH = 8.4 Hz, 4H, H4), 7.19 (m, 2H, H9), 6.82 (d, 3JHH 

= 8.6 Hz, 4H, H3), 6.46 (dt, 3JHH = 17.0 Hz, 4JHP = 2.2 Hz 2H, H6), 3.78 (s, 6H, H1) 2.17 

- 2.07 (m, 12H, PCHCH3) 1.17 - 1.07 (m, 72H, PCHCH3).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 209.2 (t, 3JCP = 15.6 Hz, CO), 172.4 (s, C15), 

157.7 (t, 3JCP = 14.0 Hz, C7), 157.4 (s, C2), 154.65 (s, C12), 153.2 (s, C13), 153.2 (s, C8), 

137.8 (s, C10), 136.9 (s, C5), 136.1 (s, C6), 126.4 (s, C11), 125.2 (s, C4), 123.7 (s, C9), 

123.4 (s, C14), 114.1 (s, C3), 55.8 (s, C1) 25.0 (t, 2JCP = 8.7 Hz, PCHCH3) 19.8 (s, 

PCHCH3).  

31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 27.38 (s, PCHCH3).  

Anal. Calcd for C72H110N4O6P4Ru2 Calculated: C, 59.49; H, 7.63; N, 3.85; Found: C, 

59.87; H, 7.32; N, 3.52. 
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{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NMe2)}2(,-N,N’-DPPP) (RuNMe2-DPPP) 

 

RuNMe2-DPPP was prepared according to the general procedure on a 0.079 mmol 

scale based on DPPP. Yield: 95 mg (0.064 mmol, 81%). 

1H-NMR (600 MHz, CD2Cl2): [ppm] 10.17 (dt, 3JHH = 17.0 Hz, 3JHP = 2.4 Hz, 2H, H7), 

9.55 (d, 3JHH = 7.8 Hz, 2H, H11), 8.97 (d, 3JHH = 5.8 Hz, 2H, H8), 7.91 (vtd, 3JHH = 7.8 Hz, 

4JHH = 1.6 Hz, 2H, H10), 7.19 (m, 2H, H9), 7.17 (d, 3JHH = 8.6 Hz, 4H, H4), 6.72 (d, 3JHH 

= 8.6 Hz, 4H, H3), 6.41 (dt, 3JHH = 17.0 Hz, 4JHP = 2.2 Hz 2H, H6), 2.89 (s, 12H, H1) 2.17 

- 2.07 (m, 12H, PCHCH3) 1.17 - 1.07 (m, 72H, PCHCH3).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 209.3 (t, 3JCP = 14.3 Hz, CO), 172.4 (s, C15), 

157.4 (s, C13), 154.8 (t, 3JCP = 13.6 Hz, C7), 154.7 (s, C12), 153.1 (s, C8), 148.1 (s, C2), 

137.7 (s, C10), 136.5 (t, 4JCP = 2.8 Hz, C6), 133.8 (s, C5), 126.4 (s, C11), 125.1 (s, C4), 

123.7 (s, C9), 123.3 (s, C14), 114.0 (s, C3), 41.6 (s, C1) 25.0 (vt, 2JCP = 8.7 Hz, PCHCH3) 

19.8 (s, PCHCH3).  

31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 27.36 (s, PCHCH3).  

Anal. Calcd for C74H116N6O4P4Ru2: 60.6; H, 7.90; N, 5.68; Found: 60.89; H, 7.02; N, 

5.78. 

{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DTPP) (RuCF3-DTPP) 

 

RuCF3-DTPP was prepared according to the general procedure on a 0.21 mmol scale 

based on DPPP. Yield: 93 mg (0.061 mmol, 58%). 

1H-NMR (600 MHz, CD2Cl2): [ppm] 9.33 (dt, 3JHH = 16.2 Hz, 3JHP = 2.2 Hz,  2H, H7), 

8.35 (d, 3JHH = 3.7 Hz, 2H, H8), 7.51 (d, 3JHH = 4.9 Hz, 2H, H10), 7.46 (d, 3JHH = 8.1 Hz, 

4H, H3), 7.27 (d, 3JHH = 8.2 Hz, 2H, H4), 7.21 (vt, 3JHH = 4.3 Hz, 2H, H9), 6.54 (dt, 3JHH = 
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16.2 Hz, 4JHP = 2.2 Hz, 2H, H6), 2.45 - 2.32 (m, 12H, PCHCH3) 1.33 - 1.18 (m, 72H, 

PCHCH3).  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 210.3 (t, 3JCP = 13.3 Hz, CO), 172.9 (s, C14), 

170.0 (t, 3JCP = 12.5 Hz, C7), 152.0 (s, C12), 144.5 (s, C5), 137.7 (s, C11), 134.2 (t, 4JCP 

= 2.6 Hz, C6), 131.3 (s, C10), 129.3 (s, C8), 128.5 (s, C9), 125.8 (q, 3JCF = 3.8 Hz, C3), 

125.6 (q, 1JCF = 270 Hz, C1), 124.7 (q, 2JCF = 32 Hz, C2), 124.0 (s, C4), 114.5 (s, C13), 

25.4 (vt, J = 9.7 Hz, PCHCH3) 19.9 (vd, J = 34.7 Hz, PCHCH3).  

31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 36.18 (s, PCHCH3).  

19F{1H}-NMR (376 MHz, CD2Cl2): [ppm] -61.93 (s, CF3). 

 

{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-N,N’-DTPP) (RuOMe-DTPP) 

 

RuOMe-DTPP was prepared according to the general procedure on a 0.1 mmol scale 

based on DPPP. Yield: 89 mg (0.06 mmol, 60%). 

1H-NMR (600 MHz, CD2Cl2): [ppm] 8.58 (d, 3JHH = 16.2 Hz, 2H, H7), 8.34 (d, 3JHH = 

3.7 Hz, 2H, H10), 7.49 (d, 3JHH = 5.0 Hz, 2H, H8), 7.19 (vt, 3JHH = 4.4 Hz, 2H, H9), 7.11 

(d, 3JHH = 8.1 Hz, 4H, H4), 6.79 (d, 3JHH = 8.1 Hz, 2H, H3), 6.35 (d, 3JHH = 16.1 Hz, 2H, 

H6), 3.77 (s, 6H, H1), 2.47 - 2.34 (m, 12H, PCHCH3) 1.31 - 1.17 (m, 72H, PCHCH3).

  

13C{1H}-NMR (151 MHz, CD2Cl2): [ppm] 210.7 (t, 3JCP = 13.6 Hz, CO), 172.8 (s, C14), 

157.9 (t, 3JCP = 12.5 Hz, C7), 156.9 (s, C2), 152.0 (s, C12), 137.8 (s, C11), 135.7 (t, 3JCP 

= 1.8 Hz, C5), 134.4 (t, 3JCP = 3.0 Hz, C6), 131.1 (s, C10), 129.0 (s, C8), 128.4 (s, C9), 

125.0 (s, C4), 114.5 (s, C13), 114.2 (s, C3), 55.7 (s, C1), 22.3 (vt, J = 9.0 Hz, PCHCH3), 

19.9 (vd, J = 34.4 Hz, PCHCH3). 

31P{1H}-NMR (243 MHz, CD2Cl2): [ppm] 35.89 (s, PCHCH3).  
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9.5. Synthesis of Oxocarbon-bridged Styryl Ruthenium 

Complexes 

{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-croconate) (RuOMe-Croc) 

 

30 mg (0.05 mmol, 2 eq) of RuOMe were dissolved in 13 mL of DCM and 6.4 mg 

(0.03 mmol, 1.2 eq) of potassium croconate monohydrate were dissolved in 9 mL of 

H2O. The combined mixture was stirred together with a few drops of methanol over 

night at room temperature. The organic and aqueous layers were separated, and the 

organic phase was washed with 20 mL of H2O. The organic layer was dried over 

Na2SO4 and filtered off. The solvent was removed under reduced pressure and the 

resulting solid washed twice with 0.5 ml of MeOH and dried under vacuo. RuOMe-

Croc was obtained as a brown solid in a yield of 65 % (20 mg, 0.016 mmol).  

The NMR-spectroscopic data are reported for the mixture of isomers as recorded at 

300 K. For the chemical shifts of the croconate-based 13C resonances please see 

Chapter 0.  

1H-NMR (800 MHz, CD2Cl2, 300 K): [ppm] 8.78 - 8.72 (m, 2H, H1), 7.11 (vdd, 8.8 Hz, 

2.3 Hz, 4H, H4), 6.77 (vdd, 8.7 Hz, 1.7 Hz, 4H, H5), 6.28 - 6.24 (m, 2H, H2), 3.76 (vd, 

1.4 Hz, 6H, OCH3), 2.29 - 2.19 (m, 12H, PCHCH3), 1.34 - 1.14 (m, 72H, PCHCH3).

  

13C{1H}-NMR (202 MHz, CD2Cl2, 300 K): [ppm] 208.5 (t, 3JCP = 12.6 Hz, CO), 157.1 

(s, C6), 152.8 (s, C1), 135.1 (s,C3), 134.4 (s, C2), 125.2 (s, C4), 114.1 (s, C5), 55.8 (s, 

OCH3), 25.0 - 24.5 (m, PCHCH3), 20.4 - 19.8 m, PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2, 300 K): [ppm] 37.8 (PCHCH3).  

MS (ESI[+], CH2Cl2): calcd for RuOMe-Croc+ = 1306.48, found 1308.46. 

{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,S-dithiocroconate) (RuOMe-TCroc) 
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120 mg (0.20 mmol, 2eq) of RuOMe were dissolved in 10 mL of DCM and 26.7 mg 

(0.11 mmol, 1.1 eq) of potassium dithiocroconate were dissolved in 15 mL of H2O. The 

mixture was stirred for 72 hours at 8 °C. The organic phase was evaporated under 

reduced pressure and the formed precipitate was separated from aqueous layer by 

centrifugation. After decanting off the supernatant, the solid was washed twice with 1 

ml portions of MeOH and dried under vacuo. The purple product was obtained in a 

yield of 80 % (107 mg, 0.08 mmol).  

1H-NMR (800 MHz, CD2Cl2, 300 K): [ppm] = 8.76 (dt, 3JHH = 16.6 Hz, 3JHP = 2.0 Hz, 

2H, H1), 7.17 (d, 3JHH = 8.7 Hz, 4H, H4), 6.79 (d, 3JHH = 8.7 H, 4H, H5), 5.71 (dt, 3JHH = 

16.6 Hz, 3JHP = 2.2 Hz, 2H, H2), 3.77 (s, 6H, OCH3), 2.39 (vddd, J = 10.7 Hz, J = 7.01 

Hz J = 3.3 Hz, 12 H, PCHCH3), 1.25 (vq, J = 6.7 Hz, 36 H, PCHCH3), 1.18 (vq, J = 6.7 

Hz, 36 H, PCHCH3).  

13C{1H}-NMR (202 MHz, CD2Cl2, 300 K): [ppm] = 208.9 (t, 3JCP = 15.5 Hz, CO), 

196.7/194.7/177.4 (s, C7,8,9), 157.4 (t, 3JCP = 12.0 Hz, C1), 157.2 (s, C6), 135.5 (s, C3), 

135.2 (s, C2), 125.6 (s, C4), 114.3 (s, C5), 55.6 (s, OCH3), 25.6 (vt, J = 9.2 Hz, PCHCH3 

), 20.3 (s, PCHCH3), 19.6 (s, PCHCH3).  

31P{1H}-NMR (162 MHz, CD2Cl2, 300 K): [ppm] 33.9 (PCHCH3).  

MS (ESI[+], CH2Cl2): calcd for RuOMe-Croc+ = 1338.44, found 1338.41. 

{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-rhodizonate) (RuOMe-Rhod) 

 

100 mg (0.16 mmol, 2 eq) of RuOMe were dissolved in 15 mL of DCM and 20.7 mg 

(0.09 mmol, 1.2 eq) of sodium rhodizonate were dissolved in 10 mL of H2O. The 

combined mixture was stirred together with a few drops of methanol over night at room 

temperature. The organic and aqueous layers were separated, and the organic phase 

was washed with 20 mL of H2O. The organic layer was dried over Na2SO4 and filtered 

off. The solvent was removed under reduced pressure and the resulting solid was 

washed twice with 1 ml of MeOH and dried under vacuo. RuOMe-Rhod was obtained 

as a black solid in a yield of 74 % (79 mg, 0.06 mmol).  

The NMR-spectroscopic data are reported for the mixture of isomers as recorded at 

300 K.  
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1H-NMR (800 MHz, C6D6, 300 K): [ppm] 9.28 – 9.17 (m, 2H, H1), 7.44 -7.35 (m, 4H, 

H4), 6.98 - 6.88 (m, 4H, H5), 6.83 - 6.75 (m, 2H, H2), 3.36 - 3.34 (m, 6H, OCH3), 2.18 - 

2.10 (m, 12H, PCHCH3), 1.27 - 1.04 (m, 72H, PCHCH3).  

13C{1H}-NMR (202 MHz, C6D6, 300 K): [ppm] 209.0 (s, CO), 

180.6/180.3/180.1/180/179.8/175.5/174.2/171.7/171.5/171.5 (s, CRhod), 157.9 - 157.7 

(m, C6), 152.6/152.2/151.8 (s, C1), 135.5/135.2/134.8/134.7 (s,C2,3), 125.2 (vd, J = 9.6 

Hz, C4), 114.8 - 114.6 (m, C5), 54.9 (s, OCH3), 25.0 - 24.6 (m, PCHCH3), 20.3 - 19.1 

(m, PCHCH3). 31P{1H}-NMR (162 MHz, C6D6, 300 K): [ppm] 

35.10/34.95/34.61/34.00/33.44 (PCHCH3).  

MS (ESI[+], CH2Cl2): calcd for RuOMe-Croc+ = 1336.45, found 1336.48. 

[{Ru(CO)(PiPr3)2(CH=CH-pC6H4-CH=CH)Ru(CO)(PiPr3)2}(,-O,O’-croconate)]2         

(2Ru2Ph-Croc) 

 

180 mg (0.16 mmol, 1 eq) of Ru2Ph were dissolved in 6 mL of benzene* and 39 mg 

(0.17 mmol, 1.06 eq) of potassium croconate monohydrate were dissolved in 3 mL of 

H2O. The combined emulsion was stirred for 19 hours at 35 °C.* The precipitated solid 

was separated from the emulsion by centrifugation. The greenish brown solid was dried 

under vacuo. 49 mg (0.021mmol) of brown 2Ru2Ph-Croc was obtained, corresponding 

to a yield of 21%. *It is crucial to use benzene as the solvent and to the specified 

concentrations and temperatures. 

1H-NMR (800 MHz, CD2Cl2, 300 K): [ppm] 9.29 (d, 3JHH = 15.7 Hz, 4H, H1), 7.15 (s, 

8H, H4), 6.21 (d, 3JHH = 15.7 Hz, 4H, H2), 2.34 - 2.26 (m, 24H, PCHCH3), 1.19 - 1.13 

(m, 144 H, PCHCH3).  

13C{1H}-NMR (202 MHz, CD2Cl2, 300 K): [ppm] = 208.1 (t, 3JCP = 13.0 Hz, CO), 
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199.1/184.8/180.6 (s, C5,6,7), 155.5 (t, 3JCP = 13.0 Hz, C1), 137.5 (s, C3), 134.1 (s, C2), 

124.4 (s, C4), 25.2 (vt, 2JCP = 9.0 Hz, PCHCH3), 20.5 (s, PCHCH3) 19.8 (s, PCHCH3).

  

31P{1H}-NMR (162 MHz, CD2Cl2, 300 K): [ppm] 35.10 (s, PCHCH3).  

MS (ESI[+], CH2Cl2): calcd for 2Ru2Ph-Croc + = 2336.77, found 2336.78. 
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10. Idiosyncrasies of Styryl Ruthenium Complexes 

bearing PiPr3 coligands 

This overview provides a short discourse on the synthetic challenges I encountered 

during the synthesis of styryl ruthenium complexes using the 

Ru(CO)L(PiPr3)2(CH=CH-R) (L = Cl or monoanionic bidentate ligand, Ar = Aryl) moiety. 

The flow diagram shown in Scheme 9 shall provide a handy guideline, pointing out 

synthetic traps along with concerns regarding the (electro)chemical stability of both 

dinvinylarylene diruthenium complexes as well as styryl ruthenium complexes bridged 

by bis-chelating ligands. The most prevalent factors are thereby the steric bulk of the 

PiPr3 ligands and the vinyl protons, the limited stability of the vinylic ruthenium-carbon 

bond as well as the rather low LEWIS acidity of the [Ru(CO)(PiPr3)2(CH=CH-Ar)]+ 

fragment. Table 27 provides one or several examples for each factor. This compilation 

is in no way to be understood as complete or definitive but as advise to when/where 

special attention and care should be taken in the synthetic design of styryl ruthenium 

complexes as well as suitable (bridging) chelating ligands.  

“In spite of many successful theories, chemistry remains, and probably always will 

remain, an experimental science.”330 
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Scheme 9|: Flow diagram pointing out numerous idiosyncrasies of styryl ruthenium complexes bearing P iPr3. 
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Table 27|: Description of complex and ligand structures explored during this thesis, with their characteristic and often adverse properties. 

 Example(s) Description 

A 

 

❖ Adverse steric interaction between H and aryl hydrogen 

atoms parallel to terminal alkyne reduces reaction rate of 

hydroruthenation for 1,4-naphthalenylene motif and prevents 

second insertion reaction for analogous 1,8-anthracenylene 

(see Chapter 3.2). 

❖ Diruthenium complex based on 5-ethynyl-8-hydroxyquinoline 

cannot be formed. The higher reaction temperatures required 

for hydroruthenation lead to the decoordination of chelated 

Ru styryl fragment → low affinity of {Ru} for neutral N-donors 

(see E). 

B 

  

❖ Styryl ruthenium complexes containing a deprotonable 

bidentate chelating moiety are prone to reaction with the 

internal 16 VE {Ru} moiety (see Chapter 4.2). 

❖ They are generally not suitable precursors to react with 

other 16 VE styryl ruthenium building blocks. 

❖ If the proton on the EH-donor is sufficiently acidic, these 

may however form cyclic structures of distinct size, as 

ligand scrambling is possible (see Chapter 0). 
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C 

  

❖ Particularly electron rich styryl ligands bearing themselves 

redox-active groups (e.g. triarylamines) or those with an 

extended -system display more accessible, cationic redox 

states than there are {Ru} units present in the system. 

❖ This can lower the potential of the first oxidation to such an 

extent that solutions of these complexes become air-

sensitive. 

❖ Sterically strained structures see (A) can also be air 

sensitive despite a higher oxidation potential. 

D 
 

❖ Strongly alkaline ligands will revert the vinyl-ruthenium 

bond back into the hydride precursor and alkyne. 

❖ Acidic media in general (organic acids, “regular” silica gel, 

LEWIS acids) will cleave the ruthenium alkenyl bond under 

formation of styrene → look out for the characteristic 

coupling patters of a terminal vinyl moiety. 

E 
 

❖ Styryl ruthenium complexes of this type seem to generally 

show a low affinity to neutral N-donors (e.g. imines), 

rendering this bond hemilable (see Chapter 5.2). 

❖ Difference in donor strength in relation to the other donor 

atom of the chelate and the increase in -acidity of the 

styryl ligand upon oxidation can lead to oxidatively induced 

isomerization (see Chapter 5 and [83]) 



Idiosyncrasies of Styryl Ruthenium Complexes bearing PiPr3 coligands 

336 

 

F 

 

❖ Particularly electron-rich (bridging) chelating ligands can 

lead to a ligand-centered, first oxidation (see also 

DPPP/DTPP-based complexes of Chapter 5). 

❖ The loss in donor capacity along with the generally weak 

LEWIS acidity of the {Ru} moiety often lead to ensuing 

isomerization or decomposition processes. 

❖ In scenarios where electronic communication across such 

a bridging ligand is desired this can lead to a Catch-22 

situation: A too electron-deficient bridge will impede 

diabatic electron transfer in the mixed-valent form, while a 

too electron-rich ligand will be “excessively” non-innocent 

leading to decoordination and undesired follow-up 

reactions. 

G 

 

❖ The easy to underestimate steric demand of the PiPr3 

coligands, which drastically improve solubility as well as 

chemical reversibility of the redox processes, prevents the 

use of too short bridging ligands (see Chapter 0) as the 

coordination of a second styryl ruthenium entity is sterically 

prohibited.  

❖ The use of sterically demanding chelating ligands is also 

not advised as they can also interfere with either the PiPr3 

ligands or H on the vinyl entity. 

❖ If steric demand cannot be reduced, a preemptive 

validation via DFT-based geometry optimization is advised. 
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12. Appendix 

12.1. Influence of Quinoidal Distortion on the Electronic 

Properties of Oxidized Divinylarylene-Bridged Diruthenium 

Complexes 

 

Figure-SI 1|: 1H-NMR spectrum of {Ru(CO)Cl(PiPr3)2}2(µ-1,4-CH=CH-naphthalene-CH=CH) (Ru2NA) in 

CD2Cl2. 
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Figure-SI 2|: 13C{1H}-NMR spectrum of {Ru(CO)Cl(PiPr3)2}2(µ-1,4-CH=CH-naphthalene-CH=CH) 

(Ru2NA) in CD2Cl2. 

 

Figure-SI 3|: 31P{1H}-NMR spectrum of {Ru(CO)Cl(PiPr3)2}2(µ-1,4-CH=CH-naphthalene-CH=CH) 

(Ru2NA) in CD2Cl2. 
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Figure-SI 4|:1H-NMR spectrum of {Ru(CO)Cl(PiPr3)2}2(µ-4,7-CH=CH-BTD-CH=CH) (Ru2BTD) in CD2Cl2. 

 

Figure-SI 5|: 13C{1H}-NMR spectrum of {Ru(CO)Cl(PiPr3)2}2(µ-4,7-CH=CH-BTD-CH=CH) (Ru2BTD) in 

CD2Cl2. 
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Figure-SI 6|: 31P{1H}-NMR spectrum of {Ru(CO)Cl(PiPr3)2}2(µ-4,7-CH=CH-BTD-CH=CH) (Ru2BTD) in 

CD2Cl2. 

 

Figure-SI 7|: 1H-NMR spectrum of 4-bromo-7-(2-methyl-3-butyn-2-ol)-BTD (2) in CDCl3. 
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Figure-SI 8|: 13C{1H}-NMR spectrum of 4-bromo-7-(2-methyl-3-butyn-2-ol)-BTD (2) in CDCl3. 

 

Figure-SI 9|: 1H-NMR spectrum of 4-trimethylsilylethynyl-7-(2-methyl-3-butyn-2-ol)-BTD (3) in CDCl3. 
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Figure-SI 10|: 13C{1H}-NMR spectrum of 4-trimethylsilylethynyl-7-(2-methyl-3-butyn-2-ol)-BTD (3) in 

CDCl3. 

 

Figure-SI 11|: 1H-NMR spectrum of 4-ethynyl-7-(2-methyl-3-butyn-2-ol)-BTD (4) in CDCl3. 
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Figure-SI 12|: 13C{1H}-NMR spectrum of 4-ethynyl-7-(2-methyl-3-butyn-2-ol)-BTD (4) in CDCl3. 

 

Figure-SI 13|: 1H-NMR spectrum of bis[7-(2-methyl-3-butyn-2-ol)-4,4’-BTD]-1,2-acetylene (5) in CDCl3. 
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Figure-SI 14|: 13C{1H}-NMR spectrum of bis[7-(2-methyl-3-butyn-2-ol)-4,4’-BTD]-1,2-acetylene (5) in 

CDCl3. 

 

Figure-SI 15|: 1H-NMR spectrum of bis[7-(ethynyl)-4,4’-BTD]-1,2-acetylene (eBTD2, 6) in CDCl3. 
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Figure-SI 16|: 13C{1H}-NMR spectrum of bis[7-(ethynyl)-4,4’-BTD]-1,2-acetylene (eBTD2, 6) in CDCl3. 

 

Figure-SI 17|: 1H-NMR spectrum of bis[7-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4,4’-BTD]-1,2-acetylene 

(Ru2
eBTD2) in CD2Cl2. 
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Figure-SI 18|: 13C{1H}-NMR spectrum of bis[7-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4,4’-BTD]-1,2-acetylene 

(Ru2
eBTD2) in CD2Cl2. 

 

Figure-SI 19|: 31P{1H}-NMR spectrum of bis[7-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4,4’-BTD]-1,2-acetylene 

(Ru2
eBTD2) in CD2Cl2. 
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Figure-SI 20|: 1H-NMR spectrum of bis[7-(2-methyl-3-butyn-2-ol)-4,4’-BTD]-1,2-ethylene (7) in CDCl3. 

 

Figure-SI 21|: 13C{1H}-NMR spectrum of bis[7-(2-methyl-3-butyn-2-ol)-4,4’-BTD]-1,2-ethylene (7) in 

CDCl3. 
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Figure-SI 22|: 1H-NMR spectrum of bis[7-(ethynyl)-4,4’-BTD]-1,2-ethylene (vBTD2, 8) in CDCl3. 

 

Figure-SI 23|: 13C{1H}-NMR spectrum of bis[7-(ethynyl)-4,4’-BTD]-1,2-ethylene (vBTD2, 8) in CDCl3. 
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Figure-SI 24|: 1H-NMR spectrum of bis[7-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4,4’-BTD]-1,2-ethylene 

(Ru2
vBTD2) in CD2Cl2. 

 

Figure-SI 25|: 13C{1H}-NMR spectrum of bis[7-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4,4’-BTD]-1,2-ethylene 

(Ru2
vBTD2) in CD2Cl2. 
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Figure-SI 26|: 31P{1H}-NMR spectrum of bis[7-{Ru(CO)Cl(PiPr3)2(CH=CH)}-4,4’-BTD]-1,2-ethylene 

(Ru2
vBTD2) in CD2Cl2. 
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12.2. Dibenzoylmethane modified, multinuclear Vinyl 

Ruthenium Complexes 

 

Figure-SI 27|: 1H-NMR spectrum of -O,O’-borondifluoride-1,3-bis-(4’-ethynylphenyl)-propane-1,3-

dionate (11) in CDCl3. 

 

Figure-SI 28|: 19F{1H}-NMR spectrum of -O,O’-borondifluoride-1,3-bis-(4’-ethynylphenyl)-propane-1,3-

dionate (11) in CDCl3. 
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Figure-SI 29|: 1H-NMR spectrum of -O,O’-borondifluoride-1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-

propane-1,3-dionate (Ru2DBzM-BF2) in CD2Cl2. 

 

Figure-SI 30|: 13C{1H}-NMR spectrum of -O,O’-borondifluoride-1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-

propane-1,3-dionate (Ru2DBzM-BF2) in CD2Cl2. 
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Figure-SI 31|: 31P{1H}-NMR spectrum of -O,O’-borondifluoride-1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-

propane-1,3-dionate (Ru2DBzM-BF2) in CD2Cl2. 

 

Figure-SI 32|: 19F{1H}-NMR spectrum of -O,O’-borondifluoride-1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-

propane-1,3-dionate (Ru2DBzM-BF2) in CD2Cl2. 
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Figure-SI 33|: 11B{1H}-NMR spectrum of -O,O’-borondifluoride-1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-

propane-1,3-dionate (Ru2DBzM-BF2) in CD2Cl2. 

 

Figure-SI 34|: 1H-NMR spectrum of 1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dione (Ru2DBzM-

H) in C6D6. 
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Figure-SI 35|: 13C{1H}-NMR spectrum of 1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dione 

(Ru2DBzM-H) in C6D6. 

 

Figure-SI 36|: 31P{1H}-NMR spectrum of 1,3-bis-{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dione 

(Ru2DBzM-H) in C6D6. 



Appendix 

371 

 

 

Figure-SI 37|: 1H-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}-1,3-bis-(4’-

ethynylphenyl)-propane-1,3-dionate (12) in CD2Cl2. 

 

Figure-SI 38|: 31P{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}-1,3-bis-(4’-

ethynylphenyl)-propane-1,3-dionate (12) in CD2Cl2. 
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Figure-SI 39|: 1H-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}-1,3-

bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2DBzM-RuOMe) in CD2Cl2. 

 

Figure-SI 40|: 13C{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}-1,3-

bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2DBzM-RuOMe) in CD2Cl2. 
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Figure-SI 41|: 31P{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}-1,3-

bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2DBzM-RuOMe) in CD2Cl2. 

 

Figure-SI 42|: 1H-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-bis-(4’-

ethynylphenyl)-propane-1,3-dionate (13) in CD2Cl2. 
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Figure-SI 43|: 31P{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-bis-(4’-

ethynylphenyl)-propane-1,3-dionate (13) in CD2Cl2. 

 

Figure-SI 44|: 19F{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-bis-(4’-

ethynylphenyl)-propane-1,3-dionate (13) in CD2Cl2. 
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Figure-SI 45|: 1H-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2DBzM-RuCF3) in CD2Cl2. 

 

Figure-SI 46|: 13C{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2DBzM-RuCF3) in CD2Cl2. 
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Figure-SI 47|: 31P{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2DBzM-RuCF3) in CD2Cl2. 

 

Figure-SI 48|: 19F{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)Cl(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2DBzM-RuCF3) in CD2Cl2. 
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Figure-SI 49|: 1H-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)(acac)(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2
acacDBzM-RuCF3) in CD2Cl2. 

 

Figure-SI 50|: 13C{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)(acac)(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2
acacDBzM-RuCF3) in CD2Cl2. 
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Figure-SI 51|: 31P{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)(acac)(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2
acacDBzM-RuCF3) in CD2Cl2. 

 

Figure-SI 52|: 19F{1H}-NMR spectrum of -O,O’-{Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}-1,3-

bis{Ru(CO)(acac)(PiPr3)2(CH=CH)}-propane-1,3-dionate (Ru2
acacDBzM-RuCF3) in CD2Cl2. 
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12.3. Diketopyrrolopyrroles as Bridging Ligands for Styryl 

Ruthenium Complexes 

 

Figure-SI 53|: 1H-NMR spectrum of Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-Me) (RuMe) in CD2Cl2. 

 

Figure-SI 54|: 13C{1H}-NMR spectrum of Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-Me) (RuMe) in CD2Cl2. 
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Figure-SI 55|: 31P{1H}-NMR spectrum of Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-Me) (RuMe) in CD2Cl2. 

 

Figure-SI 56|: 1H-NMR spectrum of 3,6-bis-(2'-pyridyl)-2,5-di-n-butyl-pyrrolo[3,4-c]pyrrole-1,4-dione 

(nBu2-DPPP) in CDCl3. 
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Figure-SI 57|: 13C{1H}-NMR spectrum of 3,6-bis-(2'-pyridyl)-2,5-di-n-butyl-pyrrolo[3,4-c]pyrrole-1,4-dione 

(nBu2-DPPP) in CDCl3. 

 

Figure-SI 58|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DPPP) (RuCF3-

DPPP) in CD2Cl2. 
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Figure-SI 59|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DPPP) 

(RuCF3-DPPP) in CD2Cl2. 

 

Figure-SI 60|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DPPP) 

(RuCF3-DPPP) in CD2Cl2. 
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Figure-SI 61|: 19F{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DPPP) 

(RuCF3-DPPP) in CD2Cl2. 

 

Figure-SI 62|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DPPP) (RuCF3-

DPPP) in C6D6. 
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Figure-SI 63|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DPPP) 

(RuCF3-DPPP) in C6D6. 

 

Figure-SI 64|: 19F{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DPPP) 

(RuCF3-DPPP) in C6D6. 
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Figure-SI 65|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-MeDPPP) (RuCF3-
MeDPPP) in CD2Cl2. 

 

Figure-SI 66|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-MeDPPP) 

(RuCF3-MeDPPP) in CD2Cl2. 
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Figure-SI 67|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-MeDPPP) 

(RuCF3-MeDPPP) in CD2Cl2. 

 

Figure-SI 68|: 19F{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-MeDPPP) 

(RuCF3-MeDPPP) in CD2Cl2. 
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Figure-SI 69|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-Me)}2(,-N,N’-DPPP) (RuMe-

DPPP) in CD2Cl2. 

 

Figure-SI 70|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-Me)}2(,-N,N’-DPPP) 

(RuMe-DPPP) in CD2Cl2. 
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Figure-SI 71|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-Me)}2(,-N,N’-DPPP) (RuMe-

DPPP) in CD2Cl2. 

 

Figure-SI 72|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-Me)}2(,-N,N’-DPPP) (RuMe-

DPPP) in C6D6. 
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Figure-SI 73|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-Me)}2(,-N,N’-DPPP) (RuMe-

DPPP) in C6D6. 

 

Figure-SI 74|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-N,N’-DPPP) (RuOMe-

DPPP) in CD2Cl2. 
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Figure-SI 75|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-N,N’-DPPP) 

(RuOMe-DPPP) in CD2Cl2. 

 

Figure-SI 76|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-N,N’-DPPP) 

(RuOMe-DPPP) in CD2Cl2. 
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Figure-SI 77|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NMe2)}2(,-N,N’-DPPP) 

(RuNMe2-DPPP) in CD2Cl2. 

 

Figure-SI 78|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NMe2)}2(,-N,N’-DPPP) 

(RuNMe2-DPPP) in CD2Cl2. 
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Figure-SI 79|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NMe2)}2(,-N,N’-DPPP) 

(RuNMe2-DPPP) in CD2Cl2. 

 

Figure-SI 80|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NMe2)}2(,-N,N’-DPPP) 

(RuNMe2-DPPP) in C6D6. 
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Figure-SI 81|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NMe2)}2(,-N,N’-DPPP) 

(RuNMe2-DPPP) in C6D6. 

 

Figure-SI 82|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DTPP) (RuCF3-

DTPP) in CD2Cl2. 
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Figure-SI 83|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DTPP) 

(RuCF3-DTPP) in CD2Cl2. 

 

Figure-SI 84|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DTPP) 

(RuCF3-DTPP) in CD2Cl2. 
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Figure-SI 85|: 19F{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)}2(,-N,N’-DTPP) 

(RuCF3-DTPP) in CD2Cl2. 

 

Figure-SI 86|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-N,N’-DTPP) (RuOMe-

DTPP) in CD2Cl2. 
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Figure-SI 87|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-N,N’-DTPP) 

(RuOMe-DTPP) in CD2Cl2. 

 

Figure-SI 88|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-N,N’-DTPP) 

(RuOMe-DTPP) in CD2Cl2. 



Appendix 

397 

 

12.4. Oxocarbon Dianions as Bridging Ligands for Styryl and 

Divinylphenylene Ruthenium Complexes 

 

Figure-SI 89|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-croconate) 

(RuOMe-Croc) in CD2Cl2 at 300 K. 
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Figure-SI 90|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-croconate) 

(RuOMe-Croc) in CD2Cl2 at 300 K. 

 

Figure-SI 91|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-croconate) 

(RuOMe-Croc) in CD2Cl2 at 300 K. 



Appendix 

399 

 

 

Figure-SI 92|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-croconate) 

(RuOMe-Croc) in C6D6 at 300 K. 

 

Figure-SI 93|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-croconate) 

(RuOMe-Croc) in C6D6 at 300 K. 
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Figure-SI 94|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-S,O-dithiocroconate) 

(RuOMe-TCroc) in CD2Cl2. 

 

Figure-SI 95|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-S,O-

dithiocroconate) (RuOMe-TCroc) in CD2Cl2. 
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Figure-SI 96|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-S,O-

dithiocroconate) (RuOMe-TCroc) in CD2Cl2. 

 

Figure-SI 97|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-rhodizonate) 

(RuOMe-Rhod) in CD2Cl2 at 300 K. 
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Figure-SI 98|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-rhodizonate) 

(RuOMe-Rhod) in CD2Cl2 at 300 K. 

 

Figure-SI 99|: 1H-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-rhodizonate) 

(RuOMe-Rhod) in C6D6 at 300 K. 
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Figure-SI 100|: 13C{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-

rhodizonate) (RuOMe-Rhod) in C6D6 at 300 K. 

 

Figure-SI 101|: 31P{1H}-NMR spectrum of {Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)}2(,-O,O’-

rhodizonate) (RuOMe-Rhod) in C6D6 at 300 K. 



Appendix 

404 

 

 

Figure-SI 102|: 1H-NMR spectrum of [{Ru(CO)(PiPr3)2(CH=CH-pC6H4-CH=CH)Ru(CO)(PiPr3)2}(,-O,O’-

croconate)]2 (2Ru2Ph-Croc) in CD2Cl2. 

 

Figure-SI 103|: 13C{1H}-NMR spectrum of [{Ru(CO)(PiPr3)2(CH=CH-pC6H4-CH=CH)Ru(CO)(PiPr3)2}(,-

O,O’-croconate)]2 (2Ru2Ph-Croc) in CD2Cl2. 
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Figure-SI 104|: 31P{1H}-NMR spectrum of [{Ru(CO)(PiPr3)2(CH=CH-pC6H4-CH=CH)Ru(CO)(PiPr3)2}(,-

O,O’-croconate)]2 (2Ru2Ph-Croc) in CD2Cl2. 

12.4.1.  Crystallographic data of 2Ru2Ph-Croc 

Table-SI 1|: Crystal data and structure refinement for 2Ru2Ph-Croc. 

Identification code 2Ru2Ph-Croc 

Empirical formula C53H92O7P4Ru2 

Formula weight 1167.28 

Temperature/K 293(2) 

Crystal system monoclinic 

Space group P21/n 

a/Å 15.1728(11) 

b/Å 18.3476(13) 

c/Å 22.9663(17) 

α/° 90 

β/° 104.473(6) 

γ/° 90 

Volume/Å3 6190.6(8) 
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Z 4 

ρcalcg/cm3 1.252 

μ/mm-1 0.634 

F(000) 2456.0 

Crystal size/mm3 ? × ? × ? 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.284 to 54.06 

Index ranges -16 ≤ h ≤ 19, -23 ≤ k ≤ 23, -29 ≤ l ≤ 29 

Reflections collected 34791 

Independent reflections 13483 [Rint = 0.0608, Rsigma = 0.0664] 

Data/restraints/parameters 13483/53/710 

Goodness-of-fit on F2 0.933 

Final R indexes [I>=2σ (I)] R1 = 0.0763, wR2 = 0.2188 

Final R indexes [all data] R1 = 0.1158, wR2 = 0.2605 

Largest diff. peak/hole / e Å-3 0.82/-1.84 

 
 

 

Figure-SI 105|: Asymmetric unit of 2Ru2Ph-Croc with atom labels. 

 

Table-SI 2|: Fractional atomic coordinates. 

Atom x y z 
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Ru2 8475.4(4) 7264.9(3) 5294.7(2) 

Ru1 4748.7(4) 2406.1(3) 2861.6(2) 

P3 9480.0(12) 6416.6(9) 5952.3(7) 

P1 5719.3(12) 1657.4(9) 3644.2(8) 

P2 3775.9(12) 3123.1(9) 2071.8(7) 

P4 7524.5(13) 8115.5(9) 4616.9(7) 

O3 4062(3) 2804(2) 3539.8(19) 

O7 2646(3) 2977(2) 4288.4(17) 

O6 1348(3) 1895(2) 3941.5(18) 

O4 3557(3) 1610(2) 2782.6(18) 

O5 1842(4) 932(2) 2992(2) 

O1 5668(4) 1929(3) 1918(2) 

O2 9840(4) 7619(3) 4603(2) 

C4 2697(4) 2512(3) 3875(3) 

C5 2012(4) 1944(3) 3703(3) 

C12 7744(4) 5468(3) 3935(3) 

C2 3346(4) 2428(3) 3527(3) 

C3 3096(4) 1809(3) 3140(3) 

C11 7790(4) 5285(3) 3355(3) 

C6 2240(5) 1475(3) 3231(3) 

C1 5307(5) 2100(3) 2300(3) 

C10 7343(5) 4677(3) 3052(3) 

C15 8228(4) 6103(3) 4256(2) 

C16 8025(5) 6423(3) 4730(3) 

C7 5616(4) 3258(3) 3124(3) 

C29 9071(5) 5452(3) 5873(3) 

C9 6809(4) 4223(3) 3313(3) 

C53 3002(5) 3755(4) 2339(3) 

C8 6328(5) 3569(3) 2997(3) 

C13 7215(5) 5000(4) 4202(3) 

C21 6296(6) 8071(4) 4597(3) 

C17 9329(5) 7471(3) 4900(3) 
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C30 9734(5) 4874(3) 6212(3) 

C54 3485(5) 4287(4) 2843(3) 

C27 9732(5) 6684(4) 6764(3) 

C56 3424(6) 1951(4) 1242(3) 

C28 10641(5) 6335(4) 5821(3) 

C31 8135(5) 5329(4) 5987(3) 

C50 4407(6) 3641(4) 1589(3) 

C34 10651(5) 5999(4) 5216(3) 

C58 2119(6) 2271(4) 1678(4) 

C57 2949(5) 2573(4) 1486(3) 

C14 6766(5) 4398(4) 3900(3) 

C25 5870(5) 7314(4) 4489(4) 

C19 7798(6) 9098(4) 4797(4) 

C35 11159(5) 7066(4) 5917(4) 

C22 7658(6) 8041(4) 3830(3) 

C55 2318(6) 4166(4) 1841(4) 

C52 3912(7) 3759(5) 922(4) 

C32 8998(6) 6482(4) 7061(3) 

C18 8836(6) 9236(4) 4905(4) 

C51 4762(6) 4383(4) 1853(4) 

C20 7446(7) 9411(4) 5317(4) 

C33 10640(6) 6400(5) 7159(4) 

C24 7058(7) 7467(5) 3450(4) 

C47 5399(6) 676(4) 3638(4) 

C23 7589(7) 8758(5) 3470(4) 

C41 6996(6) 1637(5) 3697(4) 

C26 5693(6) 8640(5) 4179(5) 

C37 5701(7) 1909(5) 4439(4) 

C49 4556(7) 503(5) 3863(6) 

C46 5297(8) 357(5) 3006(5) 

C44 7526(7) 949(6) 3996(5) 

C40 6250(8) 1435(6) 4955(4) 
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C39 7169(17) 1851(18) 4699(11) 

C36 6393(19) 2234(14) 4251(11) 

C42 6280(30) 1070(20) 3150(20) 

C45 6960(40) 470(30) 3470(30) 

C48 4530(50) 480(30) 3550(20) 

C38 5966(7) 2693(4) 4584(3) 

C43 7224(6) 1731(5) 3097(4) 

 

Table-SI 3|: Bond lengths for 2Ru2Ph-Croc. 

Atom Atom Length/Å   Atom Atom Length/Å 

Ru2 P3 2.4240(17)   C2 C3 1.433(8) 

Ru2 P4 2.4121(17)   C3 C6 1.497(9) 

Ru2 O71 2.196(4)   C11 C10 1.398(8) 

Ru2 O61 2.300(4)   C10 C9 1.397(8) 

Ru2 C16 2.023(6)   C15 C16 1.338(8) 

Ru2 C17 1.796(8)   C7 C8 1.318(9) 

Ru1 P1 2.4419(17)   C29 C30 1.534(9) 

Ru1 P2 2.4211(16)   C29 C31 1.524(10) 

Ru1 O3 2.204(4)   C9 C8 1.493(8) 

Ru1 O4 2.296(4)   C9 C14 1.406(8) 

Ru1 C1 1.801(8)   C53 C54 1.553(10) 

Ru1 C7 2.035(6)   C53 C55 1.537(10) 

P3 C29 1.868(6)   C13 C14 1.388(9) 

P3 C27 1.872(7)   C21 C25 1.526(11) 

P3 C28 1.865(7)   C21 C26 1.551(11) 

P1 C47 1.864(8)   C27 C32 1.491(11) 

P1 C41 1.911(9)   C27 C33 1.538(11) 

P1 C37 1.889(9)   C56 C57 1.527(10) 

P1 C36 1.842(19)   C28 C34 1.525(10) 

P1 C42 1.91(2)   C28 C35 1.543(9) 

P1 C5AA 1.89(2)   C50 C52 1.544(11) 

P1 C3AA 1.76(5)   C50 C51 1.533(11) 
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P2 C53 1.860(7)   C12 C15 1.474(8) 

P2 C50 1.892(8)   C12 C13 1.414(9) 

P2 C57 1.886(7)   C58 C57 1.538(11) 

P4 C21 1.855(9)   C19 C18 1.552(12) 

P4 C19 1.874(7)   C19 C20 1.536(11) 

P4 C22 1.874(7)   C22 C24 1.516(12) 

O3 C2 1.281(7)   C22 C23 1.543(10) 

O7 C4 1.292(7)   C47 C49 1.529(14) 

O6 C5 1.264(8)   C47 C46 1.536(13) 

O4 C3 1.259(7)   C41 C44 1.561(11) 

O5 C6 1.223(7)   C41 C43 1.513(12) 

O1 C1 1.187(8)   C37 C40 1.537(12) 

O2 C17 1.185(9)   C37 C38 1.507(12) 

C4 C5 1.455(8)   C39 C36 1.53(2) 

C4 C2 1.424(9)   C36 C38 1.40(3) 

C5 C6 1.489(8)   C42 C45 1.56(2) 

C12 C11 1.391(8)   C42 C43 1.90(5) 

 

Table-SI 4|: Bond angels for 2Ru2Ph-Croc. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

         

P4 Ru2 P3 177.57(7)   C11 C12 C13 116.0(5) 

O71 Ru2 P3 91.92(11)   C13 C12 C15 121.9(5) 

O71 Ru2 P4 90.49(11)   O3 C2 C4 129.1(5) 

O71 Ru2 O61 76.01(15)   O3 C2 C3 122.2(6) 

O61 Ru2 P3 91.15(11)   C4 C2 C3 108.7(5) 

O61 Ru2 P4 89.73(11)   O4 C3 C2 122.0(6) 

C16 Ru2 P3 88.18(17)   O4 C3 C6 128.0(5) 

C16 Ru2 P4 91.64(17)   C2 C3 C6 110.0(5) 

C16 Ru2 O71 87.2(2)   C12 C11 C10 122.3(6) 

C16 Ru2 O61 163.2(2)   O5 C6 C5 128.3(6) 
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C17 Ru2 P3 91.7(2)   O5 C6 C3 128.2(6) 

C17 Ru2 P4 85.9(2)   C5 C6 C3 103.4(5) 

C17 Ru2 O71 175.6(2)   O1 C1 Ru1 177.0(6) 

C17 Ru2 O61 106.4(2)   C9 C10 C11 121.6(5) 

C17 Ru2 C16 90.4(3)   C16 C15 C12 124.5(6) 

P2 Ru1 P1 178.66(6)   C15 C16 Ru2 138.3(5) 

O3 Ru1 P1 88.34(12)   C8 C7 Ru1 140.6(5) 

O3 Ru1 P2 92.41(12)   C30 C29 P3 116.5(5) 

O3 Ru1 O4 76.37(15)   C31 C29 P3 115.1(5) 

O4 Ru1 P1 91.06(11)   C31 C29 C30 109.4(5) 

O4 Ru1 P2 88.03(12)   C10 C9 C8 122.5(5) 

C1 Ru1 P1 92.68(19)   C10 C9 C14 116.5(5) 

C1 Ru1 P2 86.59(19)   C14 C9 C8 121.0(6) 

C1 Ru1 O3 178.7(2)   C54 C53 P2 114.8(5) 

C1 Ru1 O4 104.3(2)   C55 C53 P2 115.1(5) 

C1 Ru1 C7 93.8(3)   C55 C53 C54 110.6(5) 

C7 Ru1 P1 89.29(16)   C7 C8 C9 124.7(6) 

C7 Ru1 P2 91.88(16)   C14 C13 C12 121.8(6) 

C7 Ru1 O3 85.5(2)   C25 C21 P4 115.2(5) 

C7 Ru1 O4 161.8(2)   C25 C21 C26 110.6(7) 

C29 P3 Ru2 113.9(2)   C26 C21 P4 114.9(6) 

C29 P3 C27 109.0(3)   O2 C17 Ru2 175.0(6) 

C27 P3 Ru2 113.1(2)   C32 C27 P3 113.6(5) 

C28 P3 Ru2 115.0(2)   C32 C27 C33 107.9(7) 

C28 P3 C29 102.2(3)   C33 C27 P3 115.4(6) 

C28 P3 C27 102.4(3)   C34 C28 P3 113.9(5) 

C47 P1 Ru1 115.4(3)   C34 C28 C35 111.1(6) 

C47 P1 C41 103.8(4)   C35 C28 P3 112.1(5) 

C47 P1 C37 100.2(4)   C52 C50 P2 117.4(6) 

C41 P1 Ru1 118.2(3)   C51 C50 P2 113.2(5) 

C37 P1 Ru1 114.9(3)   C51 C50 C52 107.7(6) 
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C37 P1 C41 101.7(4)   C11 C12 C15 122.1(6) 

C36 P1 Ru1 110.6(9)   C56 C57 P2 111.8(5) 

C36 P1 C42 121.9(19)   C56 C57 C58 109.4(6) 

C36 P1 C5AA 106.1(14)   C58 C57 P2 115.8(5) 

C42 P1 Ru1 99.0(18)   C13 C14 C9 121.7(6) 

C53 P2 Ru1 114.1(2)   C18 C19 P4 110.6(5) 

C53 P2 C50 109.5(3)   C20 C19 P4 115.5(5) 

C53 P2 C57 101.9(3)   C20 C19 C18 110.6(7) 

C50 P2 Ru1 114.1(3)   C24 C22 P4 114.3(6) 

C57 P2 Ru1 114.5(2)   C24 C22 C23 109.5(7) 

C57 P2 C50 101.2(3)   C23 C22 P4 116.4(5) 

C21 P4 Ru2 115.0(2)   C49 C47 P1 115.8(6) 

C21 P4 C19 102.3(4)   C49 C47 C46 110.2(9) 

C21 P4 C22 108.9(4)   C46 C47 P1 109.9(7) 

C19 P4 Ru2 114.6(3)   C44 C41 P1 116.5(7) 

C19 P4 C22 102.3(3)   C43 C41 P1 113.6(6) 

C22 P4 Ru2 112.6(3)   C43 C41 C44 106.4(8) 

C2 O3 Ru1 110.7(4)   C40 C37 P1 118.0(7) 

C4 O7 Ru21 112.4(4)   C38 C37 P1 112.3(6) 

C5 O6 Ru21 109.3(3)   C38 C37 C40 107.8(8) 

C3 O4 Ru1 108.6(4)   C39 C36 P1 115.7(18) 

O7 C4 C5 120.2(6)   C38 C36 P1 120.9(18) 

O7 C4 C2 131.3(6)   C38 C36 C39 107.0(19) 

C2 C4 C5 108.4(5)   C45 C42 P1 117(3) 

O6 C5 C4 121.6(5)   C45 C42 C43 94(4) 

O6 C5 C6 129.0(5)   C43 C42 P1 97.6(17) 

C4 C5 C6 109.4(5)   C48 C5AA P1 108(2) 

 




