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 This thesis has the following main nine chapters: 

 

 Chapter One-Introduction: The introduction contains a brief background on 

subjects such as the development of molecular electronics industry, Robin-Day 

classification of mixed-valent (MV) compounds, the charge distribution parameter ∆ρ 

(Geiger’s parameter) and a brief introduction to the Hush theory, the postulated 

mechanisms of electron-transfer processes, Jørgensen’s definition of “non-innocent 

ligands”, overview of the Sonogashira cross-coupling reaction, and historical 

development and properties of metal-alkenyl complexes. 

 

 Chapter Two describes the main objectives of the Thesis. 

 
 Chapter Three describes the effect of coordinating a series of potentially non-

innocent hydroxy- and mercaptopyridines or -quinolines to five-coordinatd 

Ru(CO)Cl(PiPr3)2(CH=CH-C6H4-4R) ruthenium-alkenyl complexes and investigates 

the behavior of these ligands in that specific environment. These complexes may exist 

as two isomers that differ with respect to the orientation of the 2[N,O]- or 2[N,S]- 

donor ligands relative to the CO and alkenyl ligands in the equatorial plane. The 

equilibria between the two isomers were kinetically and thermodynamically 

investigated. 

 

 Chapter Four addresses the issue of changing the interplanar torsion angle ɸ 

between the planes of the two aryl rings in biphenyl-bridged bis(alkenylruthenium) 

complexes on the electronic coupling and the electrochemical and spectroscopic 

properties of these compounds. A series of biaryl-bridged dinuclear ruthenium-vinyl 

complexes {[{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-R-CH=CH)], R = 9,9-bis(2'-

ethylhexyl)-fluorene, 9H-fluorene, phenanthrene, 9,10-dihydrophenanthrene, 1,1'-

biphenyl, 2,2'-dimethyl-1,1'-biphenyl, and 2,2',6,6'-tetramethyl-1,1'-biphenyl} have 

been prepared and characterized. Results indicate that the electronic and 

spectroscopic properties of these complexes and their associated radical cations are 

strongly modified by the torsion angle of the two phenyl rings of the bridge. 

 
 Chapter Five summarizes the results on mono-, bis- and tris(ruthenium-vinyl) 

complexes, where the alkenyl ruthenium moieties are attached to N-arylcarbazoles 
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 Summary of the entire thesis and outlook are found in Chapter Six. 

 
 The Experimental Part including the devices and physical measurement techniques, 

the computational methods used in (TD)DFT calculations, the synthetic procedures 

for unreported ligands and the complexes as well as the NMR (1H-, 19F-, 31P-, and 
13C-), elemental analysis and UV/Vis spectroscopy results. This part froms Chapter 

Seven. 

 
 The Supporting Information and Appendices (Figures and Tables) are provided in 
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1.1. The development of the molecular electronics industry 
 

The principle of micro electronics devices has dramatically changed over the last five 

decades, especially after discovering new binary code switches, capacitors, resistors, 

memories and transistors for data storage and transfer. However, the main challenge for 

electronics industry driven by productivity requirements is to develop ever smaller and faster 

components with ever greater performance. This requires modifications to long-practiced 

manufacturing techniques. With silicon-based electronic devices, many problems have been 

encountered, including the high manufacturing costs, relatively large size of macroscopic 

components and huge quantities of heat generated. In the 1970s one alternative to the silicon-

based electronics was proposed, this being molecular electronics. Molecular electronics can 

be defined as a "technology that utilizes single molecules, small groups of molecules or 

nanoscale metallic or semiconducting wires for performing electronic functions such as wires, 

switches, memories or transistors"[1]. 

In 1965, Gordon E. Moore published a key article predicting what would be going to happen 

in the semiconductor components industry over the next ten years. He proposed that the 

number of components (transistors, resistors, memories or capacitors) in a dense circuit would 

double approximately every year. This observation has become known later as Moore’s law 

and has become one of the driving paradigms for further development in the electronics 

industry. Moore believed that his prediction would be true for the next 10 years, however it 

has remained true until today. It has been predicted around 2012 that molecular silicon-based 

devices will reach their smallest possible sizes because of limits in manufacturing technology 

and quantum effects. This prediction has become a target for miniaturization in the 

semiconductor industry, and has widespread impact in many areas of technological 

change[2,3]. 

One of the most basic components of molecular electronics is the wire. By definition, a 

molecular wire, is "a one-dimensional molecule allowing for an electron- or hole-exchange 

through the connecting bridge between its two remote ends (terminal groups), which in turn 

can exchange electrons with the outside world"[4]. A decisive step toward molecular 

electronics is made when preparing a linear unit with two connections to the macroscopic 

component (e.g, transistors, and capacitors) with high charge carrier mobility along the 

conductor axis. Thus, long molecules constituted by various unsaturated organic units and 

featuring a conjugated π-electron network spreading all over the molecule like polyenes or 

polyynes are particularly well-suited for this purpose, since, after partial oxidation or 

reduction, they are electrically conductive. Our present contribution in this field is related to 
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the synthesis and study of organometallic molecular wires based on the ruthenium-vinyl 

fragments {Ru(CO)Cl(PiPr3)2(L)(vinyl)} (L = vacant site or monodentate neutral ligand) 

(Figure 1.1#1). 

 
 

Figure 1.1#1. Basic structure of a molecular wire based on ruthenium-vinyl moieties. 

 

There are two ways to check the electrical conductivity of a molecular wire. Firstly, it would 

be simply sufficient to connect the wire to a voltage source and drain as well as a current 

measuring device to record current-voltage curves. The other approach utilizes molecules that 

feature two identical redox-active groups that are attached to both ends of a central conductive 

bridge. After oxidation or reduction of one of these groups by one electron, such molecules 

form a mixed-valent state. In that state, the formally reduced site serves as the electron donor 

(source) and the formally oxidized one as the electron acceptor (sink or drain). Electron 

transfer takes place through or across the bridge between these redox-active groups. The 

efficiency of this conduction and the rate of intramolecular electron transfer are determined by 

the strength of the electronic coupling between the terminal groups. The electronic states are 

generally referred to as mixed-valent (MV, for more details see the next section).  Figure 

1.1#1 schematically illustrates the basic structure of organometallic molecular wires based on 

ruthenium-vinyl end-groups. The terminal group is generally defined as the entire redox-

active moiety, and is in our case the ruthenium-vinyl or styryl moiety, coordinated by 

ancillary ligands. They can be viewed as the voltage source or drain, while the bridge, or so-

called spacer, which connects the two end-groups, serves as a conduit[5,6]. 

 

1.2. The Robin-Day classification of mixed-valent compounds 
 

Since the discovery of the pyrazine-bridged bis(pentaammineruthenium)5+ ion, the so-called 

Creutz-Taube ion, in 1969[7] and of many closely related systems[8-10], linear conjugated 

complexes in which two remote redox-active transition metal moieties are linked through an 

unsaturated π-conjugated conducting bridge have been a subject of great interest as a result of 
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their easy functionalization, convenient controllability, and the low cost of organic molecules 

of the bridge. Understanding the electronic coupling between the two redox-active moieties, 

the spin (charge) (de)localization, and all aspects related to intramolecular electron-transfer 

processes through or across the conducting bridge are the most fundamental issues for such 

complexes. The efficiency and the degree of this coupling is highly dependent on the nature 

of the two redox-active groups, the ancillary ligands attached to the two metal entities, and on 

whether the connecting π-bridge is electron-rich or -deficient, rigid or flexible, long- or short-

chain, or oxidizable or reducible[11-15]. Another important aspect is the energy match between 

the frontier MOs of the redox-active end-groups and those of the bridge. Controlling these 

parameters allows one to vary the electronic properties of these molecular wires. The current 

challenge consists not only in the synthesis of such wire-like molecules, possessing two 

redox-active termini connected through a π-system, but also, in controlling and tuning the 

electronic interaction and the π-delocalization through the bridge. Among the different 

approaches used to construct the wire-like organometallic entities, compounds with 

unsaturated carbon chains spanning two metal ions have received key attention due to their 

facile accessibility and remarkable efficiency for achieving electronic delocalization. These 

compounds have shown promising results for the development of nanoscopic molecular 

electronic devices.  

Extraordinary efforts have been directed toward the preparation and investigation of dinuclear 

complexes with polyynediyl {M-(C≡C)n-M´}[4,16-18],  polyenediyl {M-(HC=CH)n-M´}[19-21]
, 

and bimetallic molecular rods linked by π-conjugated carbon chains with both ethynyl and 

ethenyl subunits {M-(C≡C)n-(HC=CH)m-M´}[22,5,6] as well as phenyleneethynylene-, 

phenylenevinylene- or polyphenylene-bridged complexes. Oxidizing or reducing one of these 

terminal redox sites generates a mixed-valent (MV) state. MV systems have usually the 

general architecture {Mn-bridge-Mn+1} where the two redox-active end-groups M have the 

same composition but are present in two different oxidation states. MV complexes can be 

generally categorized with respect to the strength of electronic coupling according to the 

classification proposed by Robin and Day[23] and analyzed theoretically using the Hush theory 

initially established by Hush in 1967 ( see below)[24]. Important contributions came later from 

Lambert[25-27], Meyer[28] and Kubiak [29-32]. In MV systems, it is possible to quantitatively 

probe the degree of electron and spin (charge) (de)localization by i) investigating the changes 

in the frequency shifts of IR charge-sensitive groups (e.g. CO, NO, C≡N, C≡C, and the like), 

ii) analyzing the optical intervalence charge transfer (IVCT) band(s), which are often located 

in the near-infrared (NIR) regime, and iii) analyzing electron paramagnetic resonance (EPR) 
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hyperfine coupling patterns, which affords information on the spin density distributions over 

EPR active nuclei in the bridge or at the metal centers (e.g. Ru, N, P). Furthermore, in such 

symmetric systems, the half-wave splitting or potential difference ∆E½ for successive one-

electron redox processes is a convenient tool for probing the thermodynamic stability of the 

corresponding mixed-valent species. This parameter has often been revealed as being 

indicative of the electronic interaction (or “communication”) along the conjugated molecular 

backbones. This stabilization is measured by the comproportionation constant Kc. Here one 

should note, however, that ∆E½ depends on several different contributions besides the 

“resonance” stabilization term ΔGres (see below), so that it is only a qualitative, but no 

quantitative measure of electronic delocalization in a MV system. 

 Based on the Robin-Day the classification[23], mixed-valent compounds can be subdivided 

into three major classes (Figure 1.2#1): 

 
Figure 1.2#1. Robin-Day classification of mixed-valent compounds. 

 

 Class I systems are fully localized systems, in which no communication between the 

terminal groups through the bridge exists. There is a high barrier to thermal or optical 

electron transfer between the two sites. So, no through-bridge electron exchange between 

metal centers occurs and no IVCT band can be observed. The relevant frontier orbitals are 

fully localized at the metal centers while the bridge acts as an insulator. 

 Class II systems are intermediate in character and located between the extremes of Class I 

and Class III systems. Here one observes some moderate to fairly strong communication 

between the termini across the bridge. In that case, the frontier orbitals include both the 

metal centers and the bridge. The oxidation states of the individual subunits are, however, 

distinguishable from each other by at least one spectroscopic method. Here, there is a low 

to moderate energy barrier for activated electron transfer from one site to the other, which 
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can be induced and initiated thermally or optically. These species exhibit a more or less 

intense IVCT band in Vis or NIR regime. The degree of electronic coupling can be 

estimated by analysing the IVCT band, which is typically solvent dependent 

(solvatochromism). 

 Class III systems are completely delocalized. This means that there is no energy barrier for 

electron transfer from one site to the other and the crucial frontier orbitals extend over the 

entire molecule. The two termini are identical and not distinguishable by any 

spectroscopic method, irrespective of the experiment time-scale and the solvent used (no 

solvatochromism). Therefore, the two redox-active subunits in the mixed-valent state have 

identical properties and differ completely from both the doubly oxidized and the reduced 

forms. Each site exhibits an oxidation state with a half-integer. In that case, the bridging 

ligand effectively promotes electron transfer and has only limited length. MV species of 

Class III typically also have a rather intense electronic band at low energy which, 

however, involves no net charge transfer from one site to the other or to (or from) the 

bridge. This band is denoted as a charge-resonance band and resembles a transition within 

a delocalized open-shell chromophore. 

 Borderline II / III systems are systems that, depending on the polarity of the solvent, show 

either Class II or Class III behavior[33,34]. 

 Borderline I / II systems are systems, which have negligible communication (weak 

interaction) between the terminal groups through the bridge. 

Braun-Sand and Wiest have recently carried out a series of theoretical calculations for three 

dinuclear ruthenium complexes BSW1 - BSW3, which represent the three different major 

Robin-Day Classes as shown in Chart 1.2#1. Complex BSW1 is analogous to BSW3 (Creutz-

Taube ion, well-known as a Class III system), but with only σ-bonds within the bridge and 

thus expected to behave as a localized Class I system. In BSW2, the connecting bridge is 4,4'-

bipyridine, which typical for Class II systems. These studies allowed to examine, how the 

computational calculations can reproduce the different types of behavior of these Classes by 

analyzing the MOs. Figure 1.2#2 shows the crucial frontier MOs obtained from these 

calculations while Table 1.2#1 summarizes the calculated spin densities and charges for the 

two ruthenium atoms in each complex. The electron transfer between these two redox-active 

sites takes place through the bridge. Therefore, the energy gap between the singly occupied, 

metal-centered molecular orbital (SOMO) and the LUMO, which is centered on the bridging 

ligand, is a good indication of the energy barrier for the electron-transfer process. As small 

energy gap suggests a strong electronic coupling between the two redox moieties. The SOMO 
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of BSW3 is stongly delocalized over both ruthenium fragments, while it is mainly located on 

one ruthenium subunit in BSW1 and BSW2. This suggests that the electronic interaction and 

delocalization in BSW3 is much stronger than in the other cases. The LUMO in BSW3 is 

fully distributed over the bridging spacer, while it is unequally spread in BSW2, reflecting the 

breaking of the π-conjugation of the bridging ligand. This is also seen in the differences in 

spin densities and charges on two ruthenium ions in Table 1.2#1, which shows very similar 

spin densities and charges on both ruthenium atoms in BSW3, suggesting that both ruthenium 

atoms are (nearly) equivalent, while there are much larger differences in BSW2[35]. 

 
Chart 1.2#1. Structures and Robin-Day classes of three dinulcear complexes BSW1-BSW3 

 .]35[Wiest andSand -Brauninvestigated by  
 

Table 1.2#1. Mulliken spin densities and charges for the two ruthenium atoms in complexes 
 .]35[Wiest andSand -Braunby  reported BSW3-BSW1 

 
Compound Mulliken charge  Mulliken spin density 

  Ru1 Ru2 Ru1 Ru2 
BSW1 0.54 0.54 0.93 0.93 
BSW2 0.86 1.18 0.00 1.14 
BSW3 0.85 0.86 -0.03 0.05 
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Figure 1.2#2. The SOMO and LUMO of dinculear complexes BSW1 - BSW3 and their 

energy gaps reported by Braun-Sand and Wiest[35]. B3LYP functional level of theory and the 
3-21G* basis sets were used. 

 
Cyclic voltammetry (CV) usually constitutes the easiest way to test the electronic coupling 

(interaction) between the two remote redox-active end-groups connected through the bridge. 

In the case of a sufficiently strong interaction, two consecutive, one-electron waves should be 

observed. The half-wave splitting or potential difference ∆E½ is a convenient measure of the 

thermodynamic stability of the corresponding mixed-valant species. This stability is measured 

by the comproportionation constant Kc for the comproportionation reaction detailed below. Kc 

can be computed using equation 1.2#1. It is worth to mention here, that the relation between 

Kc, the total free enthalpy of the comproportionation reaction ΔGc, and the half-wave splitting 

or potential difference ∆E½ is given by equation 1.2#2. ∆E½ depends on several different 

contributions besides the “resonance” stabilization factor ΔGres. The electrostatic interaction 
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factor ΔGe corresponds to the free energy required to add or remove another unit charge to or 

from the MV species upon the second one-electron transfer process to generate a doubly 

charged system with one charge at each redox-site. The inductive factor ΔGi accounts for the 

fact that electron transfer at one redox-active center affects its bonding to the connected 

bridge. This effect is then in turn transferred through the bridge to the other redox-active end-

group and hence changes the electron density at this site. An additional factor is the magnetic 

exchange term ΔGm, which corresponds to the magnetic interactions between the two redox-

sites. The last factor is the statistical factor ΔGs, which accounts for the fact that in a system 

with two insulated, non-interacting redox-sites the intrinsic redox potentials differ by a factor 

of ½R·T/F·ln¼ = 36 mV at T = 298 K (see eqs. 1.2#3 to 1.2#6). Moreover, ∆E½ depends also 

on the experimental conditions such as the polarity of the solvent used, solubility and the 

diffusion coefficient of the sample, the supporting electrolyte, sample concentration and the 

temperature. So, ∆E½ is only a qualitative measure of electronic delocalization in a MV 

system. Alternatively, when there is no or negligible communication, only a single redox 

wave or two closely spaced waves are usually observed[4]. 

oxredoxoxredred  2 
  

)exp(
][][

][ 2
12

RT

EnF

oxoxredred
oxredKc







 (eq. 1.2#1) 

 
ΔGc = -R·T·ln(Kc) = -n·F·ΔE½ (eq. 1.2#2) 

 
ΔGc = ΔGres + ΔGe + ΔGi + ΔGm + ΔGs  (eq. 1.2#3) 

 
ΔGc = ΔGres + ΔGe + ΔGi + ΔGm + ½R·T/F ln¼   (eq. 1.2#4) 

 
ΔGres = -ΔGe - ΔGi - ΔGm + ΔGc - ½R·T/F ln¼   (eq. 1.2#5) 

 
ΔGres = -ΔGe – ΔGi – ΔGm -n·F·ΔE½ - ½R·T/F ln¼   (eq. 1.2#6), 

 
where F, n, ΔE½, R and T are Faraday's constant, the number of transferred electrons, the 

splitting of the two waves, the ideal gas constant, and the temperature, respectively. 

 

Complexes with metal-carbonyl containing redox-active end-groups provide a particularly 

convenient measure of electronic coupling in the MV state. Geiger et al. have shown, by 

investigating a series of half-sandwich manganese and chromium complexes (Chart 1.2#2)[36-

38], that the relative CO band shifts of the intermediate radical cations with respect to the 

bordering isovalent states provide a charge distribution parameter ∆ρ as a quantitative 

measure of ground-state charge delocalization and metal-metal communication[36]. ∆ρ is given 
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by equation 1.2#7 and Figure 1.2#3 (left), where oxv~ and redv~  represent the CO stretching 

wavenumbers of the fully oxidized and fully reduced forms, respectively, while oxv~  and 

redv~  are the energy differences between the band positions of the fully oxidized species and 

the higher energy band of the intermediate monooxidized form or between the lower energy 

band of the MV intermediate and the fully reduced form, respectively. By its definition (see 

Figure 1.2#3, left), the ∆ρ parameter is expected to increase with increasing metal-metal 

interaction in the MV state. ∆ρ scales between 0 to 0.5. A ∆ρ value of 0 indicates a 

completely localized system of Class I. In this case, the lower and higher energy CO bands of 

the mixed-valent state are at the same position as in the neutral or the doubly oxidized 

systems. A ∆ρ value of 0.5 represents a completely delocalized system of Class III, where a 

single (set of) CO band(s) occurs in the MV state at positions midway between those of the 

neutral and the dioxidized states. Class II systems assume values in between these two 

extremes and are characterized by the presence of a pattern of two separate CO bands in the 

MV state. The energy difference between these two bands is attenuated as the interaction 

between the two redox-active moieties increases (Figure 1.2#3 (left)). The ∆ρ value reflects 

the distribution of the extra charge between the two subunits in the MV state. A ∆ρ value of x 

indicates that one redox-active subunit in the MV state has a charge density of x (or 100·x%) 

while the other unit has one of 1-x (or 100-100x%). Geiger and coworkers also found that ∆ρ 

is linearly correlated to the ΔE½ values of these complexes (Figure 1.2#3, right). 

 
Chart 1.2#2. Half-sandwich dinuclear manganese and chromium complexes investigated by 

.]83-36[workers-and co Geiger 
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Figure 1.2#3. Definition of Geiger’s charge distribution parameter ∆ρ for the different major 

.]38-36[(right) ½Eand Δ ρlinear correlation between Δthe (left) and  Day Classes-Robin 
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Another valuable tool for evaluating the degree of delocalization in MV compounds was 

firstly proposed by Hush in 1967 by extracting the electronic coupling parameter Hab (known 

in the textbooks and the literature as Vab as well) from the optical IVCT band, which was 

observed by Vis/NIR spectroscopy. Hab is a very informative parameter on the charge 

delocalization within a MV molecule. The exact analysis depends on the Class of the MV 

compound according to the classification of Robin and Day. For Class II complexes, 

presenting moderate delocalization between the metal centers, Hab is given by equation 

1.2#8[4,39]. 

)8#1.2(eq.   
MM

vv

ba R
H 2

1maxmax
~~

21005.2





   

)9#1.2(eq.        ½)maxv= (2310 cald)½vΔ(  

In equation 1.2#8, εmax, max
~v , and 

2
1

~v are the molar extinction coefficient (M-1cm-1), the 

energy of the absorption maximum in cm-1, and the bandwidth at half maximum height in cm-

1, respectively, of the IVCT band, while RMM denotes the spatial metal-metal distance, which 

is here assumed to represent the effective charge-transfer distance. For MV compounds of 
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Class II, the relation between the theoretical bandwidth and the energy of the band maximum 

is given in equation 1.2#9. A delocalization parameter α, which can often be found in the 

literature as well, is given by dividing Hab by max
~v  as given by equation 1.2#10. The numerical 

value of this parameter ranges again from 0 to 0.5 and is multiplied by a factor of 100 to 

reflect the percentage distribution of charge on the redox-active end-groups in the MV state. 

An α of 0 value indicates a Class I system, while α ≥ 0.50 for a Class III system, and 0 < α < 

0.50 for a Class II system. Figure 1.2#4 shows the potential hypersurfaces for these three 

major classes of MV compounds.  

max

2
1max2

max
~

~
1005.2

~ v

v

R
H

MM

ab



 


  (1.2#10) 

 
Figure 1.2#4. Potential hypersurfaces of mixed-valent classes. 

 
1.3. Mechanisms of electron-transfer  

 
There are three basic proposed mechanisms for molecular charge-transfer in the MV state. 

The simplest one is the direct super-exchange, where the electron or charge carrier is suddenly 

transferred or jumps directly in a single step from the donor (D) to the acceptor (A) across the 

bridge. Here, the electron is never located on the bridge as illustrated by Figure 1.3#1[40-42]. In 

this case, the bridge is termed as “innocent” and does not contribute in the electron or hole 

transfer. In this case, the relevant frontier orbitals of the donor moiety (HOMO) and the 

acceptor (LUMO or SOMO) in MV state have suitable symmetry and energy to interact 

strongly. The probability of this electron-transfer from the donor to the acceptor is attenuated 

as the spatial distance between the redox-active groups increases[40-42].  
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-40[exchange mechanism-direct superSchematic diagram representation of the  .1#1.3Figure 

.]42 
The second proposed mechanism is the hole transfer or incoherent hopping process as 

illustrated by Figure 1.3#2. In this mechanism, the electron is firstly transferred from the 

bridge to the acceptor. The resulting hole in the repeat unit of the bridge close to the acceptor 

site is then filled by an electron from the neighboring repeat unit of the bridge and so forth as 

indicated by steps i and ii, until in the final step the electron is transferred from the former 

donor site to the first repeat unit of the bridge at the oppsite end. In total, the entire process 

can be viewed as the migration of a hole from the donor to the acceptor end-group through the 

bridge[40-42].  

 
exchange -hole transfer superSchematic diagram representation of the  .#21.3Figure 

.]42-40[mechanism 
 

The third mechanism is electron transfer by incoherent hopping. This occurs when an electron 

is transferred from the donor into an empty low-lying MO of the bridge which consists of a 

series of repeat units. This allows the charge to hop until it reaches the acceptor as shown in 

Figure 1.3#3.  

 
Figure 1.3#3. Schematic diagram representation of charge incoherent hopping 

.]42-40[mechanism  
 

The key parameter in the last two mechanisms is the energy difference between the respective 

frontier orbitals, the HOMO of the donor, the LUMO/HOMO of the connecting bridge, and 

the SOMO of the acceptor. The bridge in both cases is not only acting as a transport channel, 

but actively participates in the redox process. In this case, the bridging ligand is termed as 

“non-innocent” or “guilty” (for more details about the concept of “non-innocent ligands” in 
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the next section). Generally the super-exchange pathway is preferred at a lower spatial 

distance and the hopping mechanism is more efficient at larger distances between the redox 

sites[40-42]. 

 

1.4. Non-innocent ligands 
 

When a ligand binds to a metal ion, there is some charge transfer between the two. Often, the 

degree of transfer is sufficiently small, so that oxidation states can still be correctly assigned. 

For example, in FeCl3 it is clear that Fe has oxidation state +III while Cl has oxidation state -I. 

We say Cl- is an "innocent" ligand because it doesn't perturb the oxidation state of the Fe(III) 

ion. Now suppose we have a Fe(NO) fragment. Is this considered as Fe+ NO- or as Fe• NO• or 

Fe- NO+? The charge distribution between the Fe atom and the NO ligand is unclear because 

the NO ligand can contribute to or participate in a redox process and adopt several different 

oxidation states. NO is thus considered as "non-innocent". The concept of non-innocent 

(“guilty“ or “suspect“ or “ambi-valent“) ligands was firstly introduced by C. K. Jørgensen in 

1966[43]. He defined redox-active ligands that “actively participate in an electron transfer 

process and thus don’t allow for definite or clear oxidation state assignments for the metal 

center(s) as non-innocent ligands”. When the energy barrier for intramolecular electron 

transfer between a redox active metal moiety and a non-innocent ligand is low, charge and 

spin are delocalized over the metal and the non-innocent ligands. Therefore, several resonance 

structures are required to adequately describe the electronic structure of such a system. When 

the energy barrier of intramolecular electron transfer between the metal ion and that ligand is 

sufficiently high, non-innocent ligands may give rise to the phenomenon of valence 

tautomerism. The simplest cases of non-innocently behaving ligands are NO- and O2-derived 

ligands. A cationic NO ligand is firstly reduced to the nitric oxide radical and then to the 

nitroxyl anion. On the other hand, O2 behaves similarly as it is first reduced to the superoxide 

radical anion and then to the peroxide dianion (Chart 1.4#1)[44,45].  

There are many other examples of non-innocently behaving ligands. Important sets of redox-

active ligands are based on diimines, azoimines, dithiolenes, dioxolenes, tetracyanoethene 

(TCNE), 7,7,8,8-tetracyano-p-quinodimethane (TCNQ), and similar related ligands with 

mixed sets of donor atoms (Chart 1.4#1)[44,45]. 
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.]44,45[innocent ligands-non ,active-Common examples of redox .#11.4Chart  

Redox non-innocent ligands have been intensively investigated over the past few years, in 

particular by the group of Wolfgang Kaim[45], Cortlandt Pierpont[46,47] and Barry Lever[48,49]. 

A common example of a coordination compound with a non-innocent ligand is the nickel 

complex of glyoxalbis(2-mercaptoanil) Ni(gma)2 (Chart 1.4#2). This complex is characterized 

by the presence of an extensive network of conjugated π-bonds. This complex can be 

considered as a 16-electron NiII complex with diiminodithiolate (Ni-1a), or as a di(imino-

thiosemiquinonate) (Ni-1b), as a 14-electron NiIV complex (Ni-1c) or, alternatively, as an 18-

electron Ni0 complex (Ni-1d). As a result, neither the oxidation state of the central nickel 

atom nor the charges on the donor ligands can be precisely defined. As a consequence, such 

structures are often described by formulae with delocalized bonds (Ni-1e). This means that 

the ligand is non-innocent[50,51]. 
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 innonent-showing non 2Ni(gma)complex  elckin mercaptoanil)-2lyoxalbis(The g .2#1.4 Chart

.]51,50[of the ligand behavior 
 

While most of the work in this field has concentrated on inorganic coordination chemistry, 

Winter and co-workers have recently shown, by investigating a series of penta- and 

hexacoordinated ruthenium-vinyl complexes {Ru(CO)Cl(CH=CHR)(PR´3)2 and  

Ru(CO)Cl(CH=CHR)(PR´3)2(py), R = n-butyl, phenyl, or 2-pyrenyl, and R´= Ph or iPr}  

which differ with respect to the spatial extension of the vinyl ligand’s π-system (Chart 1.4#3), 

that the alkenyl ligands constitute a unique class of non-innocent ligands in organometallic 

chemistry. Extension of the π-system of the alkenyl ligand from hexenyl to styryl and to 2-

pyrenylvinyl increases the extent of π-conjugation within the entire system and thus strongly 

influences its redox properties. Alkenyl ligands strongly, if not dominantly, contribute to the 

HOMO of such complexes and thus to the anodic oxidation as the π-system is extended. The 

contribution of the alkenyl ligand to the HOMO was thus shown to increase from 46% to 84% 

as R was changed from n-butyl to 2-pyrenyl[52]. 
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Chart 1.4#3. Five- and six-coordinated ruthenium-vinyl complexes with non-innocent 

.]52[interWreported by  ligands alkenyl 
 

1.5. The Sonogashira cross-coupling reaction 

1.5.1. History 

The majority of the organic ligands throughout this work were prepared by palladium- 

catalysed Sonogashira reactions. The palladium catalysed C-C bond formation process, which 

is able to couple a sp hybridized carbon from a terminal alkyne with a sp2 carbon of an aryl or 

vinyl halide or triflate is commonly termed as a Sonogashira coupling. The Sonogashira 

reaction was firstly reported by Kenkichi Sonogahira, Yasuo Tohda and Nobue Hagihara in 

1975[53]. This finding was reported several months after and as an extension to previous 

studies reported independently by Cassar[54] and Dieck and Heck[55], which effect the same 

reactions, but used harsh reaction conditions, such as high temperatures. Both of these 

reactions use palladium catalysts to carry out the coupling, while the Sonogashira reaction 

uses both palladium and copper(I)iodide catalysts together. This catalyst mixture results in an 

increased reactivity, reduces the reaction time, and enables that the reaction can be carried out 

under mild conditions, even at room temperature. This makes the Sonogashira cross-coupling 

reaction highly useful for this reaction, particularly in the alkynylation of aryl halides. The 

remarkable utility can be evidenced by the amount of research still being done on expanding 

and optimizing its synthetic capabilities. Despite the few years after these revisions, the 

numbers of reports showing different modifications and applications of this process have 
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reached impressive numbers. Thus, a simple search for the topic ‘‘Sonogashira’’ in the 

SciFinder database showed more than 1500 papers published in journals during the period 

2007-2010[56]. It has become so well known that sometimes all reactions that use the active 

palladium(0) catalyst to couple a sp2 and even sp3 halide or triflate with a terminal alkyne are 

termed as "Sonogashira reactions", regardless of whether or not a copper(I) co-catalyst is 

used and despite the fact that these reactions aren’t carried out under real Sonogashira 

reaction conditions. The obtained products from the Sonogashira reaction find widespread 

applications in many diverse areas of chemistry, such as in the synthesis of dyes, sensors, 

electronics, compounds for molecular polymers, natural products and heterocycles. 

 

1.5.2.  The Proposed Mechanism 

The exact mechanism of the palladium/copper catalysed Sonogashira reaction is still at this 

moment not completely understood[57]. All textbooks and recent research publications report 

the interplay of two cycles, the palladium and the copper catalytic cycles, as proposed in 

Schemes 1.5#1 and 1.5#2. 

o The palladium cycle is characterized by the following: 

 The inactive palladium PdII precatalyst is activated in the presence of triethylamine, which 

acts as a reducing agent, converting it in situ to a Pd0 compound as shown in Scheme 

1.5#1. The first step is the exchange of the anionic ligand by Et3N followed by β-hydride 

elimination generating the palladium hydride intermediate [HPdII(PPh3)2Cl], which finally 

gives the required Pd0 species upon reductive elimination of HCl[58]. This step is also 

base-assisted. 

 The active palladium catalyst is the 14 valence-electron compound Pd0L2, complex A, 

which reacts with the aryl halide in an oxidative addition to produce a PdII intermediate, 

complex B. This step is considered to be the rate-determining step of this reaction. 

 Complex B reacts in a transmetallation with the copper acetylide, complex F, which is 

produced in the copper cycle (see below), to give complex C. This step also re-generates 

the copper halide, G, which re-enters the copper cycle. 

 Both organic ligands in complex C are trans oriented and isomerized to a cis complex in 

a cis-trans isomerization to produce complex D. 

 In the final step, complex D undergoes reductive elimination to produce the alkyne, with 

re-generation of the palladium catalyst. 

o For the copper cycle, the following is known: 
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 It is suggested that in the presence of a base like triethylamine a π-alkyne copper complex, 

complex E, is formed, which makes the terminal acetylene proton on the alkyne more 

acidic, leading to the formation of the copper acetylide intermediate, compound F, while 

the triethylamine base abstracts the acid HX to form a triethylammonium salt. 

 Compound F reacts with the palladium intermediate B in a transmetallation, with 

regeneration of the copper halide, G. 

PdCl

PPh3

PPh3

Cl
II

+ Et3N N
Et2

Pd(PPh3)2Cl
H

Cl

HPdII(PPh3)2Cl Pd0(PPh3)2
-HCl

Et2N

Cl 
 IIPda species from  0generation of a Pdin situ echanism for the Proposed m .#11.5Scheme 

.]58[N3by Et styprecatal 

 
 of thefor the general pathway  cycle atalyticThe palladium and the copper c .#21.5Scheme 

.]57[reaction Sonogashira 
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1.5.3. Catalyst 

Typically, two catalysts are needed for this cross-coupling reaction: a zerovalent palladium 

complex and a copper(I) halide salt, normally CuI. Examples of such Pd(0) catalysts include 

compounds, in which phosphines are coordinated to palladium like [Pd(PPh3)4]. A common 

derivative is [Pd(PPh3)2Cl2], but compounds with bidentate diphosphines such as 

[Pd(dppe)Cl2], [Pd(dppp)Cl2], and [Pd(dppf)Cl2] have also been used. PdII is often employed 

as a pre-catalyst, since it exhibits greater stability than Pd0 over an extended period of time 

and is much easier to prepare and to store. The inactive PdII catalyst is reduced to Pd0 in situ 

by either an amine or a phosphine ligand. Copper(I) salts, such as copper iodide, are co-

catalysts in the reaction. They are used to increase the rate of the reaction, most importantly, 

to accelerate the cross-coupling step. 

1.5.4. Reaction conditions 

The Sonogashira reaction is typically run under mild conditions. This cross-coupling is 

carried out at room temperature in the presence of base, typically an amine, such 

as triethylamine or diisopropylamine, that also acts as a (co)solvent. The reaction medium 

must be basic to neutralize the hydrogen halide produced as the side-product of this coupling 

reaction. In addition, inert conditions are formally needed because the palladium(0) species 

are highly unstable in air. Aryl iodides are the species most frequently and most easily 

coupled with terminal acetylenes. Generally, these reactions occur at room temperature and 

can take from few hours to overnight or several days. Vinyl iodides react in a similar manner, 

while vinyl and aromatic bromides are much less reactive in the Sonogashira coupling and 

often require reflux conditions. Depending on the sp2-carbon halide or triflate used, these 

reaction conditions provide varying results. Generally, the coupling of vinyl halides is much 

faster than that of aryl halides as it is indicated in Figure 1.5#1[57]. 

 

carbons with different leaving groups.  2psThe rate of coupling reaction of  .1#1.5Figure  

1.5.5. Cleavage of the trimethylsilyl (TMS) protecting group 

If terminal alkynes are the desired products, trimethylsilylacetylene (TMSA) or 

(triisopropylsilyl)acetylene (TIPSA) are the most common alkynylation agents. The free 

alkynes are easily obtained by cleaving the protecting TMS or TIPS groups. In the case of 

TMS, this is usually done by stirring the protected alkynes with a basic (e.g K2CO3, KF, 
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KOH, or Bu4NF) solution of THF or MeOH in H2O. The reaction takes place within few 

minutes with concomitant evolution of (TMS)2O gas as given in Scheme 1.5#3.  

 
Scheme 1.5#3. Proposed mechanism for the cleavage of the protecting TMS group. 

 

1.6. Historical development and properties of metal-alkenyl complexes 

Since the discovery of the hydrometallation of alkynes by the complexes [HRu(CO)Cl(PR3)n] 

(R = iPr, n = 2; R = Ph, Me, n = 3), the resulting ruthenium-alkenyl complexes have attracted 

considerable attention. The first series of complexes of this type were reported in the 1980s. 

H. Werner and co-workers succeeded in 1986 to synthesize the first mononuclear alkenyl 

ruthenium and osmium complexes with PiPr3 or PCy3
 (Cy = cyclohexyl) as phosphine co-

ligands[59,60]. These complexes were prepared by the regio- and stereospecific insertion of the 

-C≡CH bond of a terminal alkyne into the Ru-H bond of the hydride complex of the general 

composition given above, according to the mechanism postulated in Figure 1.6#1.  

The first step in this mechanism is the binding of the -C≡CH triple bond to the vacant 

coordination site of the M-H complex. The initial binding site is generally the open 

coordination site trans to the hydride ligand. This resulting π-alkyne complex can then 

undergo a 1,2-hydrogen shift to provide a vinylidene complex H(CO)Cl(PR3)2M=C=CHR. 

This is, however, not the thermodynamically most stable product such that this reaction 

constitutes a dead end. The productive process starts with the less preferred approach of the 

alkyne at the HM(CO)-hemisphere of the hydride complex. This is accompanied by major 

rearrangement within the coordination sphere of the metal atom, whereby the CO ligand 

bends over to the previously vacant coordination site. This subsequently leads to formation of 

the four-membered transition state, which is considered as the rate-determining step of this 

reaction. Finally, the partial single bond of MH of the hydride complex is cleaved, a C-H 

bond forms and the -C≡C bond order is reduced from three to two. As the metal-coligand 

fragment and the hydrogen atom attack the C≡C bond of the alkyne from the same side, the 
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resulting alkenyl complex has a trans arrangement of the metal atom and the substituent 

R[59,60]. 

 
.]59,60[step hydrometallationostulated mechanism of the The p .#11.6Figure  

 

Studies on [M(CO)L(PR3)n(CH=CH-Ar)] (M = Ru, Os; R = iPr, Ph, n = 2; L = Cl- or bidentate 

monoanionic chelate ligands) (Figure 1.6#2) in particular by the research group of 

Werner[59,60], Liu[11,12,14,15] and Winter[5,6,13,18-22,52,61-72] revealed several attractive properties 

such as: 

 One or more (when Ar is redox-active by itself, e.g. triarylamine[62,63], ferrocene[61], 

squaraine[64]) chemically and electrochemically reversible, one-electron oxidations at low 

and well-accessible potentials. These rather low potentials allow for the electrochemical 

generation and spectroscopic characterization of the oxidized forms. This oxidation is 

highly based on the alkenyl ligand and shifted cathodically to lower potential as the 

electron donation by the alkenyl ligand increases.  

 Good stabilities of their corresponding radical cation(s), especially when the para-position 

of the styryl ligand is blocked to avoid benzidine-type rearrangements. 

 The Ru(C≡O) as an indicative IR-label for monitoring the electron density around 

ruthenium. The band shift of the carbonyl ligand upon oxidation reflects the electron 

density change at the ruthenium-vinyl moiety(ies). Upon sequential oxidations, the 

Ru(C≡O) band is blue-shifted to higher wavenumbers as less electron density transferred 

from the ruthenium metal atom(s) to the π-acceptor orbitals of the carbonyl ligand(s) by 

back-donation (Figure 1.6#3). The magnitude of this shift mirrors the metal contribution 

to the oxidation process. The shift is higher as the metal contribution is increased. 

 31P and 99/101Ru nuclei as good labels for disclosing the spin density distributions of 

paramagnetic forms by EPR spectroscopy.  
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 Strong (poly)electrochromic behavior and intense bands in NIR or the Vis for their radical 

cations or the higher oxidized forms. 

 Strong substituent dependence, since the electronic and spectroscopic properties strongly 

depend on the substituent of the alkenyl (bridging) ligand. 

 The ability to modify the metal coordination sphere by either coordinating a neutral 

monodentate ligand (e.g. CO, nitrile, amine, py, etc) to the vacant coordination site of the 

16 valence electron (VE) five-coordinated species or by replacing the chloro ligand and 

occupying the vacant site with monoanionic bidentate ligands (e.g. carboxylate, 

acetylacetonate, etc). Conversion to 18 VE systems shifts the half-wave potential(s) by ca. 

200 mV cathodically when compared to 16 VE systems. 

 Large, if not dominant, alkenyl ligand-based character of the HOMO of the neutral 

complexes and the SOMO of their corresponding radical cations. Thus, oxidized forms of 

these complexes are best described in terms of metal-stabilized organic radicals (Figure 

1.6#2), while the LUMO is mainly localized at the {Ru(CO)Cl(PiPr3)2} = {Ru} moiety for 

the five-coordinated complexes or at the bidentate ligand or the alkenyl ligand in the case 

of six-coordinated complexes. 

 
Figure 1.6#2. DFT calculations of the ruthenium-styryl complex: Plot of the crucial frontier 

MOs and of the spin density distributions of the radical cation. 
  

 
Figure 1.6#3. Back-donation from the ruthenium dπ-orbitals to the π*- acceptor orbitals of 

the carbonyl ligand. 
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These general features allowed for a detailed analysis of the electronic coupling in the MV 

states of alkenyl-bridged di-, tri- or tetraruthenium complexes by IR, UV/Vis and EPR 

spectroscopy. Thus, studies on the radical cations of the three isomeric divinylphenylene-

bridged diruthenium complexes {Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-C6H4-CH=CH), in which the 

two ruthenium-vinyl moieties were attached to the 1,4-, 1,3-, or 1,2-positions of a central 

phenylene ligand (Chart 1.6#1) showed appreciably different degrees of ground-state 

delocalization and spectroscopic properties despite similar ΔE½ values [13,68]. 

 
Chart 1.6#1. Dinuclear ruthenium-vinyl complexes attached to the 1,4-, 1,3-, or 1,2-positions 
of a central phenylene ligand reported by Winter and coworkers. Potentials are given relative 

to the ferrocene/ferrocinium scale[13,68]. 
 

Moreover, insertion of a further styryl unit into the divinylphenylene bridge in Chart 1.6#1 

generates the cis- and trans-isomers of the stilbenyl-bridged diruthenium complexes of Chart 

1.6#2. Despite the low ΔE½ values of one-electron oxidations of both isomers, the MV states 

of these complexes show astounding degrees of ground state delocalization as indicated by 

varying Δρ from 23% and 8% for the trans- and the cis- isomers, respectively (Chart 

1.6#2)[69]. 
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Chart 1.6#2. Cis- and trans isomers of the stilbenyl-bridged dinuclear ruthenium-vinyl 
complexes reported by Winter and coworkers. Potentials are given relative to the 

ferrocene/ferrocinium scale[69]. 
 
The insertion of a trans-Ru(dppe)2(C≡C-)2 entity into the bridge afforded a system that allows 

for complete charge delocalization over a distance of up to ca. 23 Å, in up to five different 

oxidation states. This complex constitutes a core component of a molecule-based electronic 

wire (Chart1.6#3)[5,6,22]. 

 
Chart 1.6#3. Di- and triruthenium complexes exhibiting long-range electron transfer prepared 

by Winter and Rigaut and their coworkers[5,6,22]. 
 

Electrochemical and spectroscopic studies on pseudo-para[2.2]paracyclophane- and 

[2.1]orthocyclophane-bridged diruthenium-vinyl complexes allowed for an assignment of 
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their radical cations as weakly coupled mixed-valent systems of Class II according to Robin 

and Day (Chart 1.6#4)[65,66]. 

 
Chart 1.6#4. Bisruthenium-vinyl complexes exhibiting substituted cyclophanes investigated 

by Winter and coworkers. Potentials are given relative to the ferrocene/ferrocinium scale[65,66]. 
 

Furthermore, strong to even complete delocalization of charge and spin density was observed 

for ruthenium-alkenyl ferrocene conjugates. The analysis of the pattern and the relative shift 

of the Ru(CO) bands in IR spectroscopy and of the hyperfine splittings in EPR spectroscopy 

provide valuable and often even quantitative information on these issues (Chart 1.6#5)[61,65]. 

 
Chart 1.6#5. Ruthenium-vinylferrocene complex investigated by Winter and coworkers[61,65]. 
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2.1. Aims of this work 

In this thesis, three main projects have been pursued. In the first project, a series of ruthenium 

styryl complexes with potentially non-innocent 2[N,O]- and [N,S]- ligands have been 

prepared by treatment of five-coordinated 16 valence-electron ruthenium styryl complexes 

[Ru(CO)Cl(PiPr3)2-CH=CH-C6H4-4R] with various deprotonated hydroxy- and 

mercaptopyridines or -quinolines that act as bidentate ligands. The aim of this project was to 

investigate if these ligands extend the -conjugated path within the ruthenium-vinyl moiety, 

to examine the isomeric distributions of these complexes, and to probe, if the behavior of 

these 2[N,O]- or 2[N,S]- donor ligands is really “innocent” or “non-innocent”. In the latter 

case, such ligands might be used to interconnect several alkenyl ruthenium fragments to 

conductive arrays. 

 

The subject of the second project was to examine the issue of the influence of the interplanar 

torsion angle ɸ between the planes of the two aryl rings on the electronic coupling and the 

electrochemical and spectroscopic properties of biphenyl-bridged diruthenium complexes. So 

in this part of this work, a series of biaryl-bridged dinuclear ruthenium-alkenyl complexes 

with variable torsion angles have been prepared and characterized. 

 

The third project examines the electrochromic behavior of a series of mono-, di- and tri- 

ruthenium-vinyl complexes with rotationally restricted N-arylcarbazoles as bridging ligands 

and compares it to similar complexes with freely rotating triarylamine substituents that were 

previously investigated by Walther Polit in our group. 
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3.1. Introduction 

As extensively discussed in Chapter One, alkenyl ruthenium complexes of the type 

[Ru(CO)(L)(PiPr3)2(CH=CHR)] (L = Cl- or bidentate monoanionic chelate ligand) combine 

several favorable properties such as one or more chemically and electrochemically reversible 

one-electron oxidations at low and well-accessible potentials, good stabilities of their 

corresponding radical cations, and the presence of the indicative Ru(CO) IR band and of the 

I0 99/101Ru and 31P nuclei as appropriate charge or spin labels that report the change of 

electron density as a consequence of a redox process or the spin density at the metal atom in 

the associated radical cations. Moreover, they exhibit large contributions of the arylalkenyl 

ligand to the HOMO of the neutral complexes and the SOMO of their corresponding radical 

cations[5,6,13,18-22,52,61-72]. 

One unsolved problem is, however, how to interconnect several such entities to extended 

conductive arrays. Discrete di- and triruthenium complexes of the type trans-

{(PiPr3)2(CO)ClRu-CH=CH-C6H4-C≡C-Ru(dppe)2X (X = Cl, C≡CPh) or trans-

[{(PiPr3)2(CO)ClRu-CH=CH-C6H4-C≡C-}2(Ru(dppe)2] (dppe = 1,2-

bis(diphenylphosphino)ethane, Ph2P-C2H4-PPh2) (Chart 3.1#1)[71,5,6], where one or two 

(vinyl)(ethynyl)phenylene ruthenium moieties are connected to a central Ru(dppe)2 conduit, 

exhibit complete ground-state delocalization between the terminal ruthenium moieties, i. e. 

over a distance of up to ca. 23 Å, in up to five different oxidation states. They thus constitute 

core components of molecule-based electronic wires. Interconnecting two or three alkenyl 

ruthenium entities via ethynylbenzoate or ethynylpyridine linkers has, however, so far 

inevitably resulted in hole and spin density confinement of their associated radical cations to 

the initially more electron-rich site, whose identity depends on the electronic properties of the 

terminal alkenyl and the bridging ligands (Chart 3.1#2)[71,72]. This is also true for the above-

mentioned triruthenium complexes, where substitution of the chloro ligands by bidentate 4-

thioacyl-functionalized benzoates maintains the general electronic properties but does not 

further extend the delocalized -conjugated path[6].  
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Chart 3.1#1. Triruthenium complexes exhibiting long-range electron transfer reported by 
Winter and Rigaut and their coworkers[5,6,22]. 

 

Chart 3.1#2. Vinylbenzoate- and vinylpyridine-bridged diruthenium complexes investigated 
by Winter and coworkers[71] 

Particularly promising candidates in this respect are ligands with similarly high-lying 

occupied frontier orbitals as those of a styryl ligand. Such ligands have the propensity to 

exhibit non-innocent behavior[73-75], and may thus also participate in an oxidation process. 

Preliminary computational screening along with previous work by Morris and coworkers on 

closely related hydride complexes HM(CO)(L)(PPh3)2 (M = Ru, Os; L = pyridine-2-thiolate 

or quinoline-8-thiolate)[76] (Chart 3.1#3) and ruthenium-alkenyl complexes bearing nitrogen-

oxygen/sulfur mixed-donor bidentate ligands prepared by Wilton-Ely[77,78] (Chart 3.1#4) had 

indicated that diruthenium complexes featuring arylalkenyl bridging ligands derived from 4-

ethynyl-2-hydroxy- or -mercaptopyridines or from bidentate 2[N,O]- or 2[N,S]- coordinating 

quinoline-derived chelates are possible candidates for such structures. 
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Chart 3.1#3. Ruthenium and osmium hydride complexes with pyridine-2-thiolate and 
quinoline-8-thiolate ligands investigated by Morris[76]. 

 

Chart 3.1#4. Ruthenium-alkenyl complexes bearing nitrogen-oxygen/sulfur mixed-donor 
bidentate ligands prepared by Wilton-Ely[77,78]. 

 

Owing to the presence of four different donors in the equatorial plane, two different isomers 

may be formed on binding the unsymmetrical bidentate 2[N,O]- or 2[N,S]- donors. To the 

best of our knowledge, neither kinetic nor thermodynamic isomerization studies were 

performed on these complexes. The present chapter summarizes the results of our studies on 

simple styryl complexes with ancillary chelating 2-hydroxypyridine and 2- or 8-

hydroxyquinoline ligands as well as on their mercapto-substituted counterparts. We hereby 

explored the aspects of isomeric distributions of the six-coordinated complexes with four 

different donor sites in the equatorial plane and the effect of substitution of an [O]- by an [S]- 

donor and of a pyridine- by a quinoline-derived ligand as well as that of varying the electronic 

properties of the 4-substituent at the styryl ligand. 
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3.2. Results and Discussion 
 

3.2.1. Synthesis and NMR Characterization 
 

In order to address the issues raised in the introduction, we prepared representatives of six 

series of ruthenium styryl complexes where i) the 4-substituent at the styryl ligand is varied 

from a veritable electron acceptor (CN, CF3) to a powerful donor (OMe, NH2, NMe2); ii) the 

substituent at the pyridine ligand is either 3-OMe, 4-OCH2Ph, or none; iii) the chalcogen 

donor is either oxygen or sulfur; iv) the pyridine donor is replaced by quinoline; and v) the 

positioning of the chalcogen donor on the quinoline is changed from the 2- to the 8-position, 

which concomitantly changes the ring-size of the resulting [N,O]- or [N,S]- chelate from a 

four- to a five-membered ring. 

Schemes 3.2#1, 3.2#2, and 3.2#3 summarize the synthesis of the ruthenium styryl complexes. 

The five-coordinated ruthenium precursors 1a-e are readily accessible in high yields from the 

regio- and stereospecific insertion of the -C≡CH bond of the corresponding terminal para-

substituted phenylacetylenes into the Ru-H bond of the hydride complex HRu(CO)Cl(PiPr3)2 

in a stoichiometric ratio of slightly larger than 1:1. This reaction is denoted as 

hydroruthenation and proceeds in an anti-Markovnikov manner[59,60,79-85]. It is very fast as 

seen by an instantaneous color change from bright orange-red to deep red or purplish blue, 

virtually quantitative, and provides the spectroscopically pure styryl complexes after a simple 

purification procedure to remove the remaining free alkyne. Treatment of these 16 valence 

electron (VE) styryl complexes with various deprotonated hydroxy- or mercaptopyridines or 

-quinolines proceeds by a likewise rapid color change to pale yellow with concomitant 

precipitation of KCl to provide the corresponding six-coordinated 18 VE ruthenium 

complexes 2a-d, 3a-d, 4b-d, 5a-d, 6b-e and 7b. In these series, the respective hydroxy- or 

mercaptopyridine or -quinoline binds as a bidentate, monoanionic [N,O]- or [N,S]- donor 

ligand in the equatorial plane, which also contains the CO and the styryl ligand, while the 

axial sites are occupied by the two PiPr3 ligands. 
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Scheme 3.2#1. Synthesis of ruthenium styryl complexes with 2-hydroxy- or 2-
mercaptopyridines. 

Y X R Complex 
O CN Ph2OCH-OMe / 4-3 2a / 3a 

3CF Ph2OCH-OMe / 4-3 2b / 3b 
OMe Ph2OCH-OMe / 4-3 2c / 3c 

2NH Ph2OCH-OMe / 4-3 2d / 2d 
S 3CF H 4b 

OMe H 4c 
  2NH H 4d 
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Scheme 3.2#2. Synthesis of ruthenium styryl complexes with 2-hydroxy- or 2-
mercaptoquinoline ligands. 

 
 

 
 

 

 

 

Scheme 3.2#3. Synthesis of ruthenium styryl complexes with the 8-hydroxyquinoline ligand. 
  

Y X Complex 
O CN 5a 

3CF 5b 
 OMe 5c 

2NH 5d 
S 3CF 7b 

X Complex 
3CF 6b 

OMe 6c 
2NH 6d 
2NMe 6e 
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The complexes of Schemes 3.2#1, 3.2#2 and 3.2#3 were investigated and characterized by the 

usual spectroscopic and analytical methods including NMR, IR, and electronic (UV/Vis) 

spectroscopy. Their NMR data fully support the identity of these complexes. The most 

relevant NMR spectroscopic data of all complexes are collected in Table 3.2#1. The 31P-NMR 

spectra of these complexes showed a sharp singlet resonance between δ = 30 and 38 ppm, 

indicating that the two PiPr3 ligands are chemically and magnetically equivalent and trans-

disposed to each other. 1H-NMR spectra showed characteristic resonances at around δ = 2.7 

ppm and δ = 1.2 ppm for the CHP(CH3)2 and (CH3)2PCH protons, respectively, AA´BB´ 

signals pattern for the para-substituted phenyl protons (H(4), H(5)), while two doublets of 

triplets between δ 9.6 and 8.4 and δ 6.2 and 5.9 ppm for the vinylic protons Ru-CH=CH (H(1)) 

and Ru-CH=CH (H(2)) with a large coupling constant 3JH-H of ca. 16 Hz were observed (Table 

3.2#1). This high coupling constant indicates a trans-geometry at the vinylic double bond and 

confirms that the para-substituted phenylacetylenes were cis-inserted into the Ru-H bond in a 

regio- and stereospecific manner. 13C-NMR spectra of these complexes showed characteristic 

signals of the vinylic ruthenium carbon atoms as triplets at ca. 160 ppm for Ru-C=C (C(1)) and 

at ca. 135 ppm for Ru-C=C (C(2)) with a 2JP-C or 3JP-C coupling constant of ca. 12 or 3.5 Hz, 

respectively. Another triplet at ca. 203 ppm with a 2JP-C coupling constant of ca. 13.2 Hz is 

assigned to the carbonyl ligand (Table 3.2#1).  

Within every series of complexes, the 31P-, 13C- and 1H-NMR resonance signals of the vinylic 

protons experience a shift to higher field as the electron donation by the 4-substituent of the 

styryl ligand increases (Table 3.2#1). This effect is most pronounced for the α-vinylic carbon 

and proton at the metal bonded carbon atom (C(1), H(1),  ca. 19 and 1.2 ppm for C(1) and  

H(1), respectively), and less so for the neighboring β-vinylic carbon and proton (C(2), H(2),  

ca. 0.50 and 0.25 ppm for C(2) and  H(2), respectively), the resonance signals for the phenyl 

protons at the para-substituted styryl ligand ( ca. 0.15 and 0.82 ppm for H(4) and H(5), 

respectively), and the 31P nuclei ( ca. 0.6 ppm). Only a negligible effect on the chemical 

shift of the carbonyl carbon is observed. This effect is clearly seen by a linear correlation of 

the Hammett parameter (σ) of the para-substituent vs. the chemical shift of C(1), H(1), H(2), and 

H(5) of complexes 5b-d as indicated in Figure 3.2#1. Changing the coordination number from 

5 to 6 and increasing the valence-electron count from 16 to 18 shifts the 31P-NMR signals by 

ca. 3-4 ppm to higher field and induces low-field shifts of the vinylic protons of about 0.4 

ppm with minor changes of the chemical shift of the carbonyl atom, H(4) and H(5). Replacing 

an O by an S donor has only a small effect on the positions of the proton resonances, but 

induces a shift of the 31P- resonance signals of about 5 ppm to higher field. Significant 
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differences in the 31P-NMR shifts are observed between 2- and 8-hydroxyquinoline 

derivatives (5a-d and 6b-e). Whereas the former display only slight high-field shifts with 

respect to the pyridine derivatives, the resonances of the latter are shifted by ca. 4 ppm to 

higher field. 

 
 

of  σHammett parameter  vs. (1)and C (5), H(2), H(1)of H )ppm(δ  Chemical shift .1#23.Figure 
the 4-substituent at the styryl ligand in complexes 5b-d.
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a)chapterPertinent NMR spectroscopic parameters for the complexes of this . 1#23.able T 

Complex )PHJ3; HHJ3( (1)H )PHJ4; HHJ3( (2)H ) PCJ2( (1)C )PCJ2( (2)C  )HHJ3( (4)H )HHJ3( (5)H P)31( 
1a )---; 9.25 (13.6 6.12 (13.6; ---) 162.9 (10.9) 133.5 (---) 7.07 (8.4) 7.42 (8.4) 38.44 
1b 9.01 (13.6; 0.8) 6.08 (13.6; 2.0) 157.7 (10.7) 133.3 (3.3) 7.11 (8.3) 7.41 (8.3) 38.52 
1c 8.25 (13.4; 1.0) 5.90 (13.4; 1.8) 146.8 (11.0) 134.0 (3.4) 6.73 (8.7) 6.95 (8.7) 37.79 
1d 8.09 (13.3; 1.1) 5.83 (13.3; 2.2) 144.5 (11.6) 134.5 (3.6) 6.51 (8.5) 6.83 (8.5) 37.61 
1e 8.09 (13.3; ---) 5.85 (13.2; ---) 144.1 (11.0) 134.5 (2.9) 6.92 (8.7) 6.60 (8.7) 37.57 

)b2a/  a2 9.60 (16.3; 1.5) / 9.54 (15.8; ---) 6.46 (16.5; 1.7) / 6.37 (15.3; ---) 178.0 (11.5) 133.3 (2.8) 7.19 (8.3) 7.44 (8.4) 35.80 / 35.45 
)bb2/ b2 9.36 (16.2; ---) / 9.29 (15.5; ---) 6.45 (16.6; ---) / 6.40 (13.3; ---) 173.4 (11.6) 133.1 (2.5) 7.24 (8.3) 7.41 (8.3) 35.64 / 35.17 
)bc2/ 2c 8.62 (16.3; 1.7) / 8.51 (15.5; 1.3) 6.29 (16.3; 1.7) / 6.15 (15.6; 1.9) 161.3 (12.3) 133.4 (2.9) 6.75 (8.7) 7.09 (8.7) 35.27 / 34.52 
)bd2/ d2 8.47 (16.2; 1.6) / 8.35 (15.6; 1.4) 6.20 (16.1; 1.8) / 6.09 (15.7; 2.0) 158.8 (12.4) 133.9 (3.0) 6.54 (8.4) 6.97 (8.4) 35.17 / 34.36 
)ba3/  3a 9.55 (16.3; 1.6) / 9.48 (15.7; 1.3) 6.46 (16.4; 1.7) / 6.36 (15.8; 1.5) 177.9 (11.6) 133.3 (2.6) 7.18 (8.3) 7.44 (8.4) 36.16 / 36.01 
)b3b/  3b 9.32 (16.3; ---) / 9.23 (15.8; ---) 6.44 (16.3; ---) / 6.34 (16.3; ---) 173.1 (12.1) 133.1 (2.4) 7.22 (8.1) 7.42 (8.1) 35.99 / 35.74 
)b3c/  3c 8.56 (16.3; 1.8) / 8.44 (15.7; 1.4) 6.26 (16.4; 1.8) / 6.12 (15.8; 0.8) 161.0 (11.6) 133.4 (3.0) 6.75 (8.7) 7.07 (8.7) 36.60 / 35.07 
)b3d/  3d 8.41 (16.2; 1.7) / 8.29 (15.8; 1.5) 6.19 (16.6; 2.1) / 6.16 (15.7; 1.2) 158.4 (12.0) 133.9 (2.6) 6.54 (8.4) 6.95 (8.3) 35.50 / 34.90 
)b4b/  4b 9.24 (16.2; 1.7) / 9.04 (16.7; 2.1) 6.60 (16.6; 2.0) / 6.53 (15.6; 2.7) 170.2 (11.4) 134.5 (2.5) 7.26 (8.2) 7.45 (8.2) 30.63 / 31.57 
)b4c/ c 4 8.49 (16.3; 1.5) / 8.28 (17.3; 2.1) 6.41 (16.2; 1.7) / 6.24 (16.3; ---) 158.2 (11.8) 134.9 (2.9) 6.80 (8.6) 7.11 (8.6) 30.08 / 31.20 
)b4d/ d 4 8.34 (16.3; 1.4) / 7.95 (15.1; ---) 6.35 (16.4; 2.3) / 6.18 (17.8; 2.4) 155.6 (11.9) 135.3 (3.0) 6.57 (8.4) 6.99 (8.4) 29.98 / 31.13 

5a 9.56 (16.4; 1.8) 6.58 (16.3; 1.6) 177.1 (7.2) 134.2 (2.3) 7.21 (8.3) 7.45 (8.3) 35.19 
5b 9.34 (16.3; 1.8) 6.57 (16.2; 1.8) 172.3 (12.6) 134.0 (2.7) 7.25 (8.2) 7.45 (8.2) 35.07 
5c 8.59 (16.4; 1.9) 6.38 (16.6; 1.8) 160.2 (12.8) 134.3 (3.1) 6.78 (8.7) 7.11 (8.7) 34.80 
5d 8.43 (16.6; 1.9) 6.33 (16.6; 1.8) 157.8 (11.8) 134.7 (2.9) 6.56 (8.3) 6.98 (8.3) 34.72 

)c6b/  6b 9.64 (17.0; 1.9) / 9.28 (16.7; ---) 6.75 (17.0; 1.9) / 6.67 (16.7; ---) (13.2) 9171. 135.1 (2.5) 7.34 (8.2) 7.45 (8.2) / 30.65 31.59 
6c ; 2.1)8.87 (17.1 ; 1.9)6.55 (17.3 159.4 (13.6)  135.4 (3.1) 6.78 (8.6) 7.15 (8.6) 31.33 
6d 8.73 (17.0; 2.0) 6.50 (17.1; 1.9) 156.7 (13.4) 135.8 (2.8) 6.57 (8.4) 7.03 (8.4) 31.40 

c)6e/ 6e  )---; 3(16./ 8.32 ; 2.0) 8.73 (17.0 )---; (16.3; 1.9) / 6.42 6.51 (17.0 156.4 (13.8) 133.3 (1.9) 6.67 (8.6) 7.12 (8.6) 31.42/ 30.13 
7b 9.07 (16.8; 1.7) 6.63 (17.1; 1.7) 167.7 (13.3)  137.0 (3.3) 7.21 (8.2) 7.44 (8.2) 30.12 
a) in ppm; J in Hz. b) Minor isomer. c) Kinetic isomer. 
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The presence of four different donor ligands in the equatorial plane implies that these 

complexes may exist as two different geometrical isomers with either the imine or the 

chalcogen donor atom trans to the CO ligand. From electronic considerations, the most 

favorable arrangement positions is the strongest donor trans to the -accepting CO ligand and 

the less strong donor trans to the vinyl ligand, which is also a veritable donor with a strong 

trans influence. The fact that 2-hydroxy- and 2-mercaptopyridines[85,86] or -quinolines[87-89] 

exist as mixtures of NH and OH/SH tautomers implies, that the two donor groups differ rather 

little with respect to their intrinsic electronic properties. It is therefore not surprising that two 

different isomers are formed in the case of the pyridine complexes 2a-d, 3a-d and 4b-d, albeit 

in rather different proportions of ca. 1:10 for the 2-hydroxypyridines to ca. 1:18 for 2-

mercaptopyridines (Figure 3.2#2).  

 
 

Figure 3.2#2: 31P-NMR spectra (162 MHz, CD2Cl2) of complexes 2c (left), 4c (middle) and 
5c (right). 

The identity of the major isomer was established by means of Nuclear Overhauser Effect 

(NOE) proton NMR spectra as the one with the chalcogen donor trans to the CO ligand and 

the pyridine N donor trans to the styryl ligand. The minor isomer showed H-H contacts 

between the vinylic protons and the proton neighboring the pyridine nitrogen atom while there 

are none for the major isomer, where these two protons are further away from each other 

(Figure 3.2#3). We note that this isomeric preference is the same as that assumed by the 

hydride complexes HM(CO)(L)(PPh3)2 (M = Ru, Os; L = pyridine-2-thiolate or quinoline-8-

thiolate)[76] (Chart 3.1#3) and alkenyl complexes Ru(CH2=CHC6H4R-4)(CO)(L)(PPh3)2, R= 
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H, Me, tBu;  L = a 2-(iminomethyl)phenolate or a deprotonated 2-hydroxypyridine or 2-

mercaptoquinoline[77,78], but opposite to the one featuring mercapto-substituted five- or six-

membered nitrogen-containing heterocycles[77]. Isomeric preferences in such systems thus 

seem to be governed by several contrasting contributions (Chart 3.1#4). 

 

 
 

Figure 3.2#3: Experimental NOE spectrum and H-H interactions through space in the major 
and the minor isomers of complex 3c (R = 4-OCH2Ph). 

For the 2-hydroxy- and 2-mercapto quinoline derivatives 5a-d and 7b, however, the amount 

of the minor isomer falls below the NMR detection limit (Figure 3.2#2, right, as an example 

of the 31P-NMR spectrum of 5c). NOE spectra of these series of complexes confirmed that the 

identity of the isolated isomer is identical to that of the major one in the pyridine cases. 

Further confirmation of our assignment comes from the crystallographically determined 

structures of complexes 1d, 2a, 3c, 5b, 6b, 6e and 7b (see the next section), which invariably 

have the oxygen or sulfur donor atom trans to the CO ligand.  
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Variable temperature NMR spectra were recorded on selected complexes in the range of 228 

to 318 K. Figure 3.2#4, as a representative example, displays 31P-NMR spectra of complex 2c 

at various temperatures, which indicates that the relative amount of the minor isomer 

reversibly increases as the temperature is raised. These observations prove that the 

equilibrium between the two isomers is thermodynamically controlled as was observed for 

similar hydride complexes and their protonated forms in the presence of stoichiometric 

amounts of acid[6,20]. Figure 3.2#5 shows a plot of ln Kmin, the equilibrium constant for the 

minor isomer, versus T-1 and Table 3.2#2 summarizes the standard enthalpy and entropy 

changes ΔH0 and ΔS0 for some complexes and the Gibbs free energy ΔG0 calculated at 298 K 

according to the Van't Hoff equation. From these data it is evident that the minor isomer is 

enthalpically disfavored but entropically favored with respect to the major one. The 

differences in enthalpy very likely mirror the electronic bias for placing the stronger 

chalcogenide donor trans to the strongest -acceptor ligand.  

 
 

Figure 3.2#4. Temperature-dependent 31P-NMR spectra (162 MHz, CD2Cl2) of complex 3c 
from -45 oC to +45 oC. 
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 1-T versus ,on of the minor isomerequilibrium concentratithe  ,minKof ln  sPlot #5.23.Figure 

spectra between 228 and 318 K. NMR-P31dependent -temperature from 
 
) for the equilibrium between the minor and the 1-K1-mol(J 0S), Δ1-mol(J 0HΔ #2.23.Table 

) calculated at 298 K.1-mol(J 0Gmajor isomers of representative complexes and Δ 

Complex 0ΔH 0ΔS 0ΔG 
2c 6033 (24) 0.98 (0.09) 5741 
2d 4025 (20) 3.73 (0.08) 2913 
3a 4388 (9) 3.83 (0.03) 3246 
3c 6021 (24) 0.77 (0.09) 5790 

 
For the 8-hydroxyquinoline derivatives 6b-e, however, the isomeric behavior is quite different 

than that for the 2-hydroxy- or 2-mercaptopyridine-derived complexes, in which the 

equilibrium between the two isomers is kinetically controlled. Thus, the kinetical isomer 

having the imine donor trans to the CO ligand isomerized completely within short time, 

giving the pure thermodynamically stable isomer with the oxygen donor trans to the CO 

ligand. This can be visually followed by a rapid color change from orange (kinetic isomer) to 

yellow (thermodynamic isomer) (Figure 3.2#6). This isomerization process was followed by 

NMR and IR spectroscopy and by electrochemistry. Figures 3.2#7 to 3.2#12, as representative 

examples, show the 31P- and 1H-NMR spectroscopic changes as a function of time for 

complexes 6b and 6e in CD2Cl2 and C6D6. Results indicate that this isomerization is a 

solvent- and substituent-dependent process, in which the initial concentration of the kinetic 

isomer is higher for 6b than for 6e and increases in the presence of apolar C6D6 compared to 

more polar CD2Cl2. The ratio is ca. 5:1 / 3:1 and 2:1 / 1:1 for 6b and 6e, respectively. This 

might be due to the presence of trace amounts of acid in polar CD2Cl2 that accelerates the 

isomerization process. Moreover, the isomerization process of 6e is much faster than that of 
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6b, most probably because of the presence of an electron donating NMe2 substituent in 

comparison to its CF3-substituted counterpart. The identity of the thermodynamic isomer was 

confirmed by the crystallographically determined structures of complexes 6b and 6e (see next 

section). 

 

 
Figure 3.2#6. Equilibrium between the two isomers of complex 6b over time as indicated by 

.2Cl2color changes in CH 
 

 
 

Figure 3.2#7. Time-dependent 31P-NMR spectra of complex 6b in CD2Cl2 (left) and in C6D6 
(right). 
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.)2Cl2CD ,162 MHz( 6b complexof spectra NMR -H1dependent -Time 8.#23.Figure  

 

.)6D6C ,162 MHz( 6b complexof NMR -H1dependent -Time 9.#23.Figure  
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Figure 3.2#10. Time-dependent 31P-NMR spectra of complex 6e in CD2Cl2 (left) and in C6D6 
(right). 

 

 

.)2Cl2DC ,162 MHz( e6 complexof spectra NMR -H1dependent -Time 11.#23.Figure  
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.)6D6C ,162 MHz( e6 complexof spectra NMR -H1dependent -Time 12.#23.Figure  

This isomerization process is a first-order reaction, the rate of which depends on the 

concentration of only one reactant. Mathematically, suppose we have a reactant A that 

converts with time to B. 

 
The rate of changing the concentration of substance A with time is given by equation (3.2#1). 

][][ Ak
dt
Ad  (eq. 3.2#1) 

Solving the above differential equation, we get equation 3.2#2.  
kt

OAA  exp][][ (eq. 3.2#2)  

Dividing eq. 3.1#2 by [A]o gives equation 3.2#3. 

kt

OA
A  exp
][
][ (eq. 3.2#3)  

Taking natural logarithm "ln" for eq. (3.2#3) gives the final equation 3.2#4. 

kt
A
A

O


][
][ln (eq. 3.2#4)
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In these equations, t represents time in minutes [min], [A] is the concentration of the reactant 

[mol·L-1], [A]o is the initial concentration of the reactant [mol·L-1], and k is the rate constant 

of the reaction [min-1].
 

The half-life (τ) is the time required for the concentration to drop to one-half of its original 

value. So we can write: 

k
k

A
A

O

o 2ln
][2
][ln   (eq. 3.2#5).

 

Figures 3.2#13 and 3.2#14 show the plots of ln[A]/[A]o vs. t for 6b and 6e, while Table 3.2#3 

summarizes the values of the rate constant k and the half-life τ. The results indicated that the 

half-life of the kinetic isomer of 6b and 6e in the presence of the more polar CD2Cl2 solvent is 

by a factor of 2 to 3 shorter than that in C6D6. This indicates that the transition state or 

intermediate of this isomerization process is more polar than the educt. 

 
 

: upper 2Cl2(CDNMR -P31dependent -time from ]min[ t s.v o[A]/[A]of ln  sPlot 13.#23.Figure 
spectra of : bottom right) 6D6: upper right, C2Cl2(CDNMR -H1and : bottom left) 6D6left, C

complex 6b. 
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: upper 2Cl2(CDNMR -P31dependent -time from ]min[ t s.v o[A]/[A]of ln  sPlot 14.#23.Figure 
spectra of : bottom right) 6D6: upper right, C2Cl2(CDNMR -H1and : bottom left) 6D6left, C

complex 6e. 
 

the isomerization of for the  ]min[τ  life-and the half ]1-min[k Rate constants  3.#23.Table 
kinetically unstable isomer of complexes 6b and 6e. 

Complex Method solvent ]1-min[k  τ [min] 

6b 

NMR-P31 2Cl2CD 0.20 3.5 
NMR-H1 2Cl2CD 0.24 2.9 
NMR-P31 6D6C 0.07 9.9 
NMR-H1 6D6C 0.08 8.7 

SW 2Cl2CH 10.03 22.4 
IR 2Cl2CH 130.0 4.22 
IR 6H6C 0.023 30.1 

6e 

NMR-P31 2Cl2CD 0.38 1.8 
NMR-H1 2Cl2CD 0. 33 2.1 
NMR-P31 6D6C 0.15 4.6 
NMR-H1 6D6C 0. 16 4.3 

SW 2Cl2CH 0.045 15.4 
IR 2Cl2CH 0.046 15.1 
IR 6H6C 0.031 22.4 

 
Table 3.2#3 also lists the rate constants derived from electrochemical measurements by 

square-wave (SW) voltammetry and by IR spectroscopy. Details to these measurements are 

provided in sections 3.2.3 and 3.2.4 of this chapter. 
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3.2.2. X-ray Crystallography 

Single crystals of the complexes 1d, 2a, 3c, 5b, 6b, 6e and 7b that were suitable for 

X-ray analysis were grown by slow diffusion of n-hexane into a concentrated 

solution of the respective complex in CH2Cl2. The molecular structures are 

displayed in Figure 3.2#15 while Table 3.2#4 summarizes the most pertinent 

structural parameters. A summary of crystallographic parameters and details of the 

structure solution and refinement are reported in the Appendix. Like all other five-

coordinated alkenyl complexes of this type, complex 1d adopts a somewhat 

distorted square-pyramidal structure where the modified styryl ligand with its strong 

trans-influence occupies the apical site (see Figure 3.2#15)[66,69,6]. Distortions from 

the ideal geometry arise from a bending of the chloro and of one of the phosphine 

ligands towards the vacant coordination site. This leads to somewhat acute bond 

angles between trans-disposed basal ligands of 170.40(3) (P2-Ru-P1) and 

171.14(10)° (C9-Ru-C1), respectively, and an opening of the C1-Ru-P2 and C1-Ru-

Cl1 bond angles to 98.93(9) or 96.75(9)°. All other bond angles deviate much less 

from the ideal value of 90° (see Table 3.2#4). As expected, the Ru-C1 bond of 

2.002(3) Å is considerably longer as the Ru-C9 bond of 1.829(4) Å involving the 

carbonyl ligand. The C1-C2 bond length of 1.332(4) Å is in the typical range of a 

vinylic double bond in such complexes. The Ru-CH=CH-C6H4-NH2-4 moiety 

resides in the Cl1-Ru-C9-O1 plane and is oriented towards the Ru-CO side. This 

conformational preference is driven by stabilizing secondary interactions between 

the filled -orbitals of the alkenyl ligand and the CO *-acceptor orbitals and 

observed for most complexes of this general architecture[90]. The torsion of the 

vinylic double bond of -20.6(5) or 159.9(3)° for C1-C2-C3-C4 or C1-C2-C3-C8 and 

the interplanar angle of 19.0° between the planes defined by atoms Cl1, Ru, C9, O1, 

C1 and atoms C2 to C8 of the styryl ligand are to the upper end of the usual range, 

yet still indicative of significant -conjugation between the Ru(CO)Cl(PiPr3)2 

moiety and the styryl ligand. The observed rotation out of the conjugation plane may 

in part be due to strong intermolecular hydrogen bonding interactions that involve 

both hydrogen atoms of the 4-amino substituent of the styryl ligand. One hydrogen 

atom of each NH2 group hydrogen binds to the NH2 substituent of a neighboring 

molecule in a centrosymmetric, diamond-shaped N2H2 arrangement with NH 

distances of 2.538 Å, which is by 0.212 Å shorter than the sum of the Van der Waals 

radii, and an NH-N angle of 141.2°. The other hydrogen atom forms a short 
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contact to the oxygen atom of the carbonyl ligand of another neighbor molecule of 

2.368 Å, which is 0.352 Å shorter than the sum of the Van der Waals radii, and an 

N-HO angle of 154.0°. The resulting, rather dense packing of individual molecules 

leads to several short contacts between methyl protons of the PiPr3 substituents or 

aryl protons such that the observed torsion of the styryl ligand may reflect a 

compromise between -conjugation, hydrogen bonding and repulsive interactions 

between peripheral substituents.  

 
Figure 3.2#15. ORTEPs of the crystallographically determined structures of complexes 1d, 
2a, 3c, 5b, 7b, 6b and 6e. Hydrogen atoms are omitted for the sake of clarity. Ellipsoids are 

drawn at a 40% probability level. 
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The six-coordinated complexes 2a, 3c, 5b, 6b,e and 7b of Figure 3.2#15 adopt 

octahedral structures with distortions arising from an acute N-Ru-O/S angle of ca. 

60° for the 2-hydroxypyridine- or 2-hydroxyquinoline-derived complexes 2a, 3c and 

5b, of 65.22(6)° for the 2-mercaptoquinoline complex 7b, or of ca. 77° in the 8-

hydroxyquinoline derivatives 6b,e. The result is an opening of the C-Ru-O angle 

between the vinyl carbon and the chalcogen donor atoms to 96.4(2) to 100.62(7)° 

and an even larger opening of the N-Ru-C(CO) bond angle to 104.78(9) to 

117.8(2)°. These angular distortions are smaller for the five-membered chelates and 

mainly restricted to the angle N-Ru-C(CO), which is close to 100°. Comparison of 

these structures shows that the Ru-N and Ru-O bonds in the 4-membered [N,O]- 

chelates 2a, 3c and 5b (range d(Ru-N) = 2.202(7) to 2.233(8); range (d(Ru-O) = 

2.166(4) to 2.216(2) Å) are consistently longer than those in the five-membered ones 

of 2.176(3) or 2.164(3) Å (d(Ru-N)) and 2.133(2) or 2.135(2) Å (d(Ru-O)). The 

wider bite angle thus allows for a closer approach of the monoanionic [N,O]- chelate 

to the metal atom. The bite angle of the [N,O]- chelating deprotonated 2-

hydroxypyridine ligand is even smaller than that in [(2,2’-bipyridine)2Ru(NC5H4O-

2)]+ PF6
- (62.69(12)°)[91], in (p-cymene)RuCl(NC5H4O-2) (62.4(3)°) (p-cymene = 

6-C6H4MeiPr-1,4)[92], or that of 61.9(4)° in Ru(3:3-C10H16)Cl(NC5H3O-2,Cl-6) 

(3:3-C10H16 = 2,7-dimethylocta-2,6-diene-1,8-diyl)[93], which all contain a 

deprotonated 2-hydroxypridine ligand in the 2N,O binding mode. All these 

complexes also feature shorter Ru-N and Ru-O bonds of 2.073(3), 2.084(7) or 

2.166(6) and 2.146(3), or 2.153(6) and 2.099(8) Å. The longer bonds in the present 

complexes may thus manifest the strong trans-influence of the respective styryl 

ligand.  

The intraligand bond parameters of complexes 2a and 3c also point to non-

negligible contributions of the pyridone resonance structure to the overall bonding 

description of the deprotonated hydroxypyridine ligand. Thus, the extracyclic C-O 

bond length of the deprotonated [N,O]- chelate ligand of 1.291(2) to 1.302(7) Å is 

considerably smaller than that of 1.343(8) Å in Cp*IrCl2(NC5H3OH-2) or those of 

1.34(1) or 1.356(6) Å for the analogous complex of the 3- or the 4-isomer, where the 

respective hydroxypyridine binds as a monodentate imine donor (N). On the other 

hand, it is only slightly longer than that of 1.276(6) Å in Cp*IrCl(NC5H3O-2), where 

significant contributions of the pyridone resonance structure of the ligand have been 

inferred[94].  
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Increasing the VE count from 16 to 18 has the obvious consequence of increasing 

the electron density at the metal and hence allowing for stronger back donation to 

the carbonyl ligand. The result is a decrease of the Ru-C(CO) bond length from 

1.829(4) Å in 1d to 1.799(3) to 1.820(6) Å in the [N,O]- chelates (average 1.810 Å) 

and a concomitant increase of the CO bond length from 1.066(4) Å in 1d to 1.150(7) 

to 1.176(4) Å in the six-coordinate complexes. The rather small magnitude of the 

overall effect reflects the electron-richness of the 4-aminostyryl ligand, which 

already allows for strong back donation even in the 16 VE complex 1d. In contrast, 

the Ru-C(styryl) bond length increases from 2.002(3) to 2.021(6) - 2.061(3) Å as the 

previously vacant coordination site is occupied and as a further donor interacts with 

the same Ru dπ orbital. A slight lengthening of the vinylic C=C double bond from 

1.332(4) to an average of 1.347 Å is also observed as the VE count increases from 

16 to 18. The same trends have previously been observed for five- and six-

coordinated monoruthenium styryl and divinylphenylene-bridged diruthenium 

complexes with either chloro or bidentate benzoato ligands[6]. A notable exception is 

complex 7b with the 2-mercaptoquinoline-derived bidentate [N,S]- coligand, where 

the Ru-C(CO) bond length of 1.831(3) Å is virtually identical to that of 1d.  

As is evident from Figure 3.2#15, the high degree of coplanarity between the styryl 

ligand and the equatorial coordination plane is also maintained in the octahedral 18 

VE complexes. Interplanar angles range from 6.4 to 23.5°. Also, the styryl ligand is 

always oriented towards the cis-disposed carbonyl ligand, which clearly points to an 

enthalpic stabilization of such an arrangement. 
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Table 3.2#4. Selected bond parameters (bond lenghths in Å and angles in deg) of complexes 1d, 2a, 3c, 5b, 6b, 6e, and 7b. 
 

 1d 2a (two independent 
molecules) 

3c 5b 6b 6e 7b 

Ru-C(CO) 1.829(4) 1.820(6) 1.817(6) 1.812(12) 1.799(3) 1.812(4) 1.808(3) 1.831(3) 
Ru-C(vinyl) 2.002(3) 2.021(6) 2.008(6) 2.025(10) 2.028(3) 2.046(3) 2.061(3) 2.047(2) 

Ru-N --- 2.225(5) 2.255(5) 2.233(8) 2.202(2) 2.176(3) 2.164(3) 2.209(2) 
Ru-O/S/Cl 2.4506(10) 2.182(4) 2.166(4) 2.202(7) 2.216(2) 2.133(2) 2.135(2) 2.5238(10) 

Ru-P 2.4120(10) 2.3938(17) 2.4106(18) 2.399(3) 2.4315(9) 2.4409(12) 2.4240(13) 2.4520(11) 
2.4035(11) 2.4163(17) 2.4111(17) 2.429(4) 2.4263(10) 2.4397(11) 2.4435(13) 2.4285(10) 

C=C(vinyl) 1.332(4) 1.350(8) 1.352(8) 1.346(14) 1.349(4) 1.342(5) 1.346(4) 1.345(3) 
CO 1.066(4) 1.150(7) 1.166(7) 1.160(13) 1.176(4) 1.169(4) 1.169(4) 1.154(3) 

P-Ru-P 170.40(3) 179.49(7) 179.49(7) 177.67(12) 175.07(3) 175.48(3) 174.09(3) 172.86(2) 
O/S/Cl-Ru-C(CO) 171.14(10) 175.0(2) 178.3(2) 169.2(4) 170.34(10) 177.34(13) 177.23(11) 167.87(8) 

N-Ru-C(vinyl) --- 157.0(2) 153.6(2) 157.3(4) 159.19(10) 167.84(13) 169.09(11) 164.32(8) 
O/S-Ru-N --- 60.69(17) 60.58(17) 59.7(3) 60.30(8) 77.39(10) 76.88(9) 65.22(6) 

N-Ru-C(CO) --- 114.3(2) 117.8(2) 109.7(4) 110.68(11) 101.07(14) 100.49(12) 104.78(9) 
C(CO)-Ru-C(vinyl) 91.86(14) 88.6(2) 88.6(3) 93.0(4) 90.09(12) 90.92(15) 90.38(13) 90.05(10) 
O/S/Cl-Ru-C(vinyl) 96.75(9) 96.4(2) 93.0(2) 97.7(3 99.04(10) 90.71(12) 92.24(10) 100.62(7) 

Ru-C=C 135.6(2) 131.8(5) 137.5(5) 133.8(8) 134.8(2) 133.6(3) 132.1(2) 133.11(18) 
C=C-C 124.8(3) 127.5(6) 125.5(5) 126.8(9) 126.4(3) 126.5(3) 127.2(3) 125.8(2) 

C=C-C-C(Ph) 159.9(3) 165.4(6) 158.8(6) 160.4(11) 166.6(3) -156.8(3) -154.1(3) -159.2(2) 
 -20.6(5) -18.6(9) -18.6(9) -20.9(16) -12.5(5) 22.4(5) 26.8(5) 19.3(4) 

Aryl torsion 159.9(3) 23.4 23.5 22.3 7.0 6.4 16.2 20.5 
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3.2.3. Electrochemistry 
 

The redox behavior of all complexes has been investigated by cyclic voltammetry (CV) and 

square wave (SW) voltammetric techniques in CH2Cl2/NBu4PF6 (0.1 M) as the supporting 

electrolyte. As representative examples, the SW and the cyclic voltammograms of complexes 

5b-d at a scan rate v of 100 mV/s are shown in Figure 3.2#16. Pertinent data are compiled in 

Table 3.2#5 with the potentials calibrated against the ferrocene/ferrocenium standard. A 

complete set of voltammograms are provided in the Appendix. Electrochemical studies 

showed that all complexes undergo one or two chemically and electrochemically reversible 

one-electron oxidations. On comparing the data in Table 3.2#5 one notes that, for every series 

of complexes, the half-wave potentials E½ strongly depend on the para-substituent at the 

styryl ligand. This is also indicated by a linear correlation of the redox potentials to the 

electronic substituent effect as expressed by the Hammett parameter σ (see Figure 3.2#17). 

The largest effects are observed for the 5-coordinated styryl complexes 1a-e, where the 

difference in half-wave potentials between the 4-cyanostyryl complex 1a as the one with the 

most electron-accepting substituent and the dimethylamino-substituted complex 1e as the 

most electron-rich complex of this series amounts to 620 mV. Substituent effects are thus 

even larger as the ones observed by Paul and his coworkers for their 4-substituted 

phenylethynyl iron and ruthenium complexes of the type (5-C5Me5)(dppe)M-CC-C6H4-4R 

(M = Ru, Fe)[95-98], but close to or slightly smaller than those for a similarly extended series of 

4-substituted ruthenium styryl complexes with fac-{Ru(CO)Cl(PMe3)3} as the metal moiety. 

For this latter compounds, the half-wave potential difference between the anisyl- and the 

dimethylamino-substituted complexes amounts to 380 mV as compared to 325 mV for 

complexes 1c and 1e[99]. Unfortunately, the less electron-rich members of the PMe3 series of 

alkenyl ruthenium complexes are irreversibly oxidized, such that no stringent comparison 

with our present series of complexes is possible. Redox potentials generally decrease by ca. 

150 mV on replacing the two-electron donor Cl- ligand by a bidentate four-electron [N,O]- 

donor ligand and by up to 310 mV for the 2-mercaptopyridine complexes 4b,c,d. The 

influence of the styryl substituent on the redox potentials is the only slightly mitigated by 

introducing a sixth donor ligand and increasing the VE count from 16 to 18.  

Irrespective of the VE count, most complexes bearing electron-rich OMe-, NH2- or NMe2- 

substituted styryl ligands display another reversible or partially reversible oxidation within the 

potential window of the CH2Cl2/[NBu4]+ [PF6]- supporting electrolyte. The half-wave 

potential differences between the first and second oxidations notably decrease with increasing 

electron donation from the 4-substitutent from about 600 mV for R = OMe to a value of about 
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400 mV for R = NH2 or NMe2. This additional oxidation is thus assigned as the second 

oxidation of the styryl ruthenium unit. Such assignment is fully consistent with previous 

observations that the {(-CH=CH-)Ru(CO)(PiPr3)2} moiety behaves very similar to a NR2 

functionality, as has e. g. been demonstrated by the identical open-shell singlet electronic 

ground state structures of dioxidized bis(alkenylruthenium)- and dimethylamino-substituted 

squaraines[64,100], the similar properties of paracyclophane-bridged bis(alkenyl ruthenium) 

complexes and the corresponding diamines[101], or the strong electronic coupling between the 

amine and alkenyl ruthenium redox sites in triarylamine-alkenyl ruthenium conjugates[62]. The 

NH2- and NMe2-substituted derivatives of the present series of compounds may thus be 

viewed as being close analogs to phenylene diamines, which also display two consecutive 

one-electron oxidation waves[102]. For complexes 4b-d and 6b-d (kinetically stable, 

thermodynamic isomers) derived from the 2-mercaptopyridine or 8-hydroxyquinoline donor 

ligands, respectively, a second oxidation becomes detectable even for the rather electron-poor 

CF3-substituted derivatives, albeit as an only partially reversible process. Although such a 

process may arise from the potentially “non-innocent” monoanionic [N,O]- or [N,S]- chelate 

ligand[76], the strong influence of the 4-substituent on the peak or half-wave potential argues 

against such an interpretation. This is also in line with the observation of a second, sometimes 

only partially reversible (1c) oxidation for the more electron-rich five-coordinated complexes 

1c-e and of a chemically irreversible oxidation of the parent styryl complex at Ep = 0.850 V[52] 

with similar trends in Ep or E½ values as for complexes 4b-d and 6b-e. 
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Figure 3.2#16. Cyclic (left) and square-wave (right) voltammograms of complexes 5b-d vs. 
Cp2Fe0/+ (NBu4

+
 PF6

-, 0.1M, CH2Cl2, r.t.) at a scan rate v of 100 mV/s or a step potential of 4 
mV and a frequency of 15 Hz. 

 

 
 

Figure 3.2#17. Half-wave potentials (E½) vs. Hammett parameter σ of complexes 1a-e (left) 
and 5b-d (right). 
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in  4)-R-4H6C-(CH=CH(L)2)3PriElectrochemical data for complexes Ru(CO)(P .5#23.Table 
-

6PF +
4/ 0.1 M NBu 2Cl2CH 

 [V]½E :1 [V] ½E: 2 [V] ½E: 3 [V] ½E: 4 [V] ½E: 5 [V] ½E: 6 [V]  ½E: 7 
a: R = CN  +0.430 +0.280 +0.270 --- +0.310 --- --- 

3CF: R = b +0.400 +0.245 +0.220 +0.090; 
b)+1.045 

+0.270 ;c)5+0.00 
+0.253 

a)+0.237 

c: R = OMe +0.135; 
a)+0.725 

-0.030 -0.040 -0.100; 
b)+0.63 

-0.010 -0.010 
b)+0.65 

--- 

2NH: R = d -0.085; 
+0.290 

-0.210 
+0.185 

-0.210 
+0.195 

-0.240; 
+0.160 

-0.185 
+0.220 

-0.195 
a)+0.197 

--- 

2NMe: R = e -0.190; 
+0.235 

--- --- --- --- ;3000.-; c)4860.- 
.135+0 ;)c0700.- 

--- 

peak potential of an b)wave potential of a chemically only partially reversible process; -alfHa)

kinetically wave potential of reversible process of the -halfc)= 0.1 V/s;  virreversible process at 
unstable isomer. 

 

The isomerization process of complexes 6b and 6e was also investigated and followed by 

cyclic and square-wave voltammetric techniques. Figure 3.2#18 shows CV and SW traces 

documenting the evolution of isomeric distribution of these two complexes as a function of 

time. The unstable, kinetic isomer of complex 6b shows a reversible, one-electron process at a 

half-wave potential of 5 mV vs. Cp2Fe0/+. The kinetically stable, thermodynamic isomer is 

characterized by a peak/wave at 255 mV vs. Cp2Fe0/+. The initial ratio of the two isomers is 

ca. 5:1 as follows from the comparsion of peak currents. Over time, the intensity of the first 

reversible wave decreased until it disappeared with concomitant growth of the partially 

reversible one-electron process associated with the thermodynamic isomer. The same scenario 

was obtained for complex 6e. Initial scans of 6e showed four consecutive, chemically and 

electrochemically reversible one-electron oxidation processes at half-wave potentials of -486, 

-300, 70, and 135 mV vs. Cp2Fe0/+ with peak current ratios of ca. 1:1. The first and the third 

half-wave potentials are related to the kinetically unstable isomer, while the second and the 

fourth ones are assigned to the kinetically more stable, thermodynamic one. The second 

oxidation for each isomer is assigned as the second oxidation of the N,N-dimethylamino-

styryl ruthenium electrophore. Thus, over time, the waves of the kinetically unstable isomer 

decreased in intensity with concomitant growth of the two one-electron processes of the 

thermodynamic isomer. The appearance of new waves/peaks at ca. 350 mV and 100 mV, 

which are observed as an individual peak or as a shoulder superimposed on the peak for the 

second oxidation of the thermodynamic isomer indicate the presence of an additional product 

or intermediate, the identity of which is unclear. 
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Figure 3.2#18. Changes of the square-wave (left) and cyclic (right) voltammograms over 
time of complexes 6b (top) and 6e (bottom) vs. Cp2Fe0/+ (NBu4

+
 PF6

-, 0.1M, CH2Cl2, r.t.) at a 
scan rate v of 100 mV/s or step potential of 4 mV and frequency of 15 Hz. 

 
Figure 3.2#19 shows plots of ln [A]/[A]o of the kinetically unstable isomer of 6b and 6e 

versus t from time-dependent SW voltammetric measurements, while Table 3.2#3 lists the 

rate constants k [min-1] and the half-life τ [min] required for the concentration of the 

kinetically unstable isomer to drop to one-half of its original value for complexes 6b and 6e. 

The results confirm that the isomerization process for 6e is faster than that for 6b (τ =  22.4 or 

15.4 min for 6b and 6e, respectively). That difference is obviously due to the differences in 

electronic properties of the 4-substituent, whereby the electron-donating NMe2 substituent 

seems to favor the isomerization process more than electron withdrawing CF3. This is an 

intuitive result as the isomerization very likely proceeds via a coordinatively unsaturated, 

five-coordinated intermediate which results from decoordination of one of the chelate arms of 

the bidentate ligands (Chart 3.2#1, see below). A more electron-rich styryl ligand can be 

expected to better stabilize a lower-coordinated 16 valence electron complex than a less 

electron-donating one. 
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From the data in Table 3.2#3 it also appears that the rate constant of the isomerization process 

as derived from SW voltammetry is by almost one order of magnitude smaller than that 

derived from NMR spectroscopy. The differences are by far higher than the levels of 

uncertainty and must therefore reflect a real effect. A viable explanation takes the different 

concentrations of the complexes used in the experiment into account. Thus, estimated 

concentrations used for the NMR experiments are by a factor of ca. 7 higher than that 

employed in the electrochemical experiments. This means, that the rate of the isomerization 

process obviously also depends on concentration c of the complex and increases with 

increasing c. This points to a rate-determining step involving a higher-order associate of the 

complexes. A viable intermediate is a dimer formed by two complex units, where one of the 

donor atoms of the bidentate ligands bridges two Ru atoms whereas the other is decoordinated 

from the metal center. Such a structure is displayed in Chart 3.2#1. Detailed studies to 

quantify the concentration dependence of the isomerization rate are, however, required before 

more definite conclusions can be drawn, but were outside the scope of this thesis. 

 
Chart 3.2#1. Schematic structure of a possible dimeric intermediate in the isomerization of 

complexes 6b,e (X = CF3 or NMe2). 

 
 

Figure 3.2#19. Plot of ln [A]/[A]o versus t from time-dependent SW of complexes 6b (left) 
and 6e (right) (NBu4

+
 PF6

-, 0.1M, CH2Cl2, r.t.) at a step potential of 4 mV and a frequency of 
15 Hz. 
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The isomerically pure thermodynamic isomer of complex 6b provides an additional 

peculiarity when compared to all other complexes. Thus, initial scans on the isomerically pure 

sample showed that the one-electron process at a half-wave potential of 255 mV (peaks A, A´ 

in Figure 3.2#20,b) is only partially reversible at small sweep rates and becomes more 

reversible on increasing the sweep rate to 400 mV/s (Figure 3.2#20,c) or on cooling the 

solution in a dry ice/isopropanol bath (Figure 3.2#20,a). At lower sweep rates at r. t. a second 

cathodic peak B´ is detected on the reverse scan ca. 210 mV negative of the cathodic peak A´ 

of the 6b0/+ couple (see Figure 3.2#20,b). An associated anodic counterpeak B is observed on 

multiple cycling. The half-wave potential of this couple is 5 mV. The same couple is detected 

when the solution is preelectrolyzed at a potential positive of the 6b0/+ (A/A´) couple and the 

scan is then initiated in the negative direction. Samples containing both isomers show the 

same two couples already in the initial scan. This allows us to assign this secondary couple as 

the one-electron oxidation of the kinetically unstable isomer and demonstrates that the 

thermodynamic isomer of 6b partially reisomerizes after one-electron oxidation. This finding 

also implies that the isomeric preferences of the neutral and the oxidized forms of the 

complexes differ. Thus, in the oxidized state the isomer with the chalcogenide donor trans to 

the styryl ligand is obviously more favored than in the neutral state. In addition, the 

isomerization rate is obviously much faster in the oxidized state, as it effectively competes 

with the time scale of the electrochemical experiment, which is less than 10 s. In the neutral 

state the isomerization is much slower, such that the oxidation of the kinetic isomer is fully 

reversible on the CV time-scale. 
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Figure 3.2#20. Cyclic voltammograms of isomerically pure the thermodynamically more 

stable isomer of sample of complex 6b vs. Cp2Fe0/+ (NBu4
+

 PF6
-, 0.1M, CH2Cl2) at a) T = 195 

K at v of 100 mV/s, b) at r.t. at a scan rate v of 40 mV/s (ten consecutive cycles), and c) at r.t. 
at a scan rate v of 400 mV/s. 
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3.2.4.  IR spectroscopy and IR spectroelectrochemistry 
 

IR spectroelectrochemistry is a potent tool to probe the ligand versus metal character of the 

redox-orbital. In their neutral states, all alkenyl ruthenium complexes of this type feature a 

stretching vibration for the ruthenium-bonded carbonyl ligand at ca. 1900 cm-1 as a charge-

sensitive IR tag that responds to the charge density at the metal atom and its alteration during 

a redox process. A metal centred one-electron oxidation is expected to increase the energy of 

the CO stretch significantly as less electron density is transferred from the metal atom to the 

π* orbitals of the carbonyl ligand. Representative examples in ruthenium chemistry are 

provided by [Ru(CO)3(PR3)2]0/+ pairs of complexes, where blue-shifts of 120-130 cm-1 were 

reported on oxidation[103]. The very limited shift of the C≡O stretch on one-electron oxidation 

of styryl ruthenium complexes of ca. 65 cm-1 has provided compelling evidence for the non-

innocent character of alkenyl ligands in this specific coordination environment[52,65,67]. It has 

also been noted that electron releasing 4-substituents at the styryl ligand further increase the 

contribution of that ligand to the redox-orbital and hence lead to lower C≡O band shifts on 

oxidation.  

Our findings on the present series of complexes of Schemes 3.2#1 to 3.2#3 are summarized in 

Table 3.2#6, while Figure 3.2#21 provides representative graphical accounts of the IR-

spectroelectrochemical experiments. The complete set of IR spectroelectrochemical 

experiments can be found in the Appendix. The results agree with previous observations. For 

all complexes, the oxidation-induced blue-shift of the Ru(CO) band is much smaller than that 

expected of a metal-centered process. The energy of the Ru(CO) stretch of the neutral forms 

and of the radical cations consistently decreases as the 4-substituent becomes a stronger 

electron donor as indicated by a linear correlation of the Hammett parameter σ of the various 

substituents versus the Ru(CO) stretch of the neutral forms and of the radical cations of 

complexes 5b-d depicted in Figure 3.2#22. The substituent effect on the CO band position is 

much larger for the radical cations than for the neutral complexes such that the CO band shift 

brought about by one-electron oxidation decreases, e. g. from 72 cm-1 for 1a to just 42 cm-1 

for 1d or from 75 cm-1 for complexes 2a to 5a to ca. 45 cm-1 for complexes 2d to 5d. 

Increasing the VE count from 16 to 18 causes a red-shift of the Ru(CO) band of ca. 15 cm-1, 

irrespective of the ligand used, but only a smaller one for the 17 VE radical cations when 

compared to their 15 VE counterparts. Notable exceptions are the amino substituted 

complexes of series d, where the shift difference between the neutral and the corresponding 

singly oxidized complexes is rather constant, irrespective of their VE count.  
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It has been noted on earlier occasions that introduction of a sixth donor ligand increases the 

metal contribution to the HOMO of the neutral complexes and to the SOMO of their 

corresponding radical cations, which results in somewhat larger oxidation-induced CO band 

shifts. This effect is also seen here but the overall magnitude of that effect is smaller than in 

the previously investigated benzoato complexes[6]. We note, however, that the shift of the 

Ru(CO) stretch only indicates the general ligand versus metal character of a redox event but 

provides no information as to which of the ligands is primarily involved when two non-

innocent ligands are bonded to the Ru(CO)(PiPr3)2 fragment.  

Of note is the rather high energy of the Ru(CO) stretch for complexes 4b-d and their 

associated radical cations with bidentate 2-mercaptopyridine-derived [N,S]- donor ligands 

when compared to their 2-hydroxypyridine counterparts. This is in notable contrast to the fact 

that these complexes exhibit the lowest redox potentials of all complexes and hence should 

constitute the most electron-rich representatives of each series a to d. We trace this to the fact 

that a thiolato ligand forms a more covalent bond to the metal and, while being a stronger 

donor, also competes more efficiently for the electron density of the d-orbitals of the metal 

center than a comparable oxygen donor. Similar observations have also been reported by 

Caulton and his co-workers for the closely related hydride complexes 

HRu(CO)(PtBu2Me)2(X) (X = OPh, SPh), where the CO band of the thiophenolato complex is 

also at 6 cm-1 higher energy than that of the phenolato complex[104].  

Oxidation-induced changes of IR spectra also include a shift of the C≡N stretch of the cyano 

substituent from 2216 to 2224 cm-1 for complexes 2a, 3a and 5a (the exact position of the 

C≡N shift for the five coordinated precursor 1a and its associated radical cation cannot 

exactly be determined due to an interfering equilibrium between monomers and 

dimers/oligomers, where the C≡N donor function of one molecule coordinates to the vacant 

coordination site of another molecule). Of note is also the growth of highly intense absorption 

bands at ca. 1585 cm-1 for the OMe and at ca. 1600 cm-1 for the NR2 substituted complexes of 

series c and d as well as medium intense ones in the range of 1625 to 1632 cm-1 upon 

oxidation. Contrary behavior was observed for complexes of series a and b with electron 

accepting CF3 and CN substituents at the styryl ligand. These complexes exhibit intense bands 

in this range in their neutral states but less intense ones for their radical cations. As these 

bands correspond to C=C stretching modes of the styryl ligand, their intensity is expected to 

increase with increasing polarization of the Ru-CH=CH-C6H4R-4 IR chromophore. This 

polarization is obviously greater for the neutral forms of complexes with a strongly electron-
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accepting 4-substituent representing a donor/acceptor (DA)-substituted styrene than for their 

radical cations, whereas the opposite holds for donor substituted styryl complexes. 

 
Figure 3.2#21. IR spectroscopic changes upon the first oxidation of complexes 5b (left), 5c 

(middle), and 5d (right) inside an OTTLE cell (1,2-C2H4Cl2/NBu+ PF6
-, r.t.). 

 

 
Figure 3.2#22. Comparison of experimental υCO IR frequencies in the neutral and in the 

mono-oxidized states with DFT (G09/B3LYP) calculated ones and plot vs. Hammett 
parameter σ of complexes 5b-d. DFT-calculated values were scaled by a factor of 0.9536.
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4) and their radical cations.-R4H6(CH=CHC2)3Privalues for the complexes Ru(CO)(L)(P CO. 63.2#Table  

 complexes 1 complexes 2 complexes 3 complexes 4 complexes 5 complexes 6 complexes 7 
 0 + 0 + 0 + 0 + 0 + 0 + 0 + 

a: R = CN 1910 1982 1900 1975 1900 1975 --- --- 1898 1973 --- --- --- --- 
3: R = CFb 1915 1982 1899 1975 1898 1974 1909 1977 1896 1971 1891 1932 1899 1979 

c: R = OMe 1909 1966 1894 1957 1893 1957 1904 1965 1891 1953 1888 1943 --- --- 
2: R = NHd 1908 1950 1893 1939 1893 1938 1903 1950 1890 1935 1891 1923 --- --- 

2: R = NMee 1908 1945 --- --- --- --- --- --- --- --- 1895 1925 --- --- 
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The isomerization process of complexes 6b and 6e has been also followed by IR monitoring 

in CH2Cl2 and benzene. Figure 3.2#23 shows the IR changes of these two complexes as a 

function of time; the pertinent IR data are compiled in Table 3.2#7. Initially, the kinetic 

isomers (imine trans to CO) showed an intense CO stretching band at 1912 or at 1907 cm-1 in 

CH2Cl2 for 6b and 6e, respectively. Over time, these kinetically labile isomers transformed to 

the thermodynamically more stable isomer (chalcogen donor trans to CO) with CO stretches 

at 1892 and 1888 cm-1 for 6b and 6e, respectively, with clear isosbestic points (Figure 

3.2#23). This red shift of 20 cm-1 is expected because of the placement of the stronger σ- and 

π-donor trans to the carbonyl ligand, which increases back-donation to the C≡O π*-acceptor 

orbitals, as the π orbital of the stronger donor and the appropriate CO π* orbital now interact 

with the same Ru-dπ-orbital in a highly favorable trans σ,π-donor-Ru-CO arrangement. The 

same red-shift was also obtained in benzene (Figure 3.2#23). 

 
Figure 3.2#23. IR changes during time of complexes 6b (upper left) and 6e (upper right) in 
CH2Cl2. Bottom: Ru(CO) stretch changes during time of complexes 6b (bottom left) and 6e 

(bottom right) in benzene. 
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 Table 3.2#7. IR changes over time for the isomers of 6b and 6e in CH2Cl2. 

 

Figure 3.2#24 shows plots of ln [A]/[A]o for the kinetically unstable isomer of 6b and 6e 

versus t derived from time-dependent IR spectra, while Table 3.2#3  shows the rate constants 

k [min-1] and the half-life τ. Again, the isomerization process of 6e is much faster than that of 

6b and faster in the more polar CH2Cl2 compared to benzene. 

 
 6bof  IR measurementsdependent -time from t versus o[A]/[A]Plot of ln  .423.2#Figure 

: bottom right).6D6: bottom left, C2Cl2(CD 6eand ) right: upper 6D6: upper left, C2Cl2(CD

Complex v(CO) vC=N vC=C 
6b (kinetic isomer) 1912 1672 (br) 1608 (str), 1569 (shr), 1536 (m), 1498 (shr), 1465 (brd) 
6b (thermodynamic isomer) 1892 1672(br) 1607 (str), 1567 (str), 1542 (m), 1497 (shr), 1465 (brd) 
6e (kinetic isomer) 1907 1665 (br) 1606 (m), 1568 (m), 1539 (m), 1512 (str) 
6e (thermodynamic isomer) 1888 1667 (br) 1606 (m), 1566 (m), 1539 (m), 1512 (str) 
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3.2.5. Quantum Chemical Calculations 
 

Quantum chemical calculations based on Density Functional theory (DFT) methods (see 

Experimental Section) were carried out on PMe3 model complexes 1aMe to 1dMe, the full 

models of the complexes 2a-e, and both isomers of complex 4b (which in the following are 

denoted as 2ac-2ec, 4bc such as to discriminate them from the experimental complexes) in 

order to i) confirm that the HOMO of these complexes and the SOMO of their associated 

radical cations are indeed dominated by the styryl and not the bidentate chelate ligand, ii) 

probe for the influence of the different 4-substituents at the styryl ligand; iii) probe for the 

effect of substitution of the hydroxy- by the mercaptopyridine chelate (2b/3b versus 4b); and 

(iv) compare the calculated energies of the Ru(CO) vibrational bands to the experimental 

ones. Table 3.2#8 summarizes the calculated energies and percent fragment contributions 

(styryl ligand, Ru(CO)(PR3)2 ({Ru}) and ligand L, where L is either Cl- (complexes 1aMe to 

1dMe) or the bidentate 2[N,O]- or 2[N,S]- chelate (complexes 2ac-ec, 4bc) for selected 

frontier MOs. Moreover, isodensity plots for the HOMO and LUMO and spin density plots 

for the major and minor isomers of complexes 4bc/4bc+ are shown in Figure 3.2#25.  

A preliminary account of the computational results on the slightly truncated five-coordinated 

model complexes 1aMe-1cMe and 1eMe has already been published[67]. Data on model 

complexes 1aMe to 1dMe are also compiled in Table 3.2#8 and serve as points of comparison. 

Our present results indicate that, just like for complexes 1, the HOMO of the major isomer of 

complexes 2ac-ec and of complex 4bc is delocalized over the Ru-styryl entity (58 - 61% for 

the styryl ligand and 35 - 38% for Ru(PR3)2(CO)) with only minor contributions of at most 

5% for the ligand L. This also holds for the minor isomer of the complexes 2ac-ec, albeit 

metal and chelate ligand contributions are somewhat higher (41-52% for the styryl ligand, 35 

- 40% for {Ru} and 7-11% for the bidentate chelate) than for the major isomer. Calculated 

spin densities of the two isomers of complex 2bc+ verify that this also holds for SOMO of 

their associated radical cations. This essentially means that the 2-hydroxy- or 2-

mercaptopyridine ligands are redox “innocent” in that particular environment, irrespective of 

whether the styryl ligand is donor or acceptor substituted. MOs with larger contributions of 

the chelate ligand appear as the HOMO-1, the LUMO and the LUMO+1. A different picture 

is, however, obtained for the minor isomer of complex 4bc, where the HOMO is 

predominantly delocalized over the {Ru} entity and the monoanionic, bidentate [N,S]- chelate 

with smaller contributions of 20% from the electron-poor styryl ligand, whereas the HOMO-1 

is more centered on the styryl ligand.  
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Calculated υCO values for the neutral model complexes and their corresponding radical cations 

agreed well with the experimental ones. For both, experimental and calculated values, a good 

linear correlation between υCO in the neutral and the oxidized states and the energies of 

HOMOs and LUMOs vs. the simple  Hammett electronic substituent parameter[105] is found 

(Figures 3.2#22, 3.2#26), just as it has been observed for the closely related 

tris(trimethylphosphine) derivatives RuCl(CO)(PMe3)3(CH=CH-C6H4R-4)[99] or alkynyl 

complexes Cl(dppe)2Ru-CC-C6H4R-4 or Cp*(dppe)Ru-CC-C6H4R-4[97,98].  

 

 
Figure 3.2#25. Contour plots of the calculated frontier MOs of the major (top) and the minor 

.+c4band of the calculated spin densities of  c4bof complex  s(bottom) isomer 
 

 

of  σHammett parameter  vs.) eV(Energies of HOMOs and LUMOs  .3.2#26Figure 
.cd-cb2complexes 
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Table 3.2#8. Composition and energies of selected MOs of model complexes 1aMe-1dMe, 2ac-dc and the major isomer of 4bc. The superscript Me 
denotes that PMe3 ligands were used instead of PiPr3; Ru = {Ru(CO)(PR3)2}; St = styryl; L = Cl- or bidentate monanionic chelate ligand. 
 
  1Me 2c (major isomer) 2c (minor isomer) 4c (major isomer) 4c (minor isomer) 
X MO E [eV] Ru St L E [eV] Ru St L E [eV] Ru St L E [eV] Ru St L E [eV] Ru St L 

 
a: 

R = CN 
 

L+2 -0.20 0 100 0 -0.65 85 5 10 -0.51 86 6 8         
L+1 -1.38 5 95 0 -0.74 13 19 68 -0.63 12 1 87         

L -1.50 84 12 3 -1.07 6 71 22 -1.18 7 92 1         
H -5.63 37 62 0 -4.53 35 61 4 -4.97 39 52 9         

H-1 -6.54 76 5 19 -5.10 72 0 28 -5.46 8 9 83         
H-2 -6.65 62 1 37 -5.53 84 4 11 -6.14 89 5 6         

 
b: 

R = CF3 

L+2 -0.06 0 100 0 -0.38 10 61 29 -0.29 9 24 67 -0.40 9 81 10 -0.39 10 28 62 
L+1 -0.87 6 94 0 -0.48 11 15 74 -0.52 13 64 23 -0.66 11 4 85 -0.58 13 60 26 

L -1.45 84 12 3 -0.88 10 15 75 -0.94 19 1 80 -1.07 10 6 83 -1.12 19 1 80 
H -5.55 37 62 0 -4.20 38 58 4 -4.17 48 41 11 -4.19 40 54 5 -4.03 41 20 39 

H-1 -6.48 77 5 18 -4.91 77 0 23 -5.08 62 17 21 -4.68 53 1 45 -4.83 36 44 20 
H-2 -6.60 62 2 36 -5.25 76 5 19 -5.19 82 8 10 -5.35 71 8 21 -5.53 77 4 19 

 
c: 

R = OMe 

L+2 0.24 1 99 0 -0.03 4 96 0 -0.11 17 71 12         
L+1 -0.28 7 93 0 -0.45 11 2 87 -0.36 15 10 74         

L -1.35 84 12 3 -0.81 10 4 86 -0.90 21 0 78         
H -5.14 26 74 0 -4.00 36 61 3 -4.00 43 49 7         

H-1 -6.38 78 5 17 -4.85 76 0 24 -4.96 63 14 24         
H-2 -6.49 60 11 29 -5.16 83 5 12 -5.16 81 9 10         

 
d: 

R = NH2 

L+2 0.32 12 88 0 -0.01 22 71 7 -0.07 12 71 17         
L+1 -0.13 8 92 0 -0.41 12 2 86 -0.32 13 14 72         

L -1.31 85 12 3 -0.80 10 6 84 -0.94 17 0 82         
H -4.93 20 79 0 -4.01 36 60 3 -4.07 48 41 11         

H-1 -6.36 49 38 13 -4.86 72 0 24 -5.01 53 27 20         
H-2 -6.36 78 5 17 -5.16 81 5 14 -5.12 80 9 11         
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3.2.6. UV/Vis spectroscopy and UV/Vis spectroelectrochemistry 
 

In order to characterize the electronic transitions within the π-conjugated metal-organic 

chromophore and between the different kinds of ligands in the neutral complexes and their 

oxidized forms, UV/Vis spectroscopic and UV/Vis/NIR spectroelectrochemical studies were 

performed, the latter again inside an OTTLE cell. The results of that study are summarized in 

Figure 3.2#27 for the CF3-substiuted styryl complexes of series b (1-7b). Table 3.2#9 

summarizes the experimental data for all complexes in their various accessible oxidation 

states. A more complete set of the UV/Vis/NIR SEC spectra for the remaining ruthenium-

vinyl complexes are provided in the Appendix. Band assignments were aided by TD-DFT 

calculations on the model complexes 1Me-H0/+ with the unsubstituted styryl ligand[63] and on 

complexes 2bc0/+; the corresponding results are provided in Table 3.2#10. The five-

coordinated styryl ruthenium complexes 1a-e owe their red to purplish red color to a rather 

weak visible absorption that comprises a transition from the styryl/Ru delocalized HOMO to a 

Ru d-orbital that points toward the vacant coordination site and can hence be described as 

ligand to metal charge transfer (LMCT) in nature[65,63,52] (Figure 3.2#28, Table 3.2#10). That 

assignment agrees well with the observed shift to lower energy as the 4-substituent at the 

styryl ligand becomes more electron releasing, whereby the ligand dominated HOMO is more 

destabilized than the Ru-based LUMO. A much more intense absorption corresponding to the 

HOMO  LUMO+1 excitation is observed in the near-UV region. As is evident from Table 

3.2#10 that band is due to a π  π* excitation within the metal-styryl chromophore. Here, an 

opposite trend of lower transition energies with increasing acceptor capability of the styryl 

substituent is observed, which can be traced to an even higher contribution of the styryl ligand 

to the receptor orbital. 

Given the presence of a bidentate pyridine- or quinoline-based coligand in complexes of 

series 2-7b (Figure 3.2#27) with rather high-lying occupied and low-lying unoccupied MOs, 

one expects that their electronic spectra contain additional features arising from ligand to 

ligand′ (LL′CT) or metal to ligand′ (ML′CT) excitations. Here L´ denotes the bidentate 

chelate ligand. This is indeed the case, as is evident from the data in Table 3.2#10 and the 

direct comparison of the spectra of complexes 2b to 7b in Figure 3.2#27. Exemplary TD-DFT 

calculations on 2bc (see Figure 3.2#29, left, Table 3.2#10) reproduce the experimental 

spectrum rather well and ascribe the prominent near-UV feature to the HOMO  LUMO 

transition with LL′CT character mixed with some ML′CT contribution. Weaker bands at 

lower or higher energy arise from the HOMO  LUMO+2 and HOMO  LUMO+1 

transitions, which correspond to π  π* excitations within the Ru-styryl entity or have 
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dominant LL′CT character (see Tables 3.2#10 and 3.2#8). The even more richly structured 

spectra of the quinoline complexes also point to a major involvement of the bidentate ligand 

in the underlying transitions. 

Oxidation of the complexes induces an electron vacancy in the HOMO and hence gives rise to 

new excitations to the half filled SOMO (or, more strictly speaking, the β-LUMO). As a 

consequence, rather intense bands appear in the visible and NIR regions. For the five-

coordinated complexes, the corresponding low-energy band can be assigned to mixed β-

HOMO-2/HOMO-3 to β-LUMO excitations that are of π  π* nature and involve MOs that 

are delocalized over the Ru-styryl chromophore (Table 3.2#10). The band progressively red-

shifts and intensifies with increasing donor capacity of the 4-substituent. The rather intense 

visible band corresponds to the prominent near-UV band of the neutral precursors mixed with 

a transition from the HOMO-7 β-orbital to the β-LUMO. The latter transition has the same π 

 π* character as those at lower energies. 

Electronic spectra of the radical cations of the six-coordinated complexes feature three 

prominent bands. The TD-DFT calculated spectrum of 2bc+ (Figure 3.2#29, right) shows a 

satisfactory qualitative agreement with the experimental spectrum. According to the TD-DFT 

results the low-energy NIR band arises from a combined L′LCT and MLCT transition within 

the β-manifold, where electron density is shifted from lower occupied MOs to the partially 

emptied styryl/Ru-based HOMO of neutral 2bc (for the β-LUMO of 2bc+, see Figure 3.2#31 

and Table 3.2#10). The second absorption is traced to a π  π* transition between a likewise 

styryl/Ru-based MO to the same receptor orbital and is also associated with some MLCT 

character. The visible band at higher energy corresponds closely to the prominent feature 

observed for the neutral congeners. As a consequence of the removal of one electron from the 

previous HOMO and the higher metal character of the donor orbitals in comparison to the 

receptor orbital, that band is less intense and blue-shifted on oxidation. Replacing the O by an 

S donor and increasing the size of the imine heterocycle from pyridine to 2-quinoline and 8-

quinoline has the predictable effect of red-shifting the low-energy transition due to a lowering 

of the energy gap between the lower-lying occupied donor orbitals of the chelate ligand and 

the styryl-based HOMO or SOMO (Figure 3.2#27). 
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Table 3.2#9. Spectroscopic data for the complexes in various accessible oxidation states. 

Complex )1-cm ·1-(Mε  nmλ 

1a )210·), 492 (4.4401·), 365 (2.540 ·252 (1.6 
1b ),410·), 337 (1.4410·234 (1.3 

+1b )310·), 618 (1.2410·), 391 (4.6410·), 345 (6.4410·232 (1.2 
1c )210·), 519 (2.5210·), 379 (8.3410·301 (1.2 

+1c )310·), 692 (4.9410·), 433 (1.0310·), 333 (2.8310·298 (4.2 
1d )310·), 387 (2.7410·308 (2.5 

+1d )410·), 818 (1.4410·), 740 (1.2410·), 476 (2.1310·), 368 (7.7210·291 (7.9 
2+1d )310·), 673 (4.8410·), 439 (1.5310·293 (9.5 

1e )410·), 314 (1.9310·), 263 (7.4410·217 (1.8 
+1e )410·), 894 (1.7410·), 794 (1.1410·), 485 (1.8310·), 370 (4.6310·), 269 (6.4410·220 (1.2 
2+1e )410·), 462 (1.2410·), 379 (1.0310·240 (9.4 

2a )410·), 382 (3.4410·325 (1.2 
+2a )310·), 900 (1.1310·), 665 (2.8410·), 422 (1.6410·), 386 (2.0410·298 (1.1 

2b )410·), 353 (1.8410·321 (1.5 
+2b )310·), 980 (2.1310·), 614 (2.8310·), 402 (9.2410·), 369 (1.2410·302 (1.1 

2c )410·306 (2.8 
+2c )310·), 684 (7.6410·), 434 (2.2410·298 (1.1 

2d )410·308 (1.6 
+2d )310·), 879 (4.4310·), 797 (3.9310·), 473 (8.8310·303 (8.4 
2+2d )310·), 444 (3.8310·298 (9.8 

3a )410·), 383 (2.9310·295 (7.3 
+3a )310·), 852 (2.9310·), 618 (2.2410·), 418 (1.6410·385 (1.9), 310·296 (8.7 

3b )410·353 (2.2 
+3b )310·), 838 (1.9310·), 593 (1.6410·), 403 (1.3410·), 371 (1.5310·292 (9.2 

3c )410·309 (1.9 
+3c )310·), 790 (7.6310·), 625 (3.1410·), 433 (2.1310·294 (9.2 

3d )410·308 (1.4 
+3d )310·), 874 (9.1410·), 464 (1.3410·), 366 (4.0310·291 (5.2 
2+3d )310·), 675 (3.7310·), 456 (6.3310·), 347 (7.9310·299 (8.1 

4b )410·), 353 (1.1310·295 (6.2 
+4b )310·), 1296 (3.9210·), 900 (4.0210·), 595(4.2210·), 532 (3.5310·), 414 (4.3310·300 (9.3 

4c )410·311 (1.5 
+4c )310·), 1240 (4.3310·), 652 (2.7310·), 440 (8.1410·290 (1.0 

4d )410·314 (1.2 
+4d )310·), 1058 (4.2310·), 688 (2.8310·), 474 (8.7310·289 (7.4 
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2+4d )310·), 1049 (1.6310·), 693 (1.8310·), 473 (4.0310·294 (7.9 
5a )410·(4.4), 387 410·293 ( 1.6 

+5a ), 310·), 607 (4.2410·), 421 (2.7410·), 386 (3.3410·), 347 (2.8410·), 332 (2.9410·294 (2.3
)310·958 (6.2 

5b )410·346 (2.2 
+5b )310·), 915 (2.5310·), 585 (2.2310·), 405 (8.8410·), 373 (1.2410·), 349 (1.2310·291 (8.6 

5c )310·(3.5), 390 410·305 (2.2 
+5c )310·), 850 (7.8310·), 621 (4.7410·), 437 (2.1310·), 350 (9.6410·), 335 (1.1410·295 (1.2 

5d )410·), 389 (3.1410·312 (3.9 
+5d )410·), 895 (1.2410·), 465 (1.9410·331 (2.3 
2+5d )310·), 455 (3.1410·332 (3.2 

6b )410·5.5( 423), 410·1.1( 443 
+6b )310·5.2( 1286), 310·4(2. , 664)310·1.2( 616), 310·7.3( 20), 4410·1.1( 263 

6c )310·), 441 (6.5410·304 (1.4 
+6c ),310·), 781 (5.8310·), 584 (2.1310·), 438 (1.3310·), 348 (7.3310·), 331 (7.6310·295 (7.1 

6e )310·5.9( 446), 410·6.2( 113 
+6e ),410·.81( 916), 410·3.1( 825), 410·1.2( 86), 4410·1.2( 460), 310·4.81 (8), 3310·0.8( 301 

7b )410·), 349 (1.3410·), 319 (1.2310·283 (7.8 
+b7 ),310·), 1304 (2.7210·), 907 (7.7210·), 566 (7.8310·), 366 (8.3410·288 (1.1 

 

Table 3.2#10. Calculated main electronic transitions of complexes 1-H and 2bc 0/+ in various 
accessible oxidation states. 

 

No. (eV) nmλ f Major contributions 
 495 (2.51) 0.007 HOMO  LUMO+2 (77%) 

1-H 377 (3.30) 0.035 HOMO-1 LUMO (77%) 
 289 (4.30) 0.669 HOMO LUMO+1 (72%) 
 561 (2.21) 0.091 HOMO-2(β)LUMO(β) (74%), HOMO-3(β)LUMO(β) (17%) 

+H-1 552 (2.25) 0.138 HOMO-3(β)LUMO(β) (65%), HOMO-2(β)LUMO(β) (22%) 
 368 (3.38) 0.260 HOMO(α)LUMO+1(α) (49%), HOMO-7(β)LUMO(β) (23%) 
 342 (3.63) 0.228 HOMO-7(β)LUMO(β) (53%), HOMO(β)LUMO+1(β) (23%) 
 428.6 (2.90) 0.061 HOMO LUMO+2 (77%) 

c2b 417.3 (2.98) 0.489 HOMOLUMO (77%) 
 376.0 (3.30) 0.139 HOMOLUMO+1 (72%) 

1095 (1.13) 0.050 HOMO-1(β)LUMO(β) (60%), HOMO-2(β)LUMO(β) (31%) 
+c2b 524 (2.37) 0.110 HOMO-5(β)LUMO(β) (92%) 

387 (3.21) 0.196 HOMO(α)LUMO(α) (39%), HOMO-1(α)LUMO(α) (16%)  
  



3.2. Results and Discussion / UV-Vis-NIR SEC  Chapter 3 
 

75 
 

 
Figure 3.2#27. Spectroscopic changes on oxidation of the CF3-substituted styryl complexes 

1b to 7b under UV/Vis/NIR monitoring inside the OTTLE cell (CH2Cl2/ NBu4PF6, r.t.). 
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Figure 3.2#28. MOs that are involved in the electronic transitions of 1ac. Hydrogen atoms 
have been omitted for clarity. 

 

 

Figure 3.2#29. Experimental vs. TD-DFT calculated electronic spectra of model complex 2bc 
(left) and its associated radical cation (right). 

 

 
Figure 3.2#30. MOs that are involved in the electronic transitions of 2bc. Hydrogen atoms 

have been omitted for clarity. 



3.2. Results and Discussion / UV-Vis-NIR SEC  Chapter 3 
 

77 
 

 
 

Figure 3.2#31. MOs that are involved in the electronic transitions of 2bc+. Hydrogen atoms 
have been omitted for clarity.
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3.2.7. Electron Paramagnetic Resonance Spectroscopy (EPR) 
 
EPR spectroscopy is a powerful tool for elucidating the metal versus ligand character of 

paramagnetic complexes such as the radical cations of the present ones. Typical assets of 

oxidized complexes [Ru(CO)(L)(PiPr3)2(CH=CHR)]+ are intense EPR signals in fluid 

solution, isotropic or very weakly anisotropic signals in frozen solution at T = 77 K and 

average g-values rather close to ge, the g-value of the free electron (ge = 2.0023). All these 

features are tokens of the strong contributions of the styryl ligand to the singly occupied 

molecular orbital (SOMO) and the high spin densities on that ligand[65,67]. EPR signals of five-

coordinated styryl complexes (L = Cl) are often resolved into a triplet by hyperfine splittings 

of ca. 10 to 20 G to the 31P nuclei of the phosphine co-ligands; additional hyperfine splittings 

to the 99/101Ru nuclei of ca. 10 G may also be discerned[21,6,5,65,69]. Such behavior is 

exemplarily demonstrated by complex 1e+ as shown in Figure 3.2#32. Of note is the 

unusually small magnitude of the hyperfine splitting constants of only 5.6 (31P) and 3.8 G 

(99/101Ru) as compared to 21.5 G (31P) or 18.4 G (31P) and 9.6 G (99/101Ru) in the simple styryl 

complex or its 4-thioacyl-derivative[6]. This implies an even smaller metal and a larger styryl 

contribution to the SOMO of that radical cation.  

While retaining the general assets of the five-coordinated complexes, EPR signals of six-

coordinated derivatives (L = monoanionic bidentate chelate ligand) usually display broader 

EPR signals without visually resolved hyperfine interactions, possibly because of several such 

interactions of similar magnitude with additional nuclei with I0[6,71]. This is also the case 

here as it is demonstrated by the EPR spectra recorded from chemically oxidized complexes 

3d+, 4d+, 5d+ and 7b+. These samples were generated using ferrocenium hexafluorophosphate 

as the oxidant (see Figure 3.2#32, Table 3.2#11). Notable exceptions are cation 2d+, for which 

a richly structured signal was observed, and the 8-hydroxyquinoline derived complexes 6b+, 

6e+ in fluid solution. Hyperfine splitting parameters were derived from simulations of the 

experimental spectra and are compiled, along with other pertinent EPR parameters, in Table 

3.2#11. g-Values are all in the range of 2.002 to 2.014. Whilst these general findings are 

indicative of a strong organic parentage of the unpaired spin and hence a dominantly ligand-

centered redox process, they are inconclusive on whether the styryl or the bidentate 2[N,O]- 

or [N,S]- chelate is the one which is primarily involved. Only with the aid of the 

aforementioned quantum chemical calculations, the styryl ligand can be identified as the one 

that actively participates in the redox process. Only for the isomer with the chalcogen donors 

trans to the alkenyl and the pyridine trans to the carbonyl ligands, more substantial 

contributions of the bidentate donor ligands are noted. 
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Figure 3.2#32. EPR spectra of chemically generated radical cations in CH2Cl2 at room 
temperature. 

 
Table 3.2#11. EPR parameters for chemically oxidized 4-aminostyryl complexes. 

complex giso/g103
a) A(31P) A(99/101Ru) A(14N) A(1H) 

1d+ 2.014 / 2.014 5.6 3.8 0.8 3.6 (2H) 
2d+ 2.002 / 2.003 7.5 7.6 10.4, 7.2 3.6 (6H) 
3d+ 2.003 / 2.004 --- --- --- --- 
4d+ 2.008 / --- --- --- --- --- 
5d+ 2.002 / 2.003 --- --- --- --- 
6b+ 2.002 / --- 6.7 3.8 2.2 --- 
6e+ 2.017 / --- 6.4 3.8 4.1, 1.1 --- 
7b+ 2.013 / ---  --- --- --- --- 

Co170-=  Tsolvent at  2Cl2value in frozen CH-= g 103= isotropic signal at r.t.; g isoga) 
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3.3. Conclusions 
 

A series of ruthenium styryl complexes with potentially non-innocent bidentate, deprotanated 

2-hydroxy- and 2-mercaptopyridine or -quinoline ligands have been prepared via 

hydroruthenation of para-substituted phenylacetylenes with the hydride complex 

HRu(CO)Cl(PiPr3)2 and subsequent treatment of the five-coordinated styryl complexes with 

the deprotonated [N,O]- or [N,S]- donors and concomitant substitution of the chloro ligand. 

Our results indicate that complexes with pyridine-derived chelate ligands exist as two isomers 

that differ with respect to the orientation of the imine and chalcogen donors of the 2[N,O]- or 

2[N,S]- ligands with respect to the CO and vinyl ligands in the equatorial plane. In the 2-

hydroxy- and 2-mercaptoquinoline cases, however, only one isomer was observed. 

Electrochemical and IR spectroscopic studies on the neutral complexes and IR and EPR 

spectroscopic investigation of their radical cations indicate that the six-coordinated complexes 

behave very similar to their chloro-substituted five-coordinated precursors. While the EPR 

and IR signatures of the associated radical cations allow us to conclude that the first 

oxidations are ligand-dominated, they are not fully conclusive with respect to the whether 

they are more biased towards the styryl ligand or the bidentate 2[N,O]- and 2[N,S]- donors. 

Experimental evidence for a major styryl ligand involvement comes from the fact that the 

energy of the Ru(CO) stretch and the oxidation-induced Ru(CO) band shifts strongly depend 

on the 4-substituent at the styryl ligand, but much less on the substitution pattern on the 

pyridine ligand or the chalcogenide donor atom.  

These findings are fully supported by the results of our quantum chemical calculations on 

suitable model complexes which inevitably produce a styryl-based HOMO, irrespective of the 

4-substituent at the styryl ligand. It is concluded that the 4-substituted styryl ligands retain 

their “non-innocence” while the deprotonated 2-hydroxy- and 2-mercaptopyridine or -

quinoline ligands behave as “innocent” in that particular coordination environment and do not 

significantly contribute to the redox process. A notable exception is the minor isomer of the 2-

mercaptopyridine-derived complex 4b, where the chalcogenide donor is positioned trans to 

the styryl ligand. Here, the energy levels of the styryl and of the 2[N,S]- donor ligands are so 

well-balanced that the HOMO is completely delocalized across the entire styryl-Ru-coligand 

backbone. The presence of the κ2[N,O]- or κ2[N,S]- donor ligands introduces additional 

electronic transitions that involve charge transfer between the styryl and the bidentate imine 

ligands or vice versa. Thus, the dominant absorption of the neutral complexes in the near-UV 

region has an important LL′CT character. For the associated radical cations, the Vis/NIR 
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transition at the lowest energy involves charge transfer in the opposite direction, i.e. from an 

occupied MO that is primarily located on the chelate ligand to the half-empty styryl/Ru-based 

HOMO of the neutral precursor. 

The 8-hydroxyquinoline complexes of series 6 display an interesting interplay between kinetic 

and thermodynamic isomers with different conformational preferences in the neutral and the 

oxidized states. The kinetic isomer, which is the dominating species in freshly prepared 

samples, has the imine N donor trans to the carbonyl and the harder O- donor trans to the 

alkenyl ligand. The isomerization to the thermodynamically more stable isomer with opposite 

arrangement of the bidentate donors was followed for the complexes 6b,e by a variety of 

techniques, including 31P- and 1H-NMR spectroscopy, square wave voltammetry and IR 

spectroscopy. These studies revealed that the isomerization is faster for the more electron-rich 

derivative 6e, which is explained by the probable intermediacy of a structurally flexible five-

coordinated intermediate with one dangling donor atom. Besides, the isomerization rate also 

seems to be concentration-dependent with a higher rate for more concentrated samples. Very 

interestingly, the isomeric preference seems to invert on oxidation as has been shown by the 

chemically partially reversible oxidation of the thermodynamic isomer of 6b. Thus, for 6b+ 

that isomer partially reverts to the one with the chalcogen donor trans to the alkenyl ligand 

(the kinetic isomer of the neutral complexes) even within the time scale of the voltammetric 

experiment. Interestingly, in this isomer charge and spin are rather distributed over both kinds 

of ligands, which leads to enhanced delocalization. 
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4.1. Introduction 

Biphenyl derivatives, which consist of two aromatic aryl rings connected by a single C-C 

bond, have attracted much interest because of their ready availability and the controllable 

degree of -conjugation between the individual arene rings by means of the torsion angle ɸ. 

These chromophores have been considered as potential switches as the two π aryl systems can 

be either in the same plane or orthogonal to each other, representing the “on” and “off” states 

of a molecular switch, respectively[106-118]. Furthermore, biphenyls functionalized in para-

positions by typical leaving groups such as halogen atoms or triflate groups are also suitable 

candidates for palladium-catalyzed cross coupling reactions like the Sonogashira[53], Heck[119], 

Suzuki[120], Negishi[121], Stille[122]  or Buchwald-Hartwig[124] coupling or metal-mediated 

reactions such as Ullmann[123] and Grignard[125], or SNAr-type reactions[126] as shown in 

Figure 4.1#1. The torsional angle ɸ can be modulated and fixed by introducing alkyl 

substituents or chain-like linkers (straps) of varying lengths at the ortho-positions of the 

biphenyl skeleton (Figure 4.1#2). Table 4.1#1 shows the experimental and quantum 

chemically-derived torsion angles reported for some nitrile-functionalized biphenyl 

derivatives[106].  

 
Figure 4.1#1. Various leaving groups at the terminal positions provide substrates for 

numerous reactions like e.g. Sonogashira, Ullmann, Grignard, Hartwig-Buchwald, Heck, 
Suzuki and SNAr types reactions. 

 
Figure 4.1#2. The concept of modulating and fixing the torsion angle ɸ with a clamping 

bridge by introducing alkyl substituents at the ortho-positions of the two phenyl rings[111]. 
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Table 4.1#1. Experimentally and computationally derived torsion angles ɸ, redox potentials, optical data, and the measured conductance for nitrile-
terminated biphenyl derivatives reported by Marcel Mayor, Thomas Wandlowski and their workers[106]. 

 
Structure ɸa) ( DFT)b) 

[deg] 
d (N–N)a) 

[Å] 
E½

0/-1 

[V] 
E½

-1/-2 

[V] 
ΔE½  
[V] 

H-L gap 
[eV] 

λ[nm] 
ε [M-1·cm-1] 

Conductance 
Ω-1 

 

 
1.02 (0.26) 

 
11.96(9) 

 
-2.105 

 
-2.569 

 
0.464 

 
4.37 

318 
 40800 

 
9.2  1.7·10-5 

 

 
20.74 (20.97) 

 
12.22(3) 

 
-2.098 

 
-2.533 

 
0.435 

 
4.33 

311 
16800 

 
6.6  0.6·10-5 

 
31.77 (36.96) 12.20(2) -2.098 -2.478 0.380 4.67 274 

38100 
4.7  0.6·10-5 

 

 
44.78 (47.13) 

 
12.24(5) 

 
-2.286 

 
-2.619 

 
0.333 

 
4.71 

271 
27400 

 
3.9  0.5·10-5 

NN  

 
58.47 (59.94) 

 
12.24(6) 

 
-2.p363 

 
-2.624 

 
0.261 

 
4.95 

257 
22400 

 
1.7  0.2·10-5 

NN

 

 
89.26 (90.00) 

 
12.21(4) 

 
-2.671 

 
-2.867 

 
0.196 

 
5.59 

243 
30500 

 
< 10-6 

a)Based on the X-ray structure. 
b)Based on the DFT calculations of the optimized structure. 
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Numerous studies of the interdependence between the conformation and the chemical 

reactivity of biphenyls have been reported in the literature. In 1952 Michael J. Dewar spurred 

these studies by discussing the resonance energies in π-conjugated systems that are twisted 

out of co-planarity[127]. A little later in 1959, Suzuki published a series of papers on the 

relationship between electronic absorption spectra and spatial configurations of biphenyls 

including derivatives with alkyl substitutents at the 2,2´-positions (Figure 4.1#3). These 

studies revealed that the position and intensity of the electronic absorption depends 

significantly on the backbone configuration of the biphenyl core. Thus, red-shifted and much 

more intense absorptions were observed as the biphenyl torsion decreased[128-130]. 

 
Figure 4.1#3. The UV/Vis absorption spectra of selected biphenyls reported by Suzuki: a) 

4,4´-dimethyl-1,1´-biphenyl, b) 1,1´-biphenyl, c) 2-methyl-1,1´-biphenyl, d) 2,2´-dimethyl-
1,1´-biphenyl[128-130]. 

Many other authors have recently investigated the effect of changing the torsion angle on the 

single molecule conductance for several anchoring groups like isonitrile-[106,110], piperidinyl-
[108], amine-[108-110], nitro-[108,110], thiol- and acetyl-protected thiol[111-115], methylselenide-[116], 

dimethylphosphine-[116], isothiocyanate-[117] and carboxylic acid-[118]-terminated biphenyl 

systems. All of these studies revealed that the degree of π-overlap and the electronic 

interaction between the two aryl rings depend significantly on the torsion angle ɸ. Highly 

conducting states were only observed when the two phenyl rings are in the same plane, while 

considerably less conducting features were obtained for systems, in which the two rings are 

perpendicular. It was found in these systems that the cosine square of the interplanar torsion 

angle ɸ (cos2 ɸ) correlates linearly with the single molecule conductance. 

As a representative example of those studies, Marcel Mayor, Thomas Wandlowski and their 

coworkers have investigated the interdependence between the single molecule conductance 
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and molecular conformation for a series of the nitrile-functionalized biphenyl systems CN 1-

6[106]. Figure 4.1#4 displays the solid state structures of these dicyano-biphenyls, while Table 

4.1#1 lists selected structural parameters like the intramolecular nitrogen-nitrogen distance, 

the experimental torsion angle ɸ and the calculated ones predicted by the DFT calculations, 

and the measured single molecule conductance. Those results indicated that the torsion angle 

modulates the electronic and spectroscopic properties significantly and that cos2 ɸ correlates 

linearly with the single molecule conductance (Figure 4.1#5)[106]. Like for the derivatives 

shown in Figure 4.1#3, the UV absorption spectra of these compounds showed a prominent 

UV-band at around 300 nm which was termed the conjugation band, as its position and 

intensity reflect the extent of conjugation in the biphenyl backbone. Thus that band red-shifts 

and intensifies as π-conjugation increases. Electrochemical studies of these dicyano-

substituted biphenyls CN 1-6 showed two reversible one-electron reduction processes, in 

which the splitting of the two reduction waves depends mainly on the torsion angle (Figure 

4.1#6 and Table 4.1#1)[106]. 

 
Figure 4.1#4. The X-ray structures of some nitrile-terminated biphenyls with alkyl or 

alkanediyl straps attached to the ortho-positions of the two phenyl rings reported by Marcel 
Mayor and coworkers[96]. A torsion angle of 31.8o, 1 o,  20.7o, 44.8o, 58.5o, and 89.3o was 

measured by introducing alkyl (CH2)n (n = 0, 1, 2, 3, 4 or four methyl groups), 
respectively[106]. 
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Figure 4.1#5. The linear correlation between cos2 ɸ and the single molecule conductance[106]. 

 

 
Figure 4.1#6. Cyclic voltammograms of the dicyano-substituted biphenyls CN 1-6 in addition 

to 1,4-dicyanobenzene (DCB) vs. Ag0/+ in Bu4NPF6 / CH3CN solution at a scan rate of 100 
mV/s[106]. 

George McLendon reported the bis(porphyrin)-terminated ortho-substituted biphenyl-bridged 

systems shown in Chart 4.1#1 to study the dependence of the intramolecular electron transfer 

rate constant as a function of ɸ. He observed that the rate of through-bond electron transfer 

between the donor and acceptor subunits is closely tied to the angle at the central biphenyl 

linkage and reaches a minimum at ɸ = 45°. Unfortunately, the substitution pattern also led to 

some changes in the electronic properties of the bridge, which affected the overall electronic 

system[131,132]. 
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Chart 4.1#1. Ortho-substituted, biphenyl-bridged bis(porphyrins) reported by George 
McLendon (left). Plot of the electron transfer rate ket vs. torsion angle ɸ (right)[131,132]. 

 

By investigating the electrochemical behavior of a series of bis(azobenzenes) linked at their 

para-positions via a single benzene ring or via ortho-substituted biphenyls exhibiting different 

torsion angles (Chart 4.1#2), Stefan Hecht has shown that the π-conjugation and the electronic 

interactions between the two azobenzene subunits increased as the torsion between the 

biphenyl derivatives decreased. Electrochemical studies of these bis(azobenzenes) showed 

two reversible consecutive one-electron reduction processes, in which the splitting of the two 

reduction waves ΔE½ increased as the torsion angle decreased (Chart 4.1#2)[133]. 
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Chart 4.1#2. Molecular structures of the bis(azobenzenes) connected by ortho-substituted 

biphenyls and their cyclic voltammograms vs. Cp2Fe0/+ (0.1 M n-Bu4NPF6, DMF). ΔE½ 
represents the splitting of the two reduction processes[133]. 

 

This scenario was also confirmed by investigating the electrochemical and spectroscopic 

properties of a series of 4,4´-bis(diphenylamino)biphenyls PL1 to PL3 via introducing methyl 

groups at ortho positions of central biphenyl linkage reported by Paul J. Low (Chart 

4.1#3)[134]. He corroborated that changing the torsion angles ɸ between the planes of the two 

phenyl rings stongly modified the π-conjugation and reported the electronic and spectroscopic 

properties of these systems. Experimental torsion angles ɸ of these systems were confirmed 

by X-ray crystal structures. Electrochemical studies showed two consecutive, reversible one-

electron oxidations. The first oxidation potential increases as the biphenyl torsion ɸ increases 

in the order PL1 (0.25 V) < PL2 (0.39 V) < PL3 (0.46 V), while the splitting between the two 
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waves decreases in the reverse order as PL1 (0.30 V) > PL2 (0.16 V) > PL3 (0.00 V). The 

electronic spectrum of conformationally unrestricted PL1 showed two UV-bands which were 

assigned to π  π* transitions between the fully delocalized HOMO to unoccupied orbitals 

(LUMOs) that localized on the central biphenyl and peripheral aryl rings. Only a single band 

was, however, observed in PL2 and PL3, indicating that the triarylamine moieites in these 

systems are decoupled. Although the band position in their neutral states is constant and 

independent of changing the torsion angle ɸ, the torsion angle ɸ strongly modifies the NIR 

band intensity of their mixed-valent states. The latter is which assigned to intraligand charge 

transfer[134].  

 

Chart 4.1#3. Molecular structures of bis(diphenylamino)biphenyls investigated by Paul J. 
Low. Potentials are given vs. Cp2Fe0/+ (0.1 M n-Bu4NPF6, CH2Cl2). ΔE½ represents the 

splitting of the two oxidation processes while Kc = exp{n·F·ΔE½ /(R·T)}[134]. 

Metal-terminated biphenyl-bridged systems are good candidates as well for studying the 

issues of intramolecular electron transfer and electronic communication between two redox-

active metal centers, since the degree of electronic delocalization and electronic 

communication between two redox-active metal centers through the biaryl bridges depend 

mostly on the variation of the torsion angle ɸ between the planes of the two aryl rings. 
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Andrew Benniston has recently reported a series of dinuclear bis(2,2´:6´,2´´-

terpyridine)ruthenium(II) and -osmium(II) complexes connected via biphenyl linkers of 

varying lengths with crown ethers connected at the ortho-positions. This approach was based 

on attaching the ether straps to the 2,2’-positions, thereby keeping a constant substitution 

pattern of the biphenyl core, and using the strap length to control the torsion angle ɸ (Chart 

4.1#4)[135-140]. A range of torsion angles was accessible according to the number of 

ethyleneoxy repeat units in the strap. The results showed that the length of the crown ether 

strap linking the two phenyl rings determines and controls both the torsion angle and the 

internal flexibility of the biphenyl system. Longer straps increase the twisting of the biphenyl 

torsion angle. Electrochemical studies on these homo- and hetero-bimetallic complexes 

showed that the half-wave potentials vary little across the series, indicating that neither the 

length nor the type of the connecting strap perturbs the electronic interaction between the two 

redox-active end-groups. Kinetic studies, however, showed that the rate constant for triplet 

energy transfer between the two subunits depends significantly on the torsion angle ɸ. 

Moreover, in spectroelectrochemical studies, the magnitude of electronic coupling matrix 

element Hab of the IVCT band in their mixed-valent states showed a precise dependence on 

the length of the connecting strap[135-140]. 

 
Chart 4.1#4. Dinuclear complexes comprising bis(2,2´:6´,2´´-terpyridine)ruthenium(II) and-

osmium(II) connected via biphenyl systems with crown ether straps of variable lengths 
connected at the ortho-positions reported by Andrew Benniston and coworkers[135-140]. 

 

Liu et al have recently investigated a series of binuclear ruthenium η3-allyl complexes 

[(PPh3)2(CO)ClRu]2-μ-(η3-CH2=C=CHRCH=C=CH2); R = 4,4´-C6H4-C6H4, 4,4´-

C6H4CH=CH-C6H4, 4,4´-C6H4N=N-C6H4, and 4,4´-C6H4C≡C-C6H4 by successive insertion of 

several biaryl units between the two metal fragments. These dinuclear complexes showed two 
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separate one-electron oxidation waves. They found that, in the case of biphenyl, the electronic 

coupling between the ruthenium atoms is weaker than for the other complexes, although the 

distance between the metal atoms is shorter. This is presumably so because the rotation of the 

two benzene rings out of co-planarity limits π-conjugation within the bridge[141].  

By introducing phenyl, fluorene and biphenyl spacers in the bridging ligands, Chen et al 

reported a series of rod-like binuclear ruthenium phenylene-1,4-diynediyl and 4,4´-

diethynediyl-biphenylene complexes capped with redox-active organometallic fragments 

[(bph)(PPh3)2Ru] (bph = N-(benzoyl)-N´-(picolindiyl)-hydrazine, Chart 4.1#5). 

Electrochemical studies on these systems showed a rapid decay of the electronic interaction 

between the two ruthenium moieties as the spacer changed from phenyl (Kc = 3120) to 

fluorenyl (Kc = 233) or biphenyl (Kc = 60), respectively, indicating that the rigid fluorenyl 

spacer is more favorable for electron transfer than the freely rotating 4,4´-biphenyl unit. In the 

same vein, the intensity of the IVCT band in the NIR regime and the electronic coupling 

constant Hab for their corresponding mixed-valent forms were attenuated in the same order as 

the spacer changed[142].  

 
Chart 4.1#5. Dinuclear ruthenium diynediyl complexes bridged by phenyl, fluorenyl, and 

biphenyl spacers investigated by Chen and coworkers[142]. 
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Geiger and his co-workers reported dinuclear half-sandwich chromium complexes with two 

Cr(CO)2(PPh3) moieties connected through different free-rotating or rigid biaryl systems, in 

which the torsion angle decreased dramatically from 80º, 36º, 17º, to 0º as the bridging 

ligands were changed from biphenyl-2,2´-dicarboxylic acid dimethyl ester, biphenyl, 9,10-

dihyhrophenanthrene, to fluorene, respectively (Chart 4.1#6). Electrochemical and 

spectroelectrochemical studies on these half-sandwich dichromium complexes showed that 

the electronic coupling between the two halves of the molecules is more or less constant and 

independent on variation the torsion angle[36-38]. 

 
Chart 4.1#6. Geiger’s half-sandwich biaryl-bridged dichomium complexes. Torsion angles 

reported are based on free biphenyl ligands. Half-wave potentials are reported vs. Cp2Fe0/+[36-

38].  
 

The current challenge consists not only in the synthesis of such rod-like molecules possessing 

two redox-active termini connected through a π-system, but also in controlling and tuning the 

electronic interaction and the degree of π-delocalization through the bridge. Impressive 

studies have been reported during the last few decades on the tuning and modification of the 

electronic coupling between two redox-active moieties by either changing nature of the two 

metal end-groups, the ancillary ligands attached to them, or by varing the electronic properties 

of the connecting bridge by introducing electron-rich or -deficient, bulky (rigid) or flexible, 

long- or short-chain, or oxidizable or reducible spacers. As representative examples of those 

studies, Liu et al have recently reported four isomeric anthraquinone-based dinuclear 

ruthenium complexes [fac-{Ru(CO)Cl(PMe3)3}2(μ-CH=CH-Aq-CH=CH) (Aq = 

anthraquinone)], in which the two ruthenium-vinyl moieties were attached to the 1,4-, 1,5-, 

1,8-, or 2,6-positions of a central anthraquinone ligand (Chart 4.1#7). Electrochemical studies 

showed that the electronic communication between the two ruthenium ions depends 



                                                                                             4.1. Introduction Chapter 4 
 

94 
 

significantly on their positioning. The interaction was found to increase as the distance 

between the two moieties decreased[143]. 

 
Chart 4.1#7. Anthraquinone-based dinuclear ruthenium vinyl complexes reported by Liu[143]. 

 

The same principal author has also reported four other isomeric anthracene-based dinuclear 

ruthenium complexes [fac-{Ru(CO)Cl(PMe3)3}2(μ-CH=CH-An-CH=CH) (An = anthracene)], 

where the two ruthenium-vinyl moieties were introduced at the 9,10-, 1,5-, 2,6-, or 1,8-

positions of a central anthracene ligand (Chart 4.1#8). UV/Vis spectroscopic studies showed 

that the 2,6-disubstituted complex showed red shifted absorptions in comparison to the other 

isomers, which indicates that the 2,6-disubstituted isomer has a more extensively conjugated 

backbone. Moreover, the 2,6-isomer showed very strong fluorescence with high fluorescence 

quantum yields in comparison to the other isomers, presumably as a result of its greater π-

conjugation and the coplanarity of the anthracene bridge with the vinyl ruthenium moieties. 

Electrochemical studies also showed that the different positions of the two ruthenium entities 

on the anthracene unit led to obvious differences with respect to electronic communication, 

with the 9,10- and 1,8-isomers exhibiting better communication than the 1,5- and 2,6-isomers. 
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The differences were attributed to the lengths of the conjugation pathways between the two 

ruthenium centers[144]. 
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Chart 4.1#8. Anthracene-based dinuclear ruthenium vinyl complexes reported by Liu[144]. 

 
Philipp Mücke and Stefan Scheerer in our research group have recently reported three 

isomeric phenylene-based dinuclear ruthenium complexes [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-

C6H4-CH=CH)], in which the two ruthenium-vinyl moieties were attached to the 1,4-, 1,3-, or 

1,2-positions of a central phenylene ligand (Chart 4.1#9). The results indicated that the 

different positions of the two ruthenium-vinyl centers on the phenylene ring led to 

significantly different electronic and spectroscopic properties of their mixed-valent 

states[13,68]. 

 
Chart 4.1#9. Dincular ruthenium-vinyl complexes bridged by 1,4-, 1,3-, or 1,2-substituted 

phenylene ligands reported by Winter[13,68]. 
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Another way of tuning the electronic interaction is changing the electronic properties of the 

bridging ligand by introducing electron-donating or -withdrawing substituents. Liu and co-

workers, as a representative example, have reported a series of bis(alkenylruthenium) 

complexes with phenylene or oligo(phenyleneethynylene) bridges bearing different 

substituents at the bridge (Chart 4.1#10). Their results indicated that the electronic 

communication between the two ruthenium centers was smoothly amplified by electron-

donating groups. Moreover, a red-shift and an increase in intensity of the UV-band were 

observed upon increasing the electron-richness of the phenylene bridge[145-148]. 

 
Chart 4.1#10. 1,4-Diethynylphenylene-bridged dinuclear ruthenium complexes with various 

substituents at the bridge reported by Liu et al[145-148]. 
 

Very recently, Liu and coworkers reported a series of biphenyl-bridged dinuclear ruthenium-

vinyl complexes [{Ru(CO)Cl(PMe3)3}2(μ-CH=CH-R-CH=CH)] with different biphenyl 

bridges and with varying torsion angle ɸ between the planes of the two phenyl rings (Chart 

4.1#11). Electronic and spectroscopic properties of these complexes and of their associated 

radical cations were strongly modified and tuned by the torsion angle ɸ. They found that the 

splitting of the two oxidation waves ΔE½ linearly correlated with cos2 ɸ (Chart 4.1#11, 

right)[149]. 
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Chart 4.1#11. Biphenyl-bridged dinuclear ruthenium complexes that exhibiting various 
torsion angle ϕ reported by Liu et al (left). Plot of the splitting of the two oxidation waves 

ΔE½ vs. cos2 of the torsion angle ɸ (right)[149]. 
 

This Chapter reports on our approach towards using biaryl bridging ligands for controllable 

tuning of the electronic coupling by design, synthesis and investigation of biphenyl-bridged 

dinuclear ruthenium-alkenyl complexes with varied torsion angles ɸ between the biphenyl 

planes. Particular emphasis is laid on the issue of how the electrochemical properties and the 

degree of electronic coupling between the two styryl-ruthenium subunits are modified by 

varying ɸ and how this can be probed and quantified by IR, UV/Vis/NIR and EPR 

spectroscopic as well as quantum chemical studies. 
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4.2. Results and Discussion 
 

4.2.1. Synthesis and NMR Characterization 
 

In order to address the issues of changing the interplanar torsion angle ɸ between the planes 

of the two aryl rings and elucidating its impact on the electronic coupling and the 

electrochemical and the spectroscopic properties, a series of biaryl-bridged dinuclear 

ruthenium-vinyl complexes {Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-R-CH=CH) (R = 9,9-bis(2'-

ethylhexyl)-fluorene, 9H-fluorene, phenanthrene, 9,10-dihydrophenanthrene, 1,1'-biphenyl 

2,2'-dimethyl-1,1'-biphenyl, and 2,2',6,6'-tetramethyl-1,1'-biphenyl) ([1] - [6]) have been 

prepared and characterized (Scheme 4.2#1). 

These five-coordinated square-pyramidal dinuclear ruthenium complexes were again prepared 

by the regio- and stereospecific insertion of the -C≡CH bond of the corresponding terminal 

diethynylbiphenyls into the Ru-H bond of the hydride complex HRu(CO)Cl(PiPr3)2
[59,60,79-85]

 

in a stoichiometric ratio of slightly larger than 2:1. Upon addition of the alkyne, the pale 

orange solution of the hydride complex turned immediately red or purplish pink, indicating 

the formation of the vinyl complexes. This reaction is quite fast and provides the pure 

complexes in high yields after a simple purification step to remove the remaining free alkyne. 

The formation of mononuclear byproducts from these diethynylbiphenyls is avoided by 

slowly adding the corresponding alkyne to a concentrated solution of the hydride complex. 

The required diethynylbiaryl precursors including the new derivatives were prepared from 

their diiodobiaryl precursors by classical Pd-catalyzed Sonogashira cross-coupling with 

trimethylsilylacetylene (TMSA) and subsequent cleavage of the protecting TMS groups 

according to the traditional desilylation procedures[53]. These dinuclear complexes consist of 

two {Ru(CO)Cl(PiPr3)2} (= {Ru}) end-groups related to each other by a pseudo-C2 rotation 

axis and linked by divinylbiaryl bridging ligands with various torsion angles between the 

biaryl phenyl planes. As usual, the bridging bis(alkenyl) ligands occupy the apical sites while 

the CO and the Cl- ligands and the bulky PiPr3 ligands are mutually trans-disposed and occupy 

the basal plane. 
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Scheme 4.2#1. Biaryl-bridged dinuclear ruthenium-vinyl complexes [1] - [6]. 

 

These complexes of Scheme 4.2#1 were investigated and characterized by the usual 

spectroscopic and analytical methods including NMR, IR and electronic spectroscopy. Their 

NMR data fully support the identity of the diethynylbiaryl precursors and their corresponding 

ruthenium-alkenyl complexes. The most relevant NMR spectroscopic data of all complexes 

are collected in Table 4.2#1. The 31P-NMR spectra of these complexes showed a sharp singlet 

resonance at δ ca. 38 ppm, indicating that the two PiPr3 ligands are equivalent and trans-

disposed to each other. 1H-NMR spectra of the free dialkynes showed resonances of the two 

equivalent terminal ethynyl protons at δ ca. 3.1 ppm. These signals are absent in the 

complexes, where doublets at δ = 8.6 to 8.4 ppm and doublets of triplets at δ = 6.2 to 5.9 ppm 

for the two equivalent vinylic protons Ru-CH=CH (H1) and Ru-CH=CH (H2) appear. These 

signals show the typical coupling constant 3JH-H of ca. 13.3 Hz, (Table 4.2#1). This high 

coupling constant indicates a trans-geometry at the vinylic double bond and that 

diethynylbiphenyls were cis-inserted into the Ru-H bond in a regio- and stereospecific 

manner. Additional resonance signals at ca. δ = 2.7 ppm and at ca. δ = 1.2 ppm correspond to 

the CH(PCH3)2 and the (CH3)2PCH protons, respectively. In addition, resonances 

characteristic of the biphenyl bridge were found. 
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Table 4.2#1. Pertinent NMR spectroscopic data for complexes [1] - [6]a). 

a)In CD2Cl2;  in ppm; J in Hz.b)No 13C{H1}-NMR spectrum could be obtained because of the 
poor solubility of the complex.c)13C{H1}-NMR spectrum recorded at 40 oC. 
 
The experimental barrier for rotation around the C-C bond of biphenyl is 6.0 ± 2.1 kcal·mol-1 

at 0 oC and 6.5 ± 2.0 kcal·mol-1 at 90 oC [150]. This allows the rotation to be followed by 

temperature-dependent (dynamic) NMR spectroscopy. The results of such a study on [4] are 

shown in Figures 4.2#1 and 4.2#2. The effect of changing the temperature is most clearly seen 

by the low field-shift of the 31P nuclei ( = 1.84 ppm) and less so for the vinylic or phenylic 

protons ( = 0.02 and 0.01 ppm for H1 and H2, respectively).  
13C-NMR spectra of these complexes (the solubilities of complexes [2] and [4] are too low to 

obtain 13C-NMR spectra) showed characteristic signals of the vinyl-ruthenium carbons with a 

triplet at ca. 150 ppm for Ru-C=C (C1) and one at ca. 135 ppm for Ru-C=C (C2) with 2JP-C or 
3JP-C coupling constants of ca. 10.0 or 3.5 Hz, respectively. Another triplet at ca. 203 ppm 

with a 2JP-C coupling constant of ca. 13.2 is assigned to the equivalent carbonyl ligands (Table 

4.2#1). The solid (ATR) and solution IR spectra of these complexes showed one 

characteristic, intense absorption band of the CO ligands at ca. 1910 cm-1. This rather low 

energy of the CO stretch mirrors the high electron density and the strong back-donation from 

the two electron-rich ruthenium-vinyl moieties. 

Complex (H1) (3JH-H) (H2) (3JH-H; 4JP-H) (C1) (2JP-C ) (C2) (3JP-C) (CO) (2JP-C ) (31P) 
    [1] 8.48 (13.2) 6.03 (13.2; 2.1) 151.0 (10.0) 138.6 (4.1) 203.8 (13.0) 37.86 

[1]´c) 8.57 (13.1) 6.04 (13.4; 1.9) 150.4 (9.3) 135.2 (3.4) 203.7 (12.6) 37.65 
[2]b) 8.80 (13.1) 6.18 (13.1; 2.4) --- --- --- 38.18 

    [3]c) 8.61 (13.4) 5.99 (13.4; 1.8) 151.4 (10.8) 134.7 (3.4) 203.5 (13.2) 38.13 
[4]b) 8.64 (13.4) 6.02 (13.4; 2.1) --- --- --- 38.13 

    [5] 8.53 (13.4) 5.99 (13.4; 1.9) 150.1 (10.8) 134.7 (3.2) 203.6 (13.2) 38.08 
    [6] 8.41 (13.3) 5.93 (13.3; 2.0) 148. 9 (10.9) 135.0 (3.5) 203.7 (13.2) 37.88 
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Figure 4.2#1. Temperature-dependent 31P-NMR spectra of complex [4] (162 MHz, CD2Cl2) 

in the temperature range of 323 K to 223 K. 

 
Figure 4.2#2. Temperature-dependent 1H-NMR spectra of complex [4] (162 MHz, CD2Cl2) 

in the temperature range of 323 to 223 K. 
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4.2.2. Electrochemistry 
 

The extent of the electronic interaction (or “communication”) between the two ruthenium 

vinyl moieties through the variation of the torsion angle in these complexes was firstly 

investigated by cyclic voltammetry (CV) and square wave (SW) voltammetry in CH2Cl2 / n-

NBu4PF6 and NBu4TFPB NBu4B[{(C6H3(CF3)2-3,5}]4) (0.1 M) as the supporting electrolytes. 

The last electrolyte was used because of its very weakly coordinating TFPB anion, which 

enhances the splitting of the redox-waves because it interacts very weakly with the positive 

charges generated on stepwise oxidation, which in turn increases the electrostatic repulsion 

between charged redox sites. That effect destabilizes higher charged states and hence leads to 

a larger redox splittings for consecutive oxidations. Furthermore, this anion increases the 

solubilities of the higher oxidized forms even in solvents of low polarity.  

The square wave and the cyclic voltammograms of complexes [1]-[6] are shown in Figure 

4.2#3. Potentials are calibrated versus the ferrocene/ferrocenium couple; the pertinent data are 

compiled in Table 4.2#2 together with those of other closely related ruthenium complexes of 

different lengths of the bridge (Chart 4.2#1). 

Electrochemical studies showed that these complexes undergo two consecutive, chemically 

and electrochemically reversible one-electron oxidation processes, associated with redox 

potentials E½
0/+ and E½

+/2+ for the first and second half-wave potentials, respectively, in the 

potential range from -11 to 193 mV and from 161 to 228 mV with n-NBu4PF6 or from -100 to 

124 and from 120 to 228 mV with NBu4TFPB as the supporting electrolyte (Table 4.2#2). 

Based on our previous studies on similar multinuclear systems, the redox-processes cannot be 

assigned as arising from either the ruthenium-vinyl entities or the central bridge. They rather 

assume a strongly mixed character with major contributions from the organic bridging ligand 

and smaller contributions from the two metal entities[5,6,13,60]. The results showed that the 

redox-splitting between the two adjacent redox waves varies with the torsion angle ɸ. For 

complexes of the general architecture {M}-bridge-{M} with two redox-active transition metal 

end-groups {M} connected through on unsaturated π conducting bridge, the splitting of the 

two redox waves E½
0/+ and E½

+/2+, ΔE½, and the comproportionation constant Kc are usually 

considered as a sensitive measure of the electronic metal-metal interaction (communication) 

through an unsaturated π bridge with larger communication as the splitting of the two waves 

increases (for more information, see section 1.2 of Chapter 1). The results here indicate that 

the torsion angle of the two phenyl rings modulates the electronic interaction between the two 

ruthenium-vinyl moieties significantly. Thus, ΔE½ and Kc vary significantly as the torsion 

angle changes. The ΔE½ value of 204 mV (Kc = 2.8·103) in n-NBu4PF6 and 228 mV (Kc = 
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7.2·103) in NBu4TFPB suggests a strong electronic interaction between the two ruthenium-

styryl moieties when the two phenyl rings are completely planar in [1]. The two ethylhexyl 

side chains at the fluorene bridge can be expected to further enhance the stability of mixed-

valent state because they act like insulators "coating" the bridge from the surrounding medium 

in addition to their electron-donating effect. Therefore, complexes like [1] may be viewed as 

partially insulated organometallic molecular wires. A considerably weaker interaction (ΔE½ = 

74 mV, Kc = 18 in n-NBu4PF6, ΔE½ = 120 mV, Kc = 107 in NBu4TFPB) was obtained for 

complex [6] where the two phenyl rings are perpendicular to each other. 

These results are consistent to what Stefan Hecht observed for the splitting of the two 

reversible one-electron reduction processes in his biphenylene-bridged bis(azobenzenes) (see 

Chart 4.1#2)[133], or to what Paul Low observed for the two reversible one-electron oxidations 

of the 4,4´-bis(diphenylamino)biphenyls PL1 to PL3 via introducing methyl constraints at 

ortho positions of central biphenyl linkage (Chart 4.1#3)[134]. They also conform to the results 

obtained by Chen on binuclear ruthenium bis alkynylbiphenyl-bridged complexes capped 

with redox-active organometallic {(bph)(PPh3)2Ru} fragments (bph = N-(benzoyl)-N´-

(picolinyidene)-hydrazine) (see Chart 4.1#5)[142], the results reported by Marcel Mayor and 

Thomas Wandlowski on nitrile-functionalized biphenyl systems detailed in Figure 4.1#6[106], 

and the results obtained by Liu on biphenyl-bridged dinuclear ruthenium-vinyl complexes 

{Ru(CO)Cl(PMe3)3}2(μ-CH=CH-R-CH=CH) that exhibit different structural arrangements of 

the bridging biphenyl ligand with varying torsion angles ɸ between the planes of the two 

phenyl rings (Chart 4.1#11)[149]. Electrochemical studies on these last systems showed a rapid 

decay of the electronic interaction between the two ruthenium-alkenyl moieties from Kc = 

1341 (ΔE½ = 185 mV) to Kc = 23 (ΔE½ = 81 mV) as R changed from fluorene to 2,2´6,6´-

tetramethyl-1,1´-biphenyl, respectively[149]. Here the less electron-rich PMe3 ligands of these 

complexes, however, render the oxidation processes irreversible for the less-well conjugated 

derivatives, and thus no equitable comparison with our present similar series of complexes is 

possible. They, however, contradict to what Geiger and his co-workers found in half-

sandwich biaryl-bridged dichromium complexes, in which two Cr(CO)2(PPh3) moieties are 

connected through different freely-rotating or rigid biaryl systems (Chart 4.1#6). 

Electrochemical studies on these complexes showed that ΔE½ varies little across the series and 

is rather independent on the variation of the torsion angle (ΔE½ = 270 or 250 mv vs. Fc/Fc+ in 

the case of fluorene or biphenyl-2,2´-dicarboxylic acid dimethyl ester, respectively). Thus, the 

electronic interaction between these two chromium halves seems to remain constant and to be 

independent of the torsion angle[36-38]. The same effect was also observed in bis(2,2´:6´,2´´-
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terpyridine)ruthenium(II) and -osmium(II) complexes, where the metal ions are connected via 

biphenyl systems with crown ethers of various lengths connected at the ortho-positions as 

reported by Benniston et al. (see Chart 4.1#4). These authors found that neither the length nor 

the type of the connecting crown ether strap modifies the electronic interaction between the 

two redox-active end-groups[135-140]. 

A comparison of the data in Table 4.2#2 reveals the following trends: Decreasing the torsion 

angle between the planes of the two phenyl rings (i) generally shifts the first oxidation to less 

anodic potential (complex [2] is an exception); (ii) increases ΔE½ and hence Kc; (iii) in the less 

nucleophilic NBu4TFPB-containing electrolyte, the separation of the two redox waves is 

larger than for NBu4PF6; and (iv) comparing complexes [4], [7][13], and [8][69], which possess 

bridges of variable lengths, the redox-splitting between the two ruthenium moieties in these 

systems decreases as the length of the bridge increases. 

 
Figure 4.2#3. Cyclic and square wave voltammograms of complexes [1] - [6] in 

CH2Cl2/NBu4PF6 (0.1 M) at v = 0.1 V/s. Potentials are given relative to the 
ferrocene/ferrocenium standard. 
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Table 4.2#2: Electrochemical data for the complexes [1] - [6] in CH2Cl2/NBu4PF6 and 
CH2Cl2/NBu4TFPB (0.1 M); values in brackets are those for the NBu4TFPB electrolyte. 

 
no. d)ɸ a)E½

0/+ a)E½
+/2+ b)ΔE½

0/+ c)Kc 
[1] 1º -11 (-100) 193 (128) 204 (228) 2810 (7151) 
[1]´ 1º 21 (-64) 161 (120) 140 (184) 233 (1290) 
[2] 3º 125 (36) 259 (205) 134 (169) 184 (719) 
[3] 17º 61 (-28) 186 (129) 125 (157) 130 (451) 
[4] 35º 142 (44) 221 (168) 79 (124) 22 (125) 
[5] 80º 193 (124) 278 (228) 85 (104) 27 (57) 
[6] 89º 158 (76) 232 (196) 74 (120) 18 (107) 
[7]e) --- -75 175 250 16838 
[8]f) --- 66 115 49 7 

a)All potentials are given in mV relative to the ferrocene/ferrocinium scale; Cp*2Fe = -543 and 
-620 mV vs. Cp2Fe in NuBu4PF6 and NBu4TFPB, respectively. 
b)ΔE½ = E½

+/2+ - E½
0/+ denotes the potential splitting in mV between the two redox potentials. 

c)The comproporation constant Kc was calculated by the formula: Kc = exp {n·F·ΔE½ /(R·T)} 
at T = 298K (for more information, see section 1.2 of Chapter 1). 
d)Torsion angle is based on the DFT optimized structure. 
e)In CH2Cl2/NBu4PF6

[13]. 
f)In CH2Cl2/NBu4PF6

[69]. 

 
Chart 4.2#1. Dinulecar ruthenium-vinyl complexes with bridges of various lengths reported 

by Winter and coworkers. 



                     4.2. Results and Discussion / IR SEC Chapter 4 
 

106 
 

4.2.3. IR spectroscopy and IR spectroelectrochemistry 
 

The first quantitative method to probe the degree of electronic (de)localization of the mixed-

valent radical cations is to investigate the changes in the band pattern and energies for the 

Ru(CO) stretching vibrations, since those parameters are considered to reflect the electron 

density changes at the two redox-active ruthenium moieties. In their neutral states, all 

complexes showed intense IR bands at ca. 1910 cm-1, 1550 cm-1 and 2900 cm-1 assigned to the 

Ru(C≡O), C=C(vinyl, aryl), and C-H(aryl, alkyl) stretches, respectively. The low energy of 

the Ru(C≡O) stretch reflects the high electron density at the two ruthenium-vinyl moieties. 

Upon sequential oxidation, the Ru(C≡O) bands were successfully blue-shifted to higher 

wavenumbers, as less electron density is transferred from the ruthenium metal ions to the π*- 

orbitals of the carbonyl ligands[5,6,13,69]. As was already stated in Chapter 3, a metal-centered 

one-electron oxidation is expected to increase the energy of the CO stretching vibration by 

100 - 150 cm-1 as it was observed for complexes Ru(CO)3(PR3)2
0/+[103]. For {Ru}-CH=CH-

bridge-CH=CH-{Ru} ({Ru}= Ru(CO)Cl(PiPr3)2) systems, the oxidation is however, not a 

metal-centered process, but it is strongly based on the bridging bis(alkenyl) ligand with rather 

small contributions of the two metal centers[5,6,13,69]. Complexes of this present study behave 

in the same manner as shown by the results of IR spectroelectrochemistry experiments inside 

a home-built OTTLE cell. Electrochemical oxidations of these dinuclear complexes converted 

the neutral species to their corresponding mono- and dications in a stepwise fashion, as 

indicated by clear isosbestic points and nearly complete re-conversion to the original neutral 

complexes upon subsequent reduction. 

Figures 4.2#4 and 4.2#5 show the changes of v(CO) for complexes [1]-[6] during the first and 

the second oxidation processes, respectively. Table 4.2#3 summarizes the experimental IR 

data for all complexes and compares them to those of complexes [7][13] and [8][69], where the 

bis(alkenyl)arylene bridge is either shorter [7][13] or longer [8][69] (Chart 4.2#1). Moreover, a 

more complete set of the IRSEC (full window) for the ruthenium-styryl complexes during the 

first and the second oxidations are provided in the Appendix. Every redox step was associated 

with distinct sets of isosbestic points, which shows that conversions are clean in each case. 

The v(CO) bands are blue-shifted upon each consecutive oxidation. The magnitude of this 

shift is a mirror of the metal contribution to the oxidation process; a larger blue shift is 

observed when the metal contributions are larger. A general observation is that the radical 

cations are always associated with a pattern of two more or less widely spaced Ru(CO) bands. 

This indicates that the two Ru(CO)Cl(PiPr3)2 end-groups differ in their electron densities. This 

in turn tells us that the rate of intramolecular electron transfer is slower than the timescale 
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inherent to the IR experiment of 10-11 to 10-12 s and that the mixed-valent radical cations 

belong to Class II of the Robin-and-Day classification. 

Sequential oxidation of the completely planar complex [1] inside the OTTLE cell led firstly to 

replacement of the single CO band of the neutral form at 1910 cm-1 by two more intense 

bands at 1925 and 1943 cm-1 (Figure 4.2#4, upper left) with clear isosbestic points. Other 

spectroscopic changes at this step include the growth of intense absorptions in the NIR 

between 4000 and 8000 cm-1 (Figure 4.2#6, upper left) and at 1033 to 1219 cm-1 for C-C 

stretches. The HC=CH stretching bands of the divinylfluorene bridge were blue-shifted from 

1523 and 1574 cm-1 to 1584 and 1603 cm-1, respectively, with a significant gain in intensity. 

A growth of another broad band at 1503 cm-1 was also observed (see the Appendix and Table 

4.2#3). As the oxidation proceeded to the dication, the two CO bands of [1]+ shifted and 

merged into a single band at 1966 cm-1, again with clear isosbestic points (Figure 4.2#5, upper 

left). The second oxidation was also accompanied by a bleach of the NIR band (Figure 4.2#6, 

upper right) and of the bands for C-C stretches. In the same vein, the intensity of the HC=CH 

stretching band of [1]+ decreased and the 1584 cm-1 band red-shifted to 1579 cm-1 was 

observed (some HC=CH stretching bands of [1]+ and [1]2+ and other cations are also shifted to 

a range of 1300 - 1500 cm-1, where the electrolyte absorbs strongly, which makes it 

impossible to detect them). 

The same behavior was observed for complexes [2], [3], and [4]. In their corresponding 

mixed-valent states, two sets of Ru(C≡O) stretching bands and intense absorptions in the NIR 

regime were obtained. On further oxidation to the dications, the two Ru(C≡O) stretching 

bands collapsed into one band with a concomitant bleaching of the NIR absorptions in their 

fully oxidized states (see Table 4.2#3, and Figures 4.2#5 and 4.2#6). 

In the case of complex [6] with an orthogonal biphenyl bridge, however, the intensity of the 

original CO stretching band at 1910 cm-1 gradually decreased with a very slight shift to 1911 

cm-1 and with the concomitant growth of an additional, more blue-shifted band centered at 

1971 cm-1. Again, clear isosbestic points were observed (Figure 4.2#4, bottom right). Other 

spectroscopic changes for this step include the growth of a weak shoulder in the NIR (Figure 

4.2#5, bottom left) and of new C-C stretches, while the HC=CH stretching bands of the 

divinylbiphenylene bridge shifted from 1546 and 1574 cm-1 to 1545 and 1573 cm-1, 

respectively, with a significant gain in intensity. As the oxidation proceeded to [6]2+, the 

initial CO band of [6]+ centered at 1911 cm-1 disappeared, while the blue-shifted band at 1971 

cm-1 shifted slightly to 1974 cm-1 (Figure 4.2#5, bottom right). During this step, the collapse 

of the NIR absorption (Figure 4.2#6, bottom right) and of that of the C-C stretches were 
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observed, whereas the HC=CH stretching bands of the divinylbiphenylene bridge in complex 

[6]+ centered at 1545 cm-1 was attenuated and the band at 1573 cm-1 significantly gained in 

intensity. 

Neraly the same behavior was observed for complex [5]. It should be noted here that in 

complexes [5] and [6] it was possible to discriminate the two seperate oxidation processes by 

following the evolution of the shoulder in the NIR or of the HC=CH stretching band at around 

1540 cm-1 (see the Figure 4.2#6 and the Appendix). 

 
Figure 4.2#4. IR spectroscopic changes in the range of the Ru(CO) bands during the first 

oxidation of complexes [1] - [6] inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 
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Figure 4.2#5. IR spectroscopic changes in the range of the Ru(CO) bands during the second 

oxidation of complexes [1] - [6] inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 

  



                     4.2. Results and Discussion / IR SEC Chapter 4 
 

110 
 

Table 4.2#3. IR spectroscopic data of complexes [1]-[6] in their various accessible oxidation 
states (1,2-CH2Cl2/NBu4PF6, r.t.). 

Complex COv~           CCv 
~

(vinyl, aryl) 
)

)

~~

~~
a

redred

b
oxox

vv

vv




 )~~ c

redox vv   )~~ d
redox vv 

 
∆ρe) 

[1] 1910 1553(m), 1574(m)     
[1]+ 1926, 1946 1507(m), 1557(w), 1584(m), 1603(br) 16 58 20 0.33 
[1]2+ 1968 1531(w), 1579(m),1605(w) 22    
[1]´ 1907 1547(m), 1573(w)     
[1]´+ 1925, 1946 1507(br), 1588(m), 1607(m) 18 59 21 0.32 
[1]´2+ 1966 1586(w) 20    
[2] 1905 1530(w), 1556(m), 1567(w)     
[2]+ 1925, 1948 1527(br), 1577(m), 1605(m) 20 63 23 0.32 
[2]2+ 1968 1488(m), 1575(w) 20    
[3] 1906 1530(w), 1568(s), 1610(s)     
[3]+ 1925, 1949 1525(br), 1577(w), 1609(s) 19 61 24 0.30 
[3]2+ 1967 1488(w), 1576(w) 18    
[4] 1904 1484(m), 1532(m), 1575(s)     
[4]+ 1922, 1955 1528(s), 1549(m), 1573(m), 1599(m) 18 65 33 0.25 
[4]2+ 1969  1575(w) 14    
[5] 1912 1571(m), 1540(w)     
[5]+ 1914, 1971 1534(m), 1566(m), 1580(m) 2 61 57 0.033 
[5]2+ 1973 1581(m) 2    
[6] 1910 1545(m), 1573(m), 1598(w)                 
[6]+ 1911, 1971 1542(m), 1573(s), 1599(w) 1 64 60 0.031 
[6]2+ 1974 1543(w), 1573(s) 3    
[7]f) 1910      
[7]+ 1932, 1942  22 81 10 0.41 
[7]2+ 1991  49    
[8]g) 1911      
[8]+ 1921, 1954  10 53 33 0.19 
[8]2+ 1964  10    

(s = strong, w = weak, m = medium, br = broad, sh = sharp) 
a)The difference between lower energy band of the monocation and the fully reduced form. 
b)The difference between higher energy band of the monocation and the fully oxidized form. 
c)The difference between the fully oxidized and reduced forms. 
d)The difference between the higher and the lower energies bands of the monocation form. 
e)

  )~~(2
)~~()~~(

~~2
)~~(

redox

redredoxox

redox

redox

vv
vvvv

vv
vv









 

f)In 1,2-C2H4Cl2/NuBu4PF6
[13]. 

g)In CH2Cl2/NuBu4PF6
[69]. 
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Figure 4.2#6. NIR spectroscopic changes during the first (left) and the second (right) 

oxidations of complexes [1] (top) and [6] (bottom) inside the OTTLE cell (1,2-
CH2Cl2/NBu4PF6, r.t.). 

 

A comparison of the data in Table 4.2#3 reveals the following trends: i) The magnitude of the 

CO band shifts and that of the band splitting in the mixed-valent radical cations depend 

significantly on the torsion angle between the planes of the two aryl rings. ii) In the one-

electron oxidized mixed-valent states, all of these complexes showed a pattern of two separate 

Ru(CO) bands with varied splitting. This indicates that, in the radical cation states, the two 

vinyl-ruthenium subunits are electronically different and that the positive charge is unevenly 

distributed over the two individual styryl-ruthenium subunits. Such behavior is typical of 

Class II systems according to the Robin-Day classification[23]. In general, the splitting of the 

Ru(CO) bands is smaller and the relative CO band shifts as defined in equation 1.2#2 (for 

more information, see section 1.2 of Chapter 1) are larger when the torsion angle ɸ is small 

and vice versa. 

  )~~(2
)~~()~~(

~~2
)~~(

redox

redredoxox

redox

redox

vv
vvvv

vv
vv








   (eq. 1.2#2) 

iii) The total Ru(CO) band shift redox vv ~~   increases from 59 cm-1 in the fully planar biphenyl 

complexes to 64 cm-1 in the orthogonal case [6]. This indicates that longer π-conjugated 

bridges contribute more to the redox orbital(s) than those with lower degrees of π-

conjugation. iv) The electronic effect of changing the torsion angle is not only reflected by the 
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variation of redox vv  ~~ , but also by that of charge distribution parameter ∆ρ (Figure 4.2#7). By 

its definition (see section 1.2), the ∆ρ parameter scales between 0 to 0.5. A ∆ρ value of 0 

indicates a completely localized system of Class I and one of 0.5 a completely delocalized 

system of class III. Class II systems assume values between these two extremes. ∆ρ varies 

from 0.33, which indicates a strongly coupled class II system, when the two phenyl rings are 

completely planar as in complex [1]+, to 0.03 in [6]+ where they are orthogonal to each other. 

A ∆ρ value of 0.33 means physically that the two styryl ruthenium units carry 67 or 33%, 

respectively, of the unipositive charge. The value of 0.03, signalling that 97% of the 

unipositive charge resides on just one styryl-ruthenium moiety, is typical of a mixed-valent 

system at the Class I/II borderline. This is also corroborated by the DFT calculated spin 

densities (see section 4.2.5 of this Chapter). v) The value of ∆ρ and the strength of the 

electronic coupling consistently increase as the torsion angle ɸ decreases, i.e. as the two styryl 

subunits become more coplanar. In contrast to these results, Geiger found in his half-

sandwich biaryl-bridged dichromium complexes, that ∆ρ remained constant and independent 

of the torsion angle ɸ (∆ρ = 0.18 for biphenyl-2,2´-dicarboxylic acid dimethyl ester and 

fluorene)[36-38] (Chart 4.1#6). Again, no stringent comparison of these complexes in their 

mixed-valent states with those reported by Liu for [{Ru(CO)Cl(PMe3)3}2(μ-CH=CH-R-

CH=CH)]+ is possible owing to the largely irreversible character of the oxidations in these 

latter cases (Chart 4.1#11)[149]. Likewise, taking complexes [4], [7], and [8], which exhibit 

varying bridge lengths, ∆ρ and redox vv  ~~
 decrease as the length of bridge increases. 

 
 

Figure 4.2#7. Plot of ∆ρ and redox vv  ~~  in cm-1 vs. calculated torsion angle ɸ of complexes [1]-
[6]. 
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4.2.4. UV/Vis spectroscopy and UV/Vis/NIR spectroelectrochemistry 

Like all five-coordinated vinyl-ruthenium chromophores of the type, complexes {Ru(CO)Cl 

(PiPr3)2}2(μ-CH=CH-bridge-CH=CH), in their neutral state, show intense absorption band(s) 

in the UV-range at ca. 350 nm which arise from π  π* transitions within the extended 

metal-organic chromophore. A much weaker absorption in the visible at ca. 450 nm is 

responsible for the brilliant red / purple color of these complexes (for more details about the 

assignment of the electronic bands, see Section 4.2.5). These two bands are observed for all 

five-coordinated vinyl-ruthenium chromophores[13,19,20,62-64,69]. 

 It was previously found for biphenyl chromophores that the position and intensity UV-band 

(which was termed as the conjugation band) depend significantly on the extension of the π-

conjugated system of the bridging ligand. For the present diethynylbiphenyls Etbiph 1-6 and 

their corresponding ruthenium-vinyl complexes [1] - [6], the effect of changing the torsion 

angle ɸ is reflected by the variation of the position and the intensity of the UV-band. Red-

shifted and more intense bands are observed as the degree of π-conjugation of the biphenyl 

bridge increases. Thus, the main band shifts from 323 nm (ε = 2.8104 M-1·cm-1) or 397 nm (ε 

= 5.0104 M-1·cm-1) in fully planar 2,7-diethynylfluorene Etbiph 1 or complex [1] to 256 nm 

(ε = 1.6104 M-1·cm-1) or 320 nm (ε = 3.9104 M-1·cm-1) for 4,4'-diethynyl-2,2',6,6'-tetramethyl-

1,1'-biphenyl Etbiph 6 or complex [6], respectively, where the biphenyl bridge adopts an 

orthogonal structure (Table 4.2#4 and Figure 4.2#8). The spectroscopic results of Etbiph 1-6 

are fully consistent in terms of band positions and intensities to what Marcel Mayor and 

Thomas Wandlowski reported for some nitrile-terminated biphenyl derivatives (Table 

4.1#1)[106]. They found a red-shift of 75 nm when the two phenyl rings are in the same plane 

in 2,7-dicyanofluorene (λ = 318 nm, ε = 4.1104 M-1·cm-1) or orthogonal to each other in 4,4'-

dicyano-2,2',6,6'-tetramethyl-1,1'-biphenyl (λ = 243 nm, ε = 3.1104 M-1·cm-1). They are also 

very similar to those for biphenyl-bridged dinuclear ruthenium-vinyl complexes 

{Ru(CO)Cl(PMe3)3}2(μ-CH=CH-R-CH=CH) of Liu et al that exhibit different torsion angles 

ɸ (Chart 4.1#11). These authors found a red-shift of 59 nm as R changed from fluorene (λ = 

360 nm, ε = 4.0104 M-1·cm-1) to λ = 301 nm, ε = 5.7104 M-1·cm-1 in 2,2´6,6´-tetramethyl-1,1´-

biphenyl, respectively[149]. It is worth to also mention that introducing the strongly electron-

donating {Ru(CO)Cl(PiPr3)2} = {Ru} anchoring entities of these complexes extended the π-

conjugation of these organic ligands and thus enhanced the optical properties of these 

chromophores in a very similar manner as it is seen for complexes [1] to [6] (Table 4.2#4 and 

Figure 4.2#8). 



                     4.2. Results and Discussion / UV-Vis-NIR SEC Chapter 4 
 

114 
 

Table 4.2#4. Spectroscopic data for the UV bands of complexes [1] - [6] and their 
corresponding free diethynylbiphenyls Etbiph 1-6 in their neutral states in 1,2-CH2Cl2. 

 
Complex λ [nm], (ε [M-1·cm-1]) diethynylbiphenyl λ [nm], (ε [M-1cm-1]) 

[1] 381 (5.3104), 397 (5.3104) --- --- 

[1]´ 380 (4.9104), 393 (5.0104) Etbiph 1 300 (3.0104), 323 (2.8104) 
[2] 378 (3.4104) Etbiph 2 --- 
[3] 380 (4.1104), 397 (4.0104) Etbiph 3 303 (2.2104), 325(2.1104) 
[4] 370 (4.0104) Etbiph 4 273 (1.8104), 301 (1.7104) 
[5] 333 (3.5104) Etbiph 5 256 (1.7104), 266 (1.7104), 
[6] 320 (3.9104) Etbiph 6 249 (1.4104), 256 (1.6104) 
 

 
Figure 4.2#8. UV/Vis spectra of complexes [1] - [6] (left) and their corresponding free 

diethynylbiphenyls Etbiph 1-6 (right) in their neutral states in 1,2-CH2Cl2. 
 

Oxidation of such complexes generally gives rise to intense π  π* absorptions that are 

located in the Vis and the NIR for the radical cations and an even more intense band at the 

Vis/NIR borderline for the dications. These bands are tokens of the large ligand character of 

the HOMO and HOMO-1 of the neutral complexes and the SOMO and SOMO-1 of their 

cations, respectively[13,69,62-64,5,6]. 

Electrochemical oxidation of these complexes inside the OTTLE cell cleanly converted the 

neutral species to their corresponding mono- and dications as indicated by the presence of 

isosbestic points. Nearly quantitative re-conversion to the original neutrals upon subsequent 

reduction was achieved in all cases. Figures 4.2#9 and 4.2#10 show the UV/Vis/NIR 

spectroscopic changes upon the first and the second oxidation of complexes [1] - [6], 

respectively, while Table 4.2#5 summarizes the experimental data for all complexes in their 

various accessible oxidation states. Again the torsion angle modulates the electronic 

properties significantly. 
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Upon sequential oxidation of the completely planar complex [1] inside the OTTLE cell, the 

intensities of the two closely spaced UV-bands centered at 381 and 397 nm strongly decrease 

while new bands in the visible and NIR grow in. This is also indicated by the color change 

from orange-red to deep violet. The radical cation [1+] is characterized by three new 

absorption bands. The first two are closely spaced bands are in the visible at 568 and 631 nm. 

These bands are assigned to several π  π* transitions mixed with some LMCT character (for 

more details, see Section 4.2.5). The third intense band is located in the NIR region. It is 

centered at 1795 nm with a shoulder at somewhat higher energy. Mixed-valent complexes 

often exhibit multiple absorptions in the NIR region. They may arise from a lifting of the 

degeneracy of the metal d-orbitals at the metal donor site(s) by spin-orbit coupling or the 

presence of several rotamers with varying degrees of π-conjugation. In addition, d-d bands 

may also appear in that spectral region and overlap with other bands that are often assigned as 

intervalence charge transfer (IVCT) absorptions. In the present case, the observation of the 

high-energy shoulder in mixed-valent radical cation states of our ruthenium-vinyl systems 

relates most presumably to the presence of different conformers in solution due to the free 

rotation around the Ru-vinyl and vinyl-aryl σ-bonds or is due to a vibronic structuring of the π 

 π* band, which is related to an intrabridge excitation. In complexes [1]+ to [6]+, the torsion 

angle ɸ exerts a strong influence on the intensity of the NIR band. 

On further oxidation to [1]2+, the bands of [1]+ in the visible and NIR disappear with the 

concomitant growth of a new intense band at 849 nm in the border region between the Vis and 

the NIR regimes. Accordingly, the color of the solution changes from deep violet to intense 

green. Complexes [2], [3], and [4] exhibiting a small torsional angle ɸ show the same overall 

behavior as [1] with relatively large intensities of the NIR band. Thus, these four complexes 

show strong (poly)electrochromic behavior with three different interconvertible states, one 

absorbing in the UV regime (the neutral form), one absorbing at higher energy in the Vis and 

in the NIR (the monocationic form), and a third one showing a band located in Vis/NIR 

borderline region (the dication form). All of these bands are very intense. 

For the completely orthogonal case of complex [6], however, the original UV band at 321 nm 

is gradually bleached during the first oxidation to [6]+ with a growth of two new Vis-bands 

centered at 419 and 685 nm, leading to a pale green color of [6]+. Only a very weak shoulder 

in the NIR region was observed, reflecting the very limited degree of π-conjugation and a 

weak interaction between the two ruthenium-vinyl moieties through the bridge. As the further 

oxidation to [6]2+ proceeded, a new band in UV region appeared along with a significant 

intensity gain of the of two Vis bands centered at 424 and at 687 nm. Very similar behavior 
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was obtained for complex [5], which has comparatively stronger absorption in the NIR, but 

bands of lower intensity in the Vis. Again, it was possible to discriminate between the two 

electrochemical processes in complexes [5] and [6] by monitoring the intensity of the weak 

shoulder in NIR regime. 

A comparison of the data in Table 4.2#5 reveals that the intensity of NIR band in the mixed-

valent state increases as the torsion angle ɸ between the planes of the two aryl rings decreases. 

Complex [2] is an exception, but this is most probably related to its poor solubility in the 

neutral state. These results are fully consistent to what Paul J. Low observed for the NIR band 

intensities in the mixed-valent states of a series of 4,4´-bis(diphenylamino)biphenyls PL1 to 

PL3 (Chart 4.1#3)[134]. He found that the intensity of the NIR band decreased from ε = 31000 

M-1·cm-1 to ε = 9900 M-1·cm-1 as the central bridge changed fom 1,1´-biphenyl (PL1+) to 2,2´-

dimethyl-1,1´-biphenyl in (PL2+). No such band was, however, observed in PL3+ where the 

biphenyl bridge adopts an orthogonal structure. They are conform to the results obtained by 

Andrew Benniston on bis(2,2´:6´,2´´-terpyridine)ruthenium(II) and -osmium(II) complexes 

connected via biphenyl systems with varying lengths of crown ethers connected at the ortho-

positions (Chart 4.1#4). He found that the magnitude of electronic coupling matrix element 

Hab of the IVCT band in their mixed-valent states showed a precise dependence on the length 

of the connecting strap[135-140]. 

 
Figure 4.2#9. UV/Vis/NIR spectra recorded during the first oxidation of complexes [1] - [6] 

in CH2Cl2/NBu4PF6 (0.2 M) at r.t. 
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Figure 4.2#10. UV/Vis/NIR spectra recorded during the second oxidation of complexes [1] - 

[6] in CH2Cl2/NBu4PF6 (0.2 M) at r.t. 
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Table 4.2#5. Spectroscopic data of complexes [1] - [6] in their various oxidation states (1,2-CH2Cl2/NBu4PF6, r.t.). 
 

Complex λ [nm] (ε [M-1cm-1]) 

[1] 289 (9.7103), 381 (5.7104), 398 (5.8104), 553 (2.0104)  
[1]+ 292 (1.5104), 349 (1.1104), 380 (1.5104), 398 (1.5104), 568 (3.2104), 631 (3.0104), 1440 (2.4104), 1795 (7.0104)   
[1]2+ 291 (1.6104), 354 (1.2104), 427 (6.6103), 849 (7.8104) 
[1]´ 280 (1.1104), 380 (4.9104), 393 (5.0104), 528 (1.0103)  
[1]´+ 286 (1.5104), 350 (1.2104), 386 (1.6104), 562 (2.4104), 622 (2.0104), 1455 (1.9104), 1792 (4.6104) 
[1]´2+ 286 (1.5104), 351 (1.1104), 423 (7.0104), 846 (6.9104) 
[2] 232 (3.8104), 267 (3.8104), 382 (3.5104), 600 (1.3104) 
[2]+ 236 (5.1104), 269 (5.6104), 379 (3.0104), 540 (2.2104), 1563 (1.1104), 1900, (1.3104) 
[2]2+ 237 (5.9104), 268 (6.2104), 345 (2.9104), 472 (1.2104), 816 (5.4104) 
[3] 284 (1.6104), 383 (4.1104), 394 (4.1104), 530 (9.2103) 
[3]+ 283 (1.8104), 385 (2.9104), 565 (1.9104), 632 (1.16104), 1352 (1.1104), 1478 (1.6104), 1866 (3.3104) 
[3]2+ 289 (2.8104), 348 (1.1104), 428 (7.7103), 840 (3.1104) 
[4] 373 (4.0104), 554 (9.7103) 
[4]+ 292 (2.0104), 551 (2.0104), 1320 (1.1104), 1573 (1.8104), 1961 (2.5104) 
[4]2+ 292 (2.3104), 800 (7.5104) 
[5] 331 (3.5104), 511 (1.7102) 
[5]+ 315 (2.3104), 403 (9.6103), 676 (2.1103), 1600 (br) (1.5103) 
[5]2+ 293 (1.4104), 467 (1.1104), 683 (3.8103), 982 (1.7103) 
[6] 321 (3.9104), 380 (4.1103), 522 (7.0102) 
[6]+ 308 (2.3104), 419 (2.6104), 685 (8.7103), 956 (1.5103), 1618 (br) (6.5102) 
[6]2+ 298 (1.7104), 424 (4.0104), 687 (1.6103), 955 (2.7103) 
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4.2.5. Quantum chemical calculations 
 

Quantum chemical calculations based on density functional theory (DFT) methods (see the 

Experimental Section) have been carried out on these complexes in order to: i) calculate the 

optimized torsion angle ɸ between the planes of the two phenyl rings for the ruthenium-vinyl 

complexes in each oxidation state and compare it to those reported for the free ligands; ii) 

study the effect of changing the torsion angle ɸ on the molecular orbitals of the neutral 

complexes and the SOMO of their associated radical cations; iii) compare computational and 

experimental results; iv) gain insight into the electronic spectra of these complexes at their 

various oxidation states; v) investigate, how the sequential oxidations influence the structures 

and the torsion angles; and (vi) compare the calculated energies of the C≡O and C=C stretches 

to those obtained experimentally at the various oxidation levels. Geometry optimization at 

each oxidation state of these complexes was carried out with the DFT method using the 

PBE1PBE functional and MWB effective core potential basis set for ruthenium and 6-31G* 

for the remaining atoms. The solvent dichloromethane was accounted for by using the 

Polarized Continuum Model (PCM). 

Tables 4.2#6 and 4.2#7 show selected calculated structure parameters for the optimized 

structures for [1c]0/+/2+ and [6c]0/+/2+ (results from calculations are always marked by a 

superscript "c" in order to discriminate them from experimental results), while the calculated 

CO vibrational frequencies of these full model complexes are discussed below. The calculated 

CO band shifts upon every oxidation reproduced well those obtained experimentally. DFT 

optamization gave structural values in good agreement with those obtained for similar, related 

complexes. The most important structure changes during the sequential oxidations comprise a 

lengthening of the vinyl, the Ru-P, and the Ru-C(C≡O) bonds and a shortening of the Ru-

C(vinyl), Cvinyl-Cphenylene, the central C-C, the Ru-Cl, and the C≡O bonds. The latter reflect the 

loss of some electron density at the two Ru(CO)Cl(PiPr3)2 entities on each oxidation step. The 

shortening of the Cvinyl-Cphenylene and the central C-C bonds on each oxidation step and other 

structure changes within the biphenyl bridge indicate an increasing contribution of quinoidal 

resonance structures (Chart 4.2.#2). Moreover, the Ru-Ru distance and the torsion angle ɸ are 

computed to decrease upon each consecutive oxidation. Sequential oxidations of [1c]0/+/2+ 

show similar structure changes of both subunits, thus indicating the strong electronic 

interaction between the two ruthenium moieties. Obviously, both oxidation processes affect 

both styryl-type halves of the molecules to a similar extent. The same behavior was obtained 

for [2c]0/+/2+, [3c]0/+/2+ and [4c]0/+/2+. In [5c]0/+/2+ and [6c]0/+/2+, however, each oxidation seems to 
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affect only one subunit with minor changes at the other, reflecting the weak interaction 

between the two ruthenium moieties. 

According to our quantum chemical calculations, sequential oxidation of [1c] preserves the 

planarity of the fluorene bridging ligand, which is here enforced by its rigidity. Thus ɸ 

slightly decreases from 0.7o for [1c] to 0.5o for [1c]+ and to 0.3o for [1c]2+. Complexes [3c] and 

freely rotating [4c], however, show some reduction of the torsion angle ɸ upon sequential 

oxidations (from 19.8o for [3c] to 16.4o for [3c]+ and to 13.9o for [3c]2+ or from 33.4o for [4c] to 

23.5o for [4c]+ and to 11.6o for [4c]2+). Much larger alterations are seen for complexes [5c] and 

[6c]. Here, the phenyl rings are nearly orthogonal in the neutral state and in the radical cation 

(88.5o and 82.4o for [6c] and [5c] or 88.3o and 72.5o for [6c]+ and [5c]+, respectively). Despite 

the steric hindrance induced by the methyl substituents at the ortho positions, this angle 

reduces to 64.2o and 44.8o for [6c]2+ and [5c]2+, respectively. This implies a large electronic 

bias for adopting a more planar structure in that oxidation state. 

 

 
Chart 4.2#2. Quinoidal resonance structures for [4c]+ (left) and [4c]2+ (right). {Ru} = 

{Ru(CO)Cl(PiPr3)}. 
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Table 4.2#6. Calculated structure parameters of [1c]+n ( n = 0, 1, 2). DFT/ PBE1PBE/ MWB basis sets were used for Ru and 6-31G* for the 
remaining atoms in CH2Cl2. 

  
  [1c] [1c]+ [1c]2+ 
  Bond length [Å] Bond length [Å] Bond length [Å] 

Ru-C(C≡O) 1.803 1.803 1.815 1.815 1.829 1.828 
Ru-C(vinyl) 1.975 1.978 1.930 1.927 1.883 1.884 

C≡O 1.170 1.170 1.165 1.165 1.160 1.160 
Ru-Cl 2.460 2.462 2.442 2.442 2.424 2.423 
Ru-P 2.428 2.423 2.439 2.440 2.448 2.448 
Ru-P 2.421 2.427 2.436 2.435 2.450 2.447 

C=C(vinyl) 1.349 1.348 1.371 1.372 1.399 1.398 
Cvinyl-Cphenylene 1.468 1.468 1.437 1.438 1.407 1.408 

C-C(center) 1.460 1.432 1.404 
Ru-Ru 15.527 15.377 15.264 

  Bond angle [deg] Bond angle [deg] Bond angle [deg] 
Ru-C≡O 177.1 177.1 177.0 177.0 176.9 176.9 

Cl-Ru-C(C≡O) 169.2 168.2 169.5 170.2 171.0 170.7 
P-Ru-P 172.6 173.3 170.5 169.4 165.6 165.9 

Ru-C=C(vinyl) 135.1 134.7 134.1 134.3 133.5 133.2 
C(vinyl)-Ru-Cl 99.3 100.3 98.3 97.6 96.1 96.4 

C(vinyl)-Ru-C(C≡O) 91.0 91.0 91.7 91.6 92.3 92.3 
C(vinyl)-Ru-P 90.2 89.5 90.8 98.1 99.3 99.5 
C(vinyl)-Ru-P 96.7 96.5 98.1 92.1 94.6 94.2 

Cl-Ru-P 89.0 88.9 88.7 87.3 86.9 87.0 
Cl-Ru-P 87.8 87.5 87.2 88.9 88.7 88.7 

P-Ru-C(C≡O) 93.6 93.6 88.7 88.4 88.8 88.8 
P-Ru-C(C≡O) 88.2 88.6 93.7 93.6 93.3 93.3 
Torsion angle 0.7 0.5 0.3 



                     4.2. Results and Discussion / DFT Calculations Chapter 4 
 

122 
 

Table 4.2#7. Calculated structure parameters of [6c]+n ( n = 0, 1, 2). DFT/ PBE1PBE/ MWB basis sets were used for Ru and 6-31G* for the 
remaining atoms in CH2Cl2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  [6c] [6c]+ [6c]2+ 
  Bond length [Å] Bond length [Å] Bond length [Å] 

Ru-C(C≡O) 1.802 1.803 1.803 1.830 1.829 1.827 
Ru-C(vinyl) 1.979 1.977 1.976 1.893 1.890 1.892 

C≡O 1.170 1.170 1.169 1.159 1.160 1.160 
Ru-Cl 2.460 2.461 2.458 2.419 2.425 2.426 
Ru-P 2.430 2.424 2.426 2.452 2.449 2.450 
Ru-P 2.422 2.424 2.425 2.454 2.450 2.448 

C=C(vinyl) 1.347 1.347 1.349 1.390 1.394 1.392 
Cvinyl-Cphenylene 1.469 1.470 1.468 1.432 1.418 1.420 

C-C(center) 1.493 1.489 1.457 
Ru-Ru 15.834 15.703 15.576 

  Bond angle [deg] Bond angle [deg] Bond angle [deg] 
Ru-C≡O 177.0 177.1 177.1 176.8 177.0 176.8 

Cl-Ru-C(C≡O) 167.8 169.1 168.0 170.1 171.5 171.2 
P-Ru-P 173.4 172.8 173.0 165.5 165.2 165.5 

Ru-C=C(vinyl) 134.5 135.0 134.3 132.8 133.5 133.4 
C(vinyl)-Ru-Cl 101.1 99.6 103.2 101.1 95.7 96.0 

C(vinyl)-Ru-C(C≡O) 90.8 90.7 90.4 92.4 92.2 92.2 
C(vinyl)-Ru-P 90.1 89.6 95.9 93.5 99.9 100.0 
C(vinyl)-Ru-P 96.0 97.2 90.5 100.5 94.4 94.1 

Cl-Ru-P 88.9 89.1 88.6 88.3 88.6 87.0 
Cl-Ru-P 87.7 87.5 87.8 86.4 86.8 88.6 

P-Ru-C(C≡O) 88.3 88.4 93.6 93.8 88.9 88.7 
P-Ru-C(C≡O) 93.6 93.5 88.9 88.4 93.5 93.4 
Torsion angle 88.5 88.3 64.2 
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As representative examples, the calculated energies and percent contributions to the frontier 

molecular orbitals (FMOs) of complexes [1c] and [6c] are collected in Tables 4.2#8 and 4.2#9. 

Moreover, isodensity plots of the corresponding HOMOs and LUMOs and the spin densities 

for complexes [1c]+ and [6c]+ are shown in Figures 4.2#11 - 4.2#13, respectively. Due to the 

lack of a sixth donor ligand at the two ruthenium ions, the unoccupied frontier orbitals LUMO 

and LUMO+1 in [1c] and [6c] are alternatively centered on one {Ru(CO)Cl(PiPr3)} = {Ru} 

moiety with 72%  contribution from the first and 14% for the second {Ru} moiety in [1c]. In 

[6c], these MOs are fully localized on just one {Ru} end group with 86% contribution of that 

entity. The LUMO+2 has in both cases mainly a divinylbiphenylene bridge character with 

only negligible contributions of the two {Ru} moieties. 

The HOMO and HOMO-1 of [1c] are evenly distributed over the two halves with main 

contributions of divinylbiphenylene ligand and smaller contributions of the two {Ru} end-

groups (76% or 54% for divinylfluorene, and 24% or 46% for the two {Ru} entities for 

HOMO and HOMO-1, respectively). These two orbitals are antibonding between the metal 

atoms and the adjacent vinyl groups and between the carbon atoms involved in the single C-C 

bonds, while they are bonding between carbon atoms that are involved in the double C=C 

bonds. The HOMO-2 is centered on one of the two {Ru} moieties and HOMO-3 on the other. 

The calculated spin densities in [1c]+ retrace the features of the HOMO, as indicated by the 

summation of the Mullikan spin densities. The latter were calculated using the GaussSum 

software based on the obtained DFT calculations on [1c]+ (see Table 4.2#10). The 

computational results thus predict that the spin density in [1c]+ is equally distributed over the 

two halves. Experimental IR spectroelecrochemisty studies based on the relative C≡O band 

shifts of the π-acidic CO-ligands showed that the charge density of [1]+ is distributed over the 

two halves but asymmetrically so with 67:33%.  

In [6c], however, the HOMO and HOMO-1 are alternatively localized on just one half of the 

molecule with minor contributions from the second one (90:10%). Moreover, the total 

contributions of the divinylbiphenyl bridge is considerably smaller and more substantial 

contributions of the two ruthenium metals are found (67% for divinylbiphenylene and 33% 

for the two {Ru} entities in both HOMO and HOMO-1), while HOMO-2 and HOMO-3 are 

both localized on one single {Ru} moiety. The spin density of [6c]+ as indicated by the 

Mullikan spin densities again mirrors the HOMO and is mainly restricted to just one half of 

the model. This reflects the very weak interaction between the {Ru} moieties in [6c]+ (Table 

4.2#10). 
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 Table 4.2#8. Composition and energies of selected MOs of complex [1c]. 

MO   eV Prevailing character {Ru1} vinyl1 Ph1 {Ru2} vinyl2 Ph2 
287 LUMO+2 -0.94 π*-bridge 4 12 36 3 11 34 
286 LUMO+1 -1.42 d{Ru1} 72 11 1 14 2 0 
285 LUMO -1.43 d{Ru2} 14 2 0 72 11 1 
284 HOMO -4.83 π-bridge 12 16 22 12 16 22 
283 HOMO-1 -5.50 π-bridge 22 18 10 22 18 10 
282 HOMO-2 -6.34 d{Ru1,2} 55 0 0 45 0 0 
281 HOMO-3 -6.34 d{Ru2,1} 45 0 0 55 0 0 

{Ru1} and {Ru2} denote the left and right {Ru(CO)(PiPr3)2Cl} moieties, respectively. 
 

Table 4.2#9. Composition and energies of selected MOs of complex [6c]. 

 {Ru1} and {Ru2} denote the left and right {Ru(CO)(PiPr3)2Cl} moieties, respectively. 
 

 Table 4.2#10. Sum of Mullikan atomic spin densities for key fragments in [1c]+ to [6c]+. 

{Ru1} and {Ru2} denote the left and right {Ru(CO)(PiPr3)2Cl} moieties, respectively. 
  

MO   eV Prevailing character {Ru1} vinyl1 Ph1 {Ru2} vinyl2 Ph2 
300 LUMO+2 -0.34 π*-bridge 6 22 48 2 6 16 
299 LUMO+1 -1.40 d{Ru1} 86 13 1 0 0 0 
298 LUMO -1.41 d{Ru2} 0 0 0 86 13 1 
297 HOMO -5.19 π-bridge 30 30 30 3 3 4 
296 HOMO-1 -5.21 π-bridge 3 3 4 30 30 30 
295 HOMO-2 -6.33 d{Ru2} 0 0 0 99 0 0 
294 HOMO-3 -6.33 d{Ru1} 100 0 0 0 0 0 

Complex {Ru1} vinyl1 bridge {Ru2} vinyl2 

[1c]+ 0.1371 0.171 0.402 0.126 0.164 
[2c]+ 0.147 0.177 0.341 0.155 0.180 
[3c]+ 0.131 0.165 0.404 0.132 0.167 
[4c]+ 0.150 0.179 0.366 0.138 0.168 
[5c]+ 0.016 0.022 0.276 0.360 0.326 
[6c]+ 0.000 0.000 0.261 0.394 0.346 
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Figure 4.2#11. Contour plots of the calculated frontier MOs of complex [1c]. 
 
 

 
 

Figure 4.2#12. Contour plots of the calculated frontier MOs of complex [6c]. 
 

 
Figure 4.2#13. Calculated spin densities of complexes [1c]+ (left) and [6c]+ (right). 
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In order to rationalize the electronic spectra of these complexes in their different oxidation 

states, the lowest 40 spin-allowed excitated states were considered for calculating the 

electronic absorption spectra for the structure-optimized complexes via time-dependent 

density functional theory (TD-DFT). MWB was used for the ruthenium ion and 6-31G* for 

the remaining atoms using mixed basis sets in the PBE1PBE functional (see the 

computational section). As representative examples of this study, the calculated energies of 

the excited states, oscillator strengths ( f ), and the major transitions of [1c]0/+/2+ and [6c]0/+/2+ 

are listed in Table 4.2#11. The calculated absorption spectra of [1c]0/+/2+ and [6c]0/+/2+ were 

simulated using the GaussSum software based on the obtained TD-DFT results and are 

depicted in Figure 4.2#14. Each excited state was interpolated by a Gaussian convolution with 

a full width of 3000 cm-1 at half-maximum (FWHM). MOs that are involved in the most 

important transitions are shown in Figures 4.2#15 to 4.2#20. 

Because of the high bridging ligand contribution to the HOMO, HOMO-1 or SOMO, SOMO-

1, most of these transitions involve intraligand excitations. In the neutral state, an intense UV- 

band at 382 nm is calculated for [1c] (Figure 4.2#14), which gives a good match to the 

experimental value of 398 nm. Based on our TD-DFT results on [1c], this band results from 

excitations from HOMO and HOMO-1 to LUMO+2. All these orbitals receive main 

contributions from the divinylbiphenylene bridge. 

The simulated spectrum for the minimum structure of [1c]+ (Figure 4.2#14) reproduces the 

overall band structure well. Two intense visible and NIR bands at 503 and 1420 nm are 

predicted, again in a reasonable match with experimental values of 568 and 1795 nm. The 

visible band arises from the transition from the αHOMO, which has sizable contributions 

from the pπ divinylfluorene bridging ligand, to the αLUMO+2 (57%) and αLUMO+1 (26%). 

These spin orbitals have more significant contributions from the dπ* orbital of ruthenium but 

are still strongly based on the divinylfluorene ligand (Figure 4.2#16). Thus, this band is 

assigned to a π  π* transition with some LMCT character. The NIR band centered at 1420 

nm arises from the transition from the ßHOMO, which is mainly divinylfluorene based (39% 

ruthenium, 61% bridge), to the ßLUMO with an even more significant contribution from the 

π* orbital of bridging ligand. Thus this band is assigned to an intrabridge excitation along 

with some LMCT character (Figure 4.2#16). 

The simulated spectrum of [1c]2+ reproduces the experimental results very well and shows 

only one band at 862 nm in very good match with the experimental value of 849 nm. This 

band arises from the transition from HOMO and HOMO-2, which both have significant 

ruthenium character, to the LUMO, which is mainly centered on the bridge (Figure 4.2#17). 
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This band is thus described as a blend of an intrabridge π  π* absorption and an MLCT 

transition. 

In [6c], the UV-band centered at 306 nm (experimental value of 321 nm) is assigned to 

excitations from HOMO to LUMO+2 and from HOMO-1 to LUMO+3. Again, this band is 

best described as π  π* transitions between MOs that are more or less restricted to just one 

styryl subunit (Figure 4.2#18). The simulated spectrum of [6c]+ is characterized by two 

UV/Vis bands. Interestingly, no NIR band is found. This indicates the weakness of the 

interaction between the two ruthenium moieties. Likewise, the spin density of [6c]+ is 

unequally distributed between the two halves. The first Vis-band of [6c]+ is centered at 374 

nm (experimental value 419 nm) and assigned to the αHOMO-3  αLUMO+2 (25%), 

ßHOMO-2  ßLUMO+2, and αHOMO-2  αLUMO+1 transitions. These transitions are 

mainly localized within one {Ru} moiety. The other Vis-band is calculated at 613 nm 

(experimental value 685 nm) and is assigned to an excitation from ßHOMO-9 to ßLUMO. 

This band is due to an excitation within one styryl-ruthenium unit of the complex (Figure 

4.2#19). The simulated spectra of [6c]2+ again reproduced the experimental qualitatively well 

and predicted two bands. The first Vis-band at 379 nm (experimental value 424 nm) is 

assigned to the transition from the ßHOMO-13 and ßHOMO-12 to the ßLUMO and 

ßLUMO+1. These transitions have significant MLCT character (Figure 4.2#20). The other 

Vis-band at 610 nm (experimental value of 687 nm) is assigned to the transitions from the 

ßHOMO-7 and ßHOMO-6 to ßLUMO and ßLUMO+1 and constitutes an intrabridge 

excitation (Figure 4.2#20). 
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 Table 4.2#11. TD-DFT calculated transitions of complexes [1c]0/+/2+ and [6c]0/+/2+. 

 

  

Complex   λnm (eV) f Major contributions 
[1c] 382 (3.25) 1.957 HOMOLUMO+2 (83%) 

[1c]+ 
1420 (0.87) 1.000 ßHOMO  ßLUMO (98%) 
503 (2.47) 1.157 αHOMO  αLUMO+2 (51%), αHOMO  αLUMO+1(25%)  

[1c]2+ 
862 (1.44) 2.109 HOMO  LUMO (91%), HOMO-2  LUMO (12%) 
708 (1.75) 0.529 HOMO-2  LUMO (84%), HOMO  LUMO (13%) 

[6c] 306 (4.06) 1.874 HOMO LUMO+2 (52%), HOMO-1  LUMO+3 (31%) 

[6c]+ 
613 (2.03) 0.386 βHOMO-9  βLUMO (79%) 
374 (3.32) 0.319 αHOMO-3 αLUMO+2 (25%), βHOMO-2 βLUMO+2 (25%) 

[6c]2+ 610 (2.04) 0.699 βHOMO-7 βLUMO+1 (43%),  βHOMO-6 βLUMO (44%) 
379 (3.28) 0.360 βHOMO-13βLUMO+1 (22%), βHOMO-12βLUMO (17%) 
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Figure 4.2#14. Experimental vs. simulated TD-DFT spectra of [1c]0/+/2+ and [6c]0/+/2+. 
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Figure 4.2#15. MOs involved in the optical transitions of complex [1c]. 

 

Figure 4.2#16. MOs involved in the optical transitions of complex [1c]+. 

 

Figure 4.2#17. MOs involved in the optical transitions of complex [1c]2+. 
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Figure 4.2#18. MOs involved in the optical transitions of complex [6c]. 

 

Figure 4.2#19. MOs involved in the optical transitions of complex [6c]+. 

 

Figure 4.2#20. MOs involved in the optical transitions of complex [6c]2+. 
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Spectroscopic stretching frequencies were also calculated for these optimized model 

complexes in their accessible oxidation states using the G09 program. Table 4.2#12 lists the 

main calculated stretching frequencies for all compounds in their most stable transoid forms 

(the form that is obtained in all X-ray structures for related dinuclear ruthenium-vinyl 

complexes in which the two chloro and the carbonyl ligands are trans to each other). The 

calculations reproduce the overall behavior of the CO bands well in that they predict a shift to 

higher wavenumbers upon each sequential oxidation and in that the magnitude of this shift is 

quite appropriate for ligand-centred oxidations. Our calculations here predict two 

energetically close, but not fully-degenerate CO bands in every oxidation state. They 

correspond to the asymmetrical (v1) and symmetrical (v2) CO stretching vibrations. According 

to the animations, v2 has always a higher energy than v1. For the neutral compounds and the 

dications, v1 and v2 are very close in energy and can not be discriminated experimentally in 

solution or in the solid state (ATR), most presumably because of the broadening of the CO 

bands. DFT calculations reproduced the magnitude of the CO band shifts and of the band 

splitting in the mixed-valent radical cations by varying the torsion angle ɸ. For the 

monoxidized complexes [1c]+ to [4c]+, the obtained results agree with the experimental results 

obtained by IR spectroelectrochemistry, which showed two closely spaced CO bands, 

reflecting a strong interaction between the two ruthenium entities. In the case of complxes 

[5c]+ and [6c]+ with nearly or completely orthogonal phenyl rings, the CO band shift and the 

splitting upon the first oxidation of these complexes is considerably larger than that of the 

other complexes. This mirrors the lower contribution of the divinylbiphenlene bridging ligand 

to the redox orbitals and the lower degree of charge delocalization between the individual 

styryl ruthenium subunits. 
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Table 4.2#12. Selected GO9/PBE1PBE calculated stretching frequencies (cm-1) for the 
complexes [1c]n+ to [6c]n+ in their accessible oxidation states (scaling factor is 0.9512)[151]. 

 
Complex frequency n = 0 n = 1 n = 2 

[1c]n+ v1 (C≡O)asym 1899.6 1915.3 1945.4 
v2 (C≡O)sym 1901.1 1924.0 1950.8 
v (C=C)vinyl, aryl 1545.2 1464.7 1462.3 
v1 (C≡O)asym 1901.7 1914.0 1946.4 

[2c]n+ v2 (C≡O)sym 1902.4 1926.4 1952.3 
v (C=C)vinyl, aryl 1554.7 1462.3 1460.6 
v1 (C≡O)asym 1900.8 1915.7 1945.9 

[3c]n+ v2 (C≡O)sym 1901.7 1924.3 1950.9 
v (C=C)vinyl, aryl 1562.9 1471.6 1470.8 
v1 (C≡O)asym 1898.6 1915.4 1946.3 

[4c]n+ v2 (C≡O)sym 1899.3 1926.3 1951.9 
 v (C=C)vinyl, aryl 1563.7 1483.0 1468.8 
 v1 (C≡O)asym 1900.9 1903.2 1943.7 

[5c]n+ v2 (C≡O)sym 1901.6 1945.0 1950.3 
 v (C=C)vinyl, aryl 1568.7 1517.3 1463.8 
 v1 (C≡O)asym 1900.6 1902.3 1942.1 

[6c]n+ v2 (C≡O)sym 1900.8 1951.2 1953.3 
 v (C=C)vinyl, aryl 1570.8 1540.5 1463.3 
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4.2.6. Electron Paramagnetic Resonance (EPR) spectroscopy 
 
The electrochemical, IR and UV/Vis/NIR spectroscopic studies on complexes [1] to [6] as 

well as the quantum chemical studies support the idea that electronic properites of the 

complexes and the extent of (de)localization of charge and spin density are strongly 

modulated by the torsion angle ɸ of the central biphenyl entity. EPR spectroscopy constitutes 

a powerful method in order to experimently probe the spin density distribution over the two 

styryl ruthenium subunits. Such information can be obtained from the pattern and values of 

the hyperfine couplings, either to the metal atoms(s) or to other EPR-active nuclei of the 

coordinated ligands. 

The intense EPR signals of the paramagnetic radical cation complexes at g ca. 2.035 in fluid 

solution support the ligand-dominated character of the SOMO as it was already deduced from 

UV/Vis and IR spectroelectrochemistry. All of these paramagnetic complexes showed an 

isotropic signal at room temperature, while slightly axial signals were observed in glassy 

frozen solution. All spectra exhibit resolved hyperfine couplings to ruthenium and phosphorus 

nuclei. Experimental spectra were well reproduced by simulations when two coupling 

parameters were applied for complexes [1]+ to [4]+: One for the two equivalent ruthenium and 

one for four equivalent phosphorus nuclei. This indicates that, contrary to the results from IR 

spectroscopy, the spin density is evenly distributed over both styryl ruthenium halves of the 

molecules. 

Two different A(31P) and A(101Ru) values were, however, necessary to adequately reproduce 

the experimental spectra of [5]+ and [6]+. This in turn indicates that the unpaired spin in these 

radical cations concentrates mainly on one styryl ruthenium unit with smaller spin densities 

on the other. The different degrees of electronic coupling revealed by IR and EPR 

spectroscopy (partial to very weak charge delocalization in IR) relate to the different 

timescales of 10-11 to 10-12 s for IR and 10-8 to 10-9 s for EPR spectroscopy. Thus, one can 

conclude that the transition from partially to fully delocalized or from fully localized to 

partially delocalized behavior occurs on a timescale in between these two regimes. Figure 

4.2#21 shows the experimental and simulated spectra of [1]+ - [6]+ recorded at room 

temperature, while Table 4.2#13 summarizes the experimental and simulated hyperfine 

splitting constants. Moreover, more complete sets of experimental and simulated EPR spectra 

at T = 103 K are provided in the Appendix.  

Taking into account the EPR time scale of 10-8 to 10-9 s, a comparison of the data in Table 

4.2#13 reveals the following trends: Increasing the torsion angle between the planes of the 

two phenyl rings i) increases the giso-value, indicating less bridging ligand character of the 
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SOMO, and increasing ruthenium character, and ii) increases the A (99/101Ru) and decreases 

the A (31P) hyperfine splittings. The isotropic signal of [5]+ is not fully symmetric in contrast 

to all other signals. This might be due to the presence of two conformers with respect to the 

orientation of the two methyl groups as shown in Chart 4.2#3. 

 
Figure 4.2#21. EPR spectra of chemically generated [1]+ - [6]+ in CH2Cl2 at 293 K. 

 

Chart 4.2#3. Possible rotamers of [5]+  
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 Table 4.2#13. EPR spectroscopic data of chemically generated [1]+- [6]+ in CH2Cl2.

 103 K Hyperfine splittings A in G ( = 2.8025 Hz) at 293 K 
Complex gaxial giso A (99/101Ru)  A (31P) 

[1]+ gǁ = 2.0520,  g = 2.0346,  Δg = 0.017, ‹gav› = 2.0462) 2.0365 3.8 (2 Ru) 7.5 (4 P) 
[2]+ gǁ = 2.0490,  g = 2.0367,  Δg = 0.012, ‹gav› = 2.0449) 2.0423 4.5 (2 Ru) 6.4 (4 P) 
[3]+ gǁ = 2.0430,  g = 2.0387,  Δg = 0.004, ‹gav› = 2.0416) 2.0370 5.0 (2 Ru) 7.1 (4 P) 
[4]+ gǁ = 2.0570,  g = 2.0371,  Δg = 0.020, ‹gav› = 2.0504) 2.0416 5.2 (2 Ru) 6.4 (4 P) 
[5]+ gǁ = 2.0580,  g = 2.0315,  Δg = 0.027, ‹gav› = 2.0492) 2.0451 3.6 (1 Ru), 5.4 (1 Ru) 6.4 (2 P), 4.9 (2 P) 
[6]+ gǁ = 2.0505,  g = 2.0350,  Δg = 0.015, ‹gav› = 2.0457) 2.0491 4.1 (1 Ru), 5.8 (1 Ru) 5.0 (2 P), 4.3 (2 P) 



                                                       4.3. Conclusions Chapter 4 

137 
 

4.3. Conclusions 

We are reporting here the synthesis of a series of biphenyl-bridged dinuclear ruthenium-vinyl 

complexes {Ru(PiPr3)2(CO)Cl}2(μ-CH=CH-R-CH=CH)} ([1] – [6]) that differ with respect to  

the torsion angle ɸ between the planes of the two phenyl rings. These dinulcar complexes 

have been prepared by regio- and stereospecific insertion of the -C≡CH bond of the 

corresponding terminal diethynylbiphenyls into the Ru-H bond of the hydride complex 

HRu(CO)Cl(PiPr3)2. Our results from UV/Vis/NIR and IR spectroelectrochemistry, EPR 

spectroscopy and DFT calculations indicate that the torsion angle strongly modulates and 

tunes the electronic coupling between the two ruthenium-vinyl moieties and the spectroscopic 

properties of the complexes in the mixed-valent radical cations. They confirm that σ-bonded 

divinylbiphenylenes constitute a particularly interesting class of non-innocent ligands in 

organometallic systems. Electrochemical studies showed that these complexes undergo two 

consecutive, chemically and electrochemically reversible one-electron oxidation processes, in 

which the splitting of the two waves and the comproportionation constants vary as the torsion 

angle changes. In IR spectroelectrochemistry, the magnitude of the CO band shifts and the 

band splitting in the mixed-valent radical cations likewise depend significantly on the torsion 

angle between the planes of the two phenyl rings. Complexes with low torsion angle display 

strong electrochromic behavior in three distinct states with a strong NIR band in their mixed-

valent states. No such band was, however, observed in the case of complexes [6]0/+/2+, where 

the two phenyl rings are nearly orthogonal to each other. This reflects the weak interaction 

between the two ruthenium styryl moieties. EPR spectra of the electrogenerated radical 

cations of the completely planar complexes showed a g-value very close to ge, indicating 

strong contributions of the organic biaryl ligand to the oxidation processes. Furthermore, IR 

and EPR results in comparison demonstrate that intramolecular electron transfer and hence 

the conversion from partially delocalized to fully delocalized or from localized to partially 

delocalized behavior occurs in between the timescale of ca. 10-11 to 10-8 s inherent to these 

two methods. 
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5.1. Introduction 

Triarylamines and related compounds are gathering huge interest because of their easy 

synthesis from cheap commercial starting materials by straightforward synthetic methodology 

through Ulmann condensation protocols[123] or Buchwald-Hartwig[124] cross coupling 

reactions. Moreover, these systems usually undergo reversible oxidations at well-accessible 

potentials which can be predictively tuned by introducing substituents on the aryl rings. Their 

associated radical cations are highly stable, especially when the para-positions are blocked to 

avoid benzidine-type rearrangements. Furthermore, these radical cations show strong 

absorptions in Vis/NIR regime with high molar extinction coefficients at wavelengths that 

likewise depend on the substituents. As these chromophores can be simply switched between 

different states, they constitute a unique class of polyelectrochromic Vis/NIR dyes[62,63,152,153]. 

Organic dyes which absorb in the NIR region within the wavelength range of 700 - 3000 nm 

have attracted increasing attention in biomedical applications and photodynamic therapy, 

conversion of solar radiation into energy, laser thermal imaging or printing, optical recording 

media, paints and semiconducting materials[154-157]. NIR dyes usually require extended 

rigidified π-systems as chromophores with a low energy gap between the donor and the 

acceptor orbitals. Compounds with such features can be generally generated when two 

aromatic nitrogen-containing heterocycles are linked by a conjugated polyvinylene chain (-

CH=CH-)n. Widespread examples are cyanine dyes, squaraines, phthalocyanines, porphyrin 

derivatives and BODIPYs (borondipyrromethanes). Table 5.1#1 shows the optical properties 

of common NIR dyes and their photophysical features. In these systems, tuning of the optical 

properties and the bathochromic shift are easily achieved by extension of the π-chromophore, 

i.e. by increasing the number of vinylene moieties (-CH=CH-). These dyes are characterized 

by good chemical and photostabilities, high fluorescence intensities and long fluorescence 

lifetimes. 

 



5.1. Introduction   Chapter 5                                                                       

140 
 

Table 5.1#1. Common examples of NIR dyes. 

 

 

Cyanine dyes  

 

 

 

Squaraine derivatives 

 

 

Phthalocyanine and Porphyrin derivatives 

 

 

 

 

BODIPY derivatives 

NIR IR dyes                                                                    General structure                          Photophysical features 

 
 
 
λmax, abs (nm): > 700 
λmax, em (nm): > 800 
(M-1·cm-1): > 200000 
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Winter and co-workers have recently focused on incorporating {Ru(CO)Cl(PiPr3)2(CH=CH)} 

= {Ru} entities into organic dyes that exhibit weak absorption at optical wavelengths in their 

neutral state but are strongly absorbing at long wavelengths in the visible and NIR regimes in 

their oxidized states. Ruthenium-vinyl moieties have recently been attached to several dyes 

e.g. triarylamines[62] (Chart 5.1#1), squaraines[64] (Chart 5.1#2), and porphyrins[158] (Chart 

5.1#3). In these systems, introducing the strongly electron donating {Ru} moieties extends the 

π-conjugation of the organic dyes and thus enhances the optical properties of these 

chromophores in addition to lowering the oxidation potentials of the organic dyes and 

stabilizing their various oxidized forms. Vinyl-ruthenium entities have also the advantage of 

increasing the overall number of accessible oxidation sates by one per every vinyl-ruthenium 

entity. Moreover, they feature the Ru(C≡O) IR-label as an indicator of charge density at the 

Ru atoms and its distribution over several {Ru} sites in the oxidized mixed-valent forms. 

As an example of those studies, Winter et al have recently incorporated one, two or three 

ruthenium-vinyl entities into organic triarylamines as shown in Chart 5.1#1. Oxidized forms 

show strong absorptions, whose positions vary from deep in the NIR to the border region 

between the Vis and NIR regimes. Up to four reversible waves and five distinct, 

interconvertable redox states that differ with respect to their absorption profiles were 

observed. The higher oxidized forms reach remarkable extinction coefficients of up to 90000 

M-1·cm-1 with oscillator strengths of 0.9 to 1.1[62]. 

N-Arylcarbazoles are heterocyclic analogs of triarylamines. They feature a central tricyclic 

core, which consists of a rigid carbazole fragment with a nitrogen-bonded peripheral aryl 

substituent. N-arylcarbazoles are an integral structural element of many compounds used for 

the production of electroluminescent materials. This chapter describes the synthesis and 

investigation of N-arylcarbazole-bridged mono-, bis- and tris(ruthenium-vinyl) complexes. 

The results are compared to those on triarylamine-bridged counterparts, where the aryl 

substituents are free to rotate. Here it was our hope that a planarization of the diarylamine-like 

core would even enhance the favorable properties of the comparable triarylamines in terms of 

absorptivities and the band positions of the oxidized forms. 
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Chat 5.1#1. Mono-, bis- and tris(ruthenium-vinyl) appended triarylamines investigated by 
Winter and co-workers[62]. 

 

Chat 5.1#2. Bis(ruthenium-vinyl)-modified squaraine investigated by Winter and Chen[64]. 

 

 

Chat 5.1#3. Ruthenium-vinyl modified zinc porphyrin reported by Winter co-workers[158].
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5.2. Results and Discussion 
 
5.2.1. Synthesis and NMR characterization 
 
In order to investigate the electronic coupling and the electrochromic behavior between 

ruthenium-vinyl moieties connected through the rotationally restricted N-arylcarbazole core 

and to compare it to that in the corresponding freely-rotating triarylamine-derived complexes, 

a series of mono-, bis-, and tris(ruthenium-vinyl) complexes [I] - [III] derived from N-aryl- or 

N-ethylcarbazole were prepared and characterized (Chart 5.2#1). These five-coordinated 

square-pyramidal ruthenium styryl complexes were again prepared by the regio- and 

stereospecific insertion of the terminal -C≡CH bond of the corresponding ethynylated 

carbazoles into the Ru-H bond of the hydride complex HRu(CO)Cl(PiPr3)2. Upon addition of 

the alkyne, the pale orange solution of the hydride complex turned instantly red or purplish 

pink, indicating the formation of the corresponding vinyl complex. This reaction is usually 

described as hydroruthenation and proceeds in an anti-Markovnikov manner[59,60,79-85]. It 

usually occurs within 20 minutes and provides the pure complexes after a simple purification 

step to remove the remaining free alkyne. The formation of mononuclear byproducts from 

these alkynes is avoided by slowly adding the corresponding alkyne to a concentrated solution 

of the hydride complex. 

The required ethynylated N-arylcarbazole precursors including the new derivatives were 

prepared by a sequence involving classical Cu-catalyzed Ullmann-style coupling of the 9H-

carbazole and para-arylhalides, selective iodination at the 3,6-positions, traditional Pd-

catalyzed Sonogashira cross-coupling with trimethylsilylacetylene (TMSA) and subsequent 

cleavage of the protecting TMS groups according to classical procedures[53]. Scheme 5.2#1, as 

an example, shows the synthesis of 3,6-diethynyl-N-arylcarbazoles. These complexes contain 

one, two, or three {Ru(CO)Cl(PiPr3)} = {Ru} end-groups that are attached to and linked by an 

N-arylcarbazole bridge. 
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Chart 5.2#1. Mono-, bis-, and tris(ruthenium-vinyl) complexes [I] - [III] derived from N-
arylcarbazoles. 
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Scheme 5.2#1. Synthesis of 3,6-diethynyl-N-arylcarbazoles (NIS = N-iodosuccinimide and 
1,10-phen = 1,10-phenanthroline). 

The complexes of Chart 5.2#1 were investigated and characterized by the usual spectroscopic 

and analytical methods including NMR, IR, and electronic spectroscopy. Pertinent NMR 

spectroscopic parameters for these complexes are listed in Tables 5.2#1 and 5.2#2. The 

identity of these N-arylcarbazoles and their corresponding ruthenium-styryl complexes 

follows from the correct numbers and integrations of their 1H-NMR resonances. In their 31P-

NMR spectrum, the mononuclear complexes [Ia], [Ib] and the symmetric dinuclear 

complexes [IIa] - [IIf] showed a sharp singlet resonance at ca. 38 ppm, indicating that the 

PiPr3 ligands are equivalent and trans-disposed to each other. The left-hand side of Figure 

5.2#1 provides as an example and depicts the 31P-NMR spectrum of [IIb]. In the asymmetric, 

dinuclear complex [IIg] and in trinuclear complex [III], however, two chemically different 

{Ru} moieties are present, so that these two complexes show two closely spaced singlets at δ 

= 38.58 and 38.15 ppm (Figure 5.2#1, middle) or δ = 38.56 and 38.15 ppm (Figure 5.2#1, 

right) with integral ratio of 1:1 and 1:2, respectively. This indicates that the two PiPr3 ligands 

that are attached to the {Ru} moiety at the N-bonded, peripheral phenyl ring are shifted to 

lower field in comparison to those disposed at the carbazole subunit (Table 5.2#2, Figure 

5.2#1, middle and right). 
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Figure 5.2#1. 31P-NMR spectra (162 MHz) of complexes [IIb] (left, CD2Cl2) [IIg] (middle, 
C6D6) and [III] (right, C6D6). 

 
1H-NMR spectra showed AA´BB´ signal patterns for the protons of the para-substituted 

phenyl ring (H11 and H10), one or two singlets of the terminal ethynyl protons for the free 

alkynes at around δ = 3.1 ppm, and also one or two sets of the resonance signals at around δ 

2.7 ppm and δ 1.2 ppm for the CHP(CH3)2 and (CH3)2PCH protons, respectively. The latter 

also showed doublets at ca. δ 8.50 ppm and doublets of triplets at ca. δ 6.15 ppm of the 

vinylic protons Ru-CH=CH (H1) and Ru-CH=CH (H2) with a large coupling constant 3JH-H of 

ca. 13.3 Hz, respectively. This high coupling constant again indicates a trans-geometry at the 

vinylic double bonds and that ethynylcarbazoles were cis-inserted into the Ru-H bond in a 

regio- and stereospecific manner (for atom numbering scheme, see the Experimental Part). 

The electronic effect of changing the substituent at the para-substituted phenylene ring of 

complexes [IIb] - [IIf] was reflected by the variation of the chemical shifts of the AA´BB´ 

signals for the para-substituted phenyl protons H11 and H10 ( = 1.02 and 0.67 ppm for X = 

NO2 to OMe, respectively), the α-vinylic protons H1 ( = 0.15 ppm for X = NO2 to OMe), 

the 31P nuclei ( = 0.15 ppm) and even less so for the β-vinylic protons H2 ( = 0.02 ppm) 

(Table 5.2#1). A more or less linear correlation of the chemical shifts of protons H1, H11, and 

H10 of complexes [IIb] - [IIf] to the substituent Hammett parameters σ of the para- 

substituent X exists as indicated in Figure 5.2#2. 
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Figure 5.2#2. Chemical shift δ (ppm) vs. Hammett parameter σ of the substituent effect of 

complexes [IIb]- [IIf]. 
 

Likewise, in the N-(4-ethynylphenyl)-3,6-diethynylcarbazole and N-(4-ethynylphenyl)-3-

ethynyl-6-methoxycarbazole precursors and their corresponding ruthenium-vinyl complexes, 

the chemical shift of the terminal ethynyl and their corresponding vinyl protons located at the 

N-bonded peripheral phenyl ring are different from those disposed at the carbazole core. 

These corresponding alkynes show two sharp singlets for the HC≡C protons at  = 3.20 and 

3.10 ppm or  = 3.15 and 3.05 ppm with the correct integral ratio of 1:1 or 1:2, respectively. 

In their corresponding complexes [IIg] and [III], two sets of resonance signals for the vinylic 

protons were also observed at  = 9.12 and 8.82 ppm or  = 9.07 and 8.73 ppm for Ru-

CH=CH and at  = 6.63 and 6.44 ppm or  = 6.57 and 6.42 ppm for Ru-CH=CH (Figure 

5.2#3, Table 5.2#2) with integral ratios of 1:1 or 1:2, respectively. The α-vinylic proton H14 

that is attached to the N-aryl substituent is shifted to lower field in comparison to that 

disposed at the carbazole core H1, while the opposite situation is found for the β-vinylic 

proton H13 in comparison to H2 (see Figure 5.2#3, for atom numbering system, see Chart 

5.2#2). 
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Figure 5.2#3. 1H-NMR resonance signals (162 MHz, C6D6) of α- and β-vinylic protons of 

[IIg] (top) and [III] (bottom) complexes. 
 

 
Chart 5.2#2. Atom numbering systems of complexes [IIg] and [III].  

 

In their 13C-NMR spectra, all complexes show characteristic signals of the vinylic carbon 

atoms of the {Ru} moieties with two triplets at ca. 146 ppm for Ru-C=C (C1) and at ca. 135 

ppm for Ru-C=C (C2) with a 2JP-C or 3JP-C coupling constant of ca. 11.0 or 3.3 Hz. Another 

triplet at ca. 203 ppm with a 2JP-C coupling constant of ca. 13.0 Hz is assigned to the carbonyl 
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ligands. In the symmetric dinuclear complexes [IIa-f], only one set of resonances for the 

vinylic and carbonyl atoms was observed. The electronic effect of the 4-substituent at the 

para-substituted phenylene ring of [IIb] - [IIf] is reflected in the chemical shifts of the vinylic 

carbons C1 and C2 ( = 2.09 and -0.44 ppm for X = NO2 to OMe, respectively), while the 

chemical shift of the carbonyl carbon atom is more or less constant and independent of the 

electronic properties of the para-substituent. In the asymmetric dinuclear and trinuclear 

complexes [IIg] and [III], however, two sets of resonances for vinylic and carbonyl carbons 

were observed (C1  = 145.5 and 145.2 ppm; C14  = 152.2 and 151. 9 ppm; C2  = 135.8 and 

135.9 ppm; C13  = 134.4 and 134.4 ppm; C15  = 204.1 and 204.2 ppm; C16  = 203.65 and 

203.68 ppm with integral ratios of 1:1 or 2:1 for [IIg] and [III], respectively, see Figure 

5.2#4, Table 5.2#2 and Chart 5.2#2 for atom numbering system). The resonance signals of β-

vinylic C2 and the carbonyl C15 carbon atoms of the {Ru} moiety bonded to the carbazole 

subunit are consistently shifted to lower field compared to those disposed at the peripheral 

phenyl ring C13 and C16. The opposite situation is found for the α-vinylic carbon atoms C1 

when compared to C14 (for atom numbering system, see Chart 5.2#2). In addition, two sets of 

(CHP(CH3)2 and (CH3)2PCH resonances were also observed ( = 24.84 ppm and 24.77 ppm 

or 24.84 and 24.80 for CHP(CH3)2; 20.14 and 19.92 ppm and 20.08 and 19.85 ppm or 20.15 

and 19.74 ppm and 20.10 and 19.86 ppm for (CH3)2PCH) with integral ratios of 1:1 or 2:1 for 

[IIg] and [III], respectively (see Table 5.2#2 and the Experimental Part). 

In contrast to the NMR results, the solid (ATR) and solution IR spectra of all complexes, 

including [IIg] and [III], showed only one characteristic, intense absorption band for the CO 

ligands at ca. 1910 cm-1. Obviously, the electron densities of these {Ru} moieties differ too 

little from each other to result in two separate Ru(CO) bands. The rather low energy of the 

Ru(CO) stretch reflects the high electron density and the strong back-donation from the 

electron-rich ruthenium-vinyl moieties. 
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Figure 5.2#4. 13C-NMR spectra (162 MHz, C6D6) of the carbonyl (left), α-(middle) and β-

(right) vinylic carbons of complexes [IIg] (top) and [III] (bottom). 
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Table 5.2#1. Pertinent NMR spectroscopic parameters for complexes [Ia] - [IIf]a). 

a)In CD2Cl2;  in ppm; J in Hz. 
b)In C6D6. The H10 and H11 protons in CD2Cl2 have the same chemical shift and resonated as a singlet at 7.37 ppm.  
c)In C6D6. 
d)H11 and H10 protons labeled as H4 and H5, respectively.  
 

Table 5.2#2. Pertinent NMR spectroscopic parameters for complexes [IIg] and [III]a). 

a)In C6D6. 
b)α-vinylic carbon or hydrogen disposed at the carbazole subunit. 
c)β-vinylic carbon or hydrogen disposed at the carbazole subunit. 
d)α-vinylic carbon or hydrogen located at the peripheral phenyl ring. 
e)β-vinylic carbon or hydrogen located at the peripheral phenyl ring. 
f)Carbonyl ligand of the {Ru}disposed at the carbazole subunit. 
g)Carbonyl ligand of the {Ru}located at the peripheral phenyl ring. 

Complex (H1) (3JH-H) (H2) (3JH-H; 4JP-H) (C1) (2JP-C ) (C2) (3JP-C) (H11) (3JH-H ) (H10) (3JH-H ) (CO) (2JP-C ) (31P) 
[Ia] 8.39 (13.3) 6.15 (13.3; 2.0) 145.70 (10.9) 135.19 (3.4) --- --- 203.78 (13.2) 37.73 
[Ib] 8.79 (13.5) 6.14 (13.5; 1.9) 152.90 (11.0)c  133.01 (3.3)c 8.13 (7.7)d 7.36 (7.4)d 203.59 (13.0)c 38.62 
[IIa] 8.32 (13.2) 6.11 (13.2; 2.0) 145.27 (10.9) 135.32 (4.0) --- --- 203.80 (13.1) 37.68 
[IIb] 8.37 (13.3) 6.13 (13.3; 2.4) 146.08 (11.0) 135.16 (3.1) 7.39 (8.8) 7.08 (8.9) 203.75 (13.1) 37.72 
[IIc] 8.38 (13.3) 6.13 (13.3; 2.3) 146.19 (11.1) 135.14 (3.2) 7.04 (8.2)b 6.92 (8.2)b 203.76 (13.2) 37.72 
[IId] 8.40 (13.2) 6.13 (13.2; 2.4) 146.40 (10.0) 135.05 (3.3) 7.57 (7.7) 7.51 (7.6) 203.72 (13.0) 37.69 
[IIe] 8.46 (13.3) 6.15 (13.3; 2.0) 147.30 (11.0) 134.88 (3.3) 7.84 (8.4) 7.70 (8.4) 203.69 (13.1) 37.80 
[IIf] 8.52 (13.4) 6.15 (13.4; 2.0) 148.17 (10.7) 134.72 (3.3) 8.41 (9.0) 7.75 (9.0) 203.64 (13.1) 37.87 

Complex (H1) (3JH-H)b) 
(H14) (3JH-H)d) 

(H2) (3JH-H; 4JP-H)c) 
(H13) (3JH-H; 4JP-H)e) 

(C1) (2JP-C )b) 
(C14) (2JP-C )d) 

(C2) (3JP-C)c) 
(C13) (2JP-C )e) 

(CO15) (2JP-C )f) 
(CO16) (2JP-C )g) 

(CHP(CH3)2 

(CH3)2PCH 
(31P) 

[IIg] 8.82 (13.3) 
9.11 (13.5) 

6.63 (13.3; 2.2) 
6.44 (13.5; 1.8) 

145.46 (11.0) 
152.15 (10.9) 

135.75 (3.5) 
134.34 (3.4) 

204.11 (13.1) 
203.65 (13.0) 

24.84f), 24.77g) 

20.14 and 19.92f), 20.08 and 19.85g) 
38.15 (2PiPr3) 
38.58 (2PiPr3) 

 [III] 8.73 (13.6) 
9.07 (13.5) 

6.57 (13.6; 1.9) 
6.42 (13.5; 1.8) 

145.20 (11.0) 
151.89 (11.1) 

135.90 (3.1) 
134.42 (3.4) 

204.15 (13.2) 
203.68 (13.2) 

24.84f), 24.80g) 

20.15 and 19.94f), 20.10 and 19.86g) 
38.15 (4PiPr3) 
38.56 (2PiPr3) 
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5.2.2. X-ray crystallography 
  
Single crystals of N-(para-tolyl)-carbazole and of complex [Ia] that were suitable for X-ray 

analysis were grown by slow evaporation of a diethylether solution of the carbazole at room 

temperature or from slow diffusion of n-hexane into a solution of [Ia] in CH2Cl2. A single 

colorless or dark red needle-shaped crystal with approximate dimensions of 0.4 x 0.3 x 0.2 

mm or 0.5 x 0.4 x 0.3 mm was used for the N-(para-tolyl)-carbazole ligand and for complex 

[Ia], respectively. The molecular structures of N-(para-tolyl)-carbazole and of complex [Ia] 

are depicted in Figures 5.2#5 and 5.2#6, while Tables 5.2#3 and 5.2#4 summarize the most 

pertinent structural parameters. A summary of crystallographic parameters and details of the 

structure solution and refinement are reported in the Appendix. The most striking observation 

of all structures of N-arylcarbazoles, including this one, is the twisting of the peripheral aryl 

ring out of co-planarity with the carbazole fragment[159-162]. This is indicated here by the 

torsion angles of 130.49(15)° or 126.67(15)° for atoms C1-N1-C13-C14 or C8-N1-C13-C18. 

The carbazole subunit itself is completely planar as indicated by torsion angles C5-C6-C7-C8 

or C1-C6-C7-C12 of -178.25(15)° or -176.42(15)°, respectively. Conjugation of the nitrogen 

lone pair with the carbazole fragment is preferred over that with the twisted tolyl ring, as 

indicated by the short of N(1)-C(8) and N(1)-C(1) bonds of 1.3946(18) and 1.3969(18) Å. 

Both are shorter than the N(1)-C(13) bond of 1.4253(18) Å. The bond angles at the nitrogen 

atom C(1)-N(1)-C(13), C(8)-N(1)-C(13) and C(1)-N(1)-C(8) are 126.14(12)°, 125.46(12)° 

and 108.34(11)°, respectively. The latter is acute due to the restrictions imposed by the five-

membered heterocycle. The angle sum of 359.94° at the central nitrogen atom attests to an sp2 

hybridisation. 

 
Figure 5.2#5. ORTEP of the crystallographically determined structure of N-(p-tolyl)-

carbazole. Ellipsoids are drawn at a 40% probability level. 
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Table 5.2#3. Selected bond parameters of N-(para-tolyl)-carbazole. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The overall geometry at the ruthenium atom resembles that of other five-coordinated 

ruthenium-alkenyl complexes in that complex [Ia] shows a distorted square-pyramidal 

structure where the basal plane is occupied by mutually trans-disposed carbonyl, chloro and 

PiPr3 ligands, while the σ-bonded alkenyl ligand occupies the apical coordination site. Some 

distortion is induced by a bending of the basal ligands toward the vacant coordination site. 

This leads to acue trans-angles of 167.81(4)° and 173.5(2)° for P1-Ru1-P2 and C17-Ru1-Cl1, 

respectively, and an opening of the C1-Ru1-C17, C1-Ru1-P1, C1-Ru1-P2, and C1-Ru1-Cl1 

bond angles to 93.60(3)°, 97.74(13)°, 94.30(13)°, and 92.87(17)°, respectively. The torsion 

angle at the vinylic double bond and central carbazole subunit is -1.4(9)o or -178.8(6) for C1-

C2-C3-C4 or C1-C2-C3-C8, and the carbzole subunit is completely planar as indicated by 

torsion angles of -178.0(5)° or -179.3(5)° defined by atoms C8-C7-C9-C10 or C6-C7-C9-C10 

of, respectively. Due to some disorder, the present structure can only be taken as a proof of 

identity but is of too low quality to allow for a detailed discussion of the bond parameters. 

Bond length [Å] 
N1-C8 1.3946(18) 
N1-C1 1.3969(18) 
N1-C13 1.4253(18) 
C1-C6 1.410(2) 
C6-C7 1.448(2) 
C7-C8 1.414(2) 

Bond angle [deg] 
C8-N1-C1 108.34(11) 
C8-N1-C13 125.46(12) 
C1-N1-C13 126.14(12) 
C2-C1-N1               129.18(13) 
C2-C1-C6 121.76(13) 
N1-C1-C6 109.02(12) 
N1-C8-C7               109.06(12) 
N1-C8-C9               129.23(13) 
C2-C1-C6-C7 -179.06(13) 
C1-C6-C7-C12 -176.42(15) 
C5-C6-C7-C8 -178.25(15) 
C6-C7-C8-C9 -177.68(13) 
C8-N1-C13-C14 -52.83(19) 
C1-N1-C13-C14 130.49(15) 
C8-N1-C13-C18 126.67(15) 
C1-N1-C13-C18 -50.00(19) 
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Figure 5.2#6. ORTEP of the crystallographically determined structure of complex [Ia]. 
Hydrogen atoms are omitted for the sake of clarity. Ellipsoids are drawn at a 40% probability 

level. 
 

Table 5.2#4. Selected bond parameters of complex [Ia]. 
 

 
Bond length [Å] 

Ru1-C1 2.005(4) 
Ru1-C17 2.193(16) 
Ru1-P1 2.3942(12) 
Ru1-P2 2.4060(13) 
Ru1-Cl1 2.547(2) 
C1-C2 1.231(8) 

Bond angle [deg] 
C1-Ru1-C17 93.60(3) 
C1-Ru1-P1 97.74(13) 
C17-Ru1-P1 90.1(2) 
C1-Ru1-P2               94.30(13) 
C17-Ru1-P2 91.0(2) 
P1-Ru1-P2 167.81(4) 
C1-Ru1-Cl1               92.87(17) 
C17-Ru1-Cl1              173.5(2) 
P1-Ru1-Cl1 88.44(5) 
P2-Ru1-Cl1 89.07(6) 
C2-C1-Ru1 136.9(5) 
C1-C2-C3-C8 -178.8(6) 
C1-C2-C3-C4 -1.4(9) 
C4-C5-C6-N1 -178.9(4) 
C6-C7-C9-C14 -179.3(5) 
C8-C7-C9-C10 -178.0(5) 
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5.2.3. Electrochemistry 

The electronic properties and the extent of the electronic interaction in these rotationally-

restricted N-arylcarbazole-derived ruthenium-vinyl complexes was firstly investigated by 

cyclic (CV) and square-wave (SW) voltammetric techniques in CH2Cl2/n-NBu4PF6 (0.1 M) as 

the supporting electrolyte. Figure 5.2#7, as a representative example, shows the cyclic and 

square-wave voltammograms of complexes [Ib], [IIb] and [III] (potential calibration versus 

the ferrocene/ferrocenium couple); the pertinent data are collected in Table 5.2#5 and 

compared to those of the simple triarylamine-derived ruthenium-vinyl complexes [W1] - [W3] 

(Chart 5.1#1). Moreover, a more complete set of the voltammograms for the remaining 

ruthenium-vinyl complexes are provided in the Appendix. 

 

Figure 5.2#7. Cyclic (left) and square wave (right) voltammograms of [Ib], [IIb] and [III] in 
CH2Cl2/NBu4PF6 (0.1 M) at v = 0.1 V/s or a step potential of 4 mV and a frequency of 15 Hz. 

Potentials are given relative to the ferrocene/ferrocenium standard. 

All carbazole-derived ruthenium-vinyl complexes undergo two to four consecutive, 

chemically and electrochemically reversible or at least partially, one-electron oxidation 

processes with various degrees of redox-splittings between the adjacent redox waves in the 
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potential range from -75 to 689 mV versus the ferrocene/ferrocenium couple (Table 5.2#5). 

Their redox potentials are given as E½
0/+, E½

+/2+, E½
2+/3+, E½

3+/4+ for the first, second, third and 

the fourth half-wave potentials, respectively. The total number of redox waves thus equals the 

number of ruthenium-vinyl moieties plus one additional redox-wave assigned to the redox-

active N-arylcarbazole core itself. The latter partially reversible oxidation is always shifted 

anodically to higher potential. 

Based on previous studies on similar systems, the {(Ar-CH=CH)Ru(CO)Cl(PiPr3)2} moiety 

resembles electroactive NAr3 fragments in terms of donor capacity and redox behavior. The 

individual redox-processes in such systems assume a strongly mixed character with major 

contributions from the organic part of the structure with smaller contributions of the {Ru} 

moieties[5,6]. The half-wave potential separations ΔE½ between individual redox-waves of 

complexes [I] - [III] are in the range of 188 to 456 mV, which refers to the high stabilities of 

all redox species in these series with respect to disproportionation as indicated by sufficiently 

large values of the comproportionation constants Kc (Table 5.2#5). 
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Table 5.2#5. Electrochemical data for complexes [I-III] and related triarylamine-derived vinyl-ruthenium complexes. 

 

 

 

 

 

 

 

aAll potentials are given in mV relative to the ferrocene/ferrocenium scale; Cp*2Fe = -543 mV vs. Cp2Fe. 
                             bΔE½ = E½

+/2+ - E½
0/+ denotes the difference of the half-wave potentials between the nth and (n+1)th redox processes. 

    cThe comproporation constant Kc was calculated by the formula: Kc = exp {n·F·ΔE½ /(R·T)} at T = 298 K. 

Complex aE½
0/+ aE½

+/2+ aE½
2+/3+ aE½

3+/4+ bΔE½
0/+ bΔE½

+/2+ bΔE½
2+/3+ cKc1 cKc2 cKc3 

[Ia] 21 477 --- --- 456 --- --- 5.1˟107 --- --- 
[Ib] 257 689 --- --- 432 --- --- 2.0˟107 --- --- 
[IIa] -75 197 609 --- 272 412 --- 4.0˟104 9.2˟106 --- 
[IIb] -31 221 645 --- 252 424 --- 1.8˟104 1.5˟107 --- 
[IIc] -31 221 649 --- 252 428 --- 1.8˟104 1.7˟107 --- 
[IId] -19 221 661 --- 240 440 --- 1.1˟104 2.7˟107 --- 
[IIe] 37 249 685 --- 212 436 --- 3.8˟103 2.3˟107 --- 
[IIf] 61 249 689 --- 188 440 --- 1.5˟103 2.7˟107 --- 
[IIg] 13 317 593 --- 304 276 --- 1.4˟105 4.6˟104 --- 
[III] -43 229 421 689 272 192 268 4.0˟104 1.8˟103 3.4˟104 
[W1] -118 266 --- --- 384 --- --- 3.1˟106 --- --- 
[W2] -168 152 586 --- 320 434 --- 2.6˟105 2.2˟107 --- 
[W3] -218 114 444 630 332 330 186 4.1˟105 3.8˟105 1.4˟103 
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The mononuclear complexes [Ia] and [Ib] showed two redox waves. Introducing the 

ruthenium-vinyl moiety at the peripheral N-phenyl ring in [Ib] shifts the first and the second 

half-wave potentials by ca. 200 mV anodic with respect to [Ia], where it is bonded directly to 

the fully conjugated carbazole core. The overall potential separation is very similar, though. 

This already shows the inherent differences in electron densities between the more extended, 

planar carbazole core, which is in direct conjugation to the nitrogen lone-pair, and the 

appended N-phenyl ring, which is not. Surprisingly, the oxidation of the carbazole moiety 

itself in [Ia] seems to be more favorable than in [Ib], even though it has already contributed to 

the first oxidation. 

The dinuclear complexes undergo three consecutive reversible one-electron oxidation 

processes. The para-substituent at the twisted, peripheral phenyl ring in [IIb] - [IIf] (Chart 

5.2#1) induces only small differences of the potentials of the second and the third redox 

waves, E½
+/2+, E½

2+/3+ and thus their separations. A more profound effect is observed for the 

potential of the first redox wave E½
0/+, and consequently, the separation of the first two 

oxidation waves ΔE½
0/+ and thus Kc1. Thus, Kc1 decreases from 1.8×104 for X = OMe to 

1.3×103 for X = NO2. Of note are good linear correlations of any electrochemical parameter 

with the electronic substituent effect of the substituent X at the appended phenyl ring in the 

series of complexes [IIb] - [IIf] as they are expressed by its Hammett σ-parameter. This 

shows that the effect of substituent X, albeit weak, is felt within the entire complex. The 

relative weakness of that effect is a consequence of the twist of the N-phenyl ring out of the 

plane of the carbazole heterocycle (Figure 5.2#8). 

Replacing the aryl ring with the ethyl group in [IIa] shifts all oxidation potentials cathodically 

but has a minor effect on their redox-separations. This again confirms that the peripheral aryl 

ring is largely decoupled from the carbazole π-system. The splitting of the first two oxidation 

waves ΔE½
0/+ in asymmetric [IIg] is higher than that of all other dinuclear complexes (272 

mV in [IIa], 304 mV for [IIg]). Here one, however, has to keep in mind that the two vinyl 

ruthenium moieties differ with respect to their intrinsic electronic properties as it is borne out 

by comparing the half-wave potentials of complexes [Ia] and [Ib]. Of note is that the final 

oxidation of the complex [IId] (X = H) is only partially reversible, possibly because of an 

accompanying benzidine-type rearrangement. Such behavior is often observed in 

triarylamines with unsubstituted phenyl rings[163-165]. 



5.2. Results and Discussion / CV  Chapter 5                                                                       

159 
 

 

Figure 5.2#8. The half-wave potentials E½
0/+, E½

2+/+, E½
3+/2+ and their splittings (mV) vs. 

Hammett parameter σ of the para-substituent in complexes [IIb]- [IIf]. 

Complex [III] undergoes four consecutive, chemically and electrochemically reversible one-

electron oxidation processes. The half-wave potential separations ΔE½ between individual 

redox-waves of [III] are in the range of 192 to 272 mV. 

When one compares the half-wave potential splittings in diruthenium complexes [IIa] to [IIf] 

and those in trinuclear [III] to those in the triarylamine-derived complexes [W1] to [W3] (see 

Charts 5.1#1 and 5.2#1 and Table 5.2#5) and assumes that the first two or three oxidations 

receive major contributions from the electron-rich {Ru} moieties, one notes that the values for 

the present complexes are consistently smaller. This is somewhat surprising as ΔE½ values are 

some kind of qualitative measure of the electronic interactions between identical redox sites in 

such compounds. This would indicate that the carbazole-derived complexes feature less 

strongly coupled redox sites than those derived from triarylamines despite the large degree of 

coplanarity. This point is addressed in the following sections of this chapter. 
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5.2.4. IR and IR spectroelectrochemistry 

In their neutral states, all of these complexes show intense vibrational bands at ca. 1910 cm-1, 

1500 cm-1 and 2900 cm-1 assigned to the Ru(C≡O), the C=C(vinyl, aryl), and C-H(aryl, alkyl) 

stretches, respectively (see the Appendix). In contrast to the NMR results, IR spectra of the 

asymmetric complex [IIg] and of [III] as solid samples (ATR) or in CH2Cl2 solutions show 

only one characteristic Ru(CO) stretch indicating that electronic differences between the {Ru} 

moieties are too small to be detected by that method. 

IR spectroelectrochemistry is a good tool to estimate the degree of charge (de)localization in 

the various oxidized forms by investigating the changes in back-bonding to the π-acidic 

carbonyl ligands. Band-shifts of the carbonyl ligands upon sequential oxidations are 

considered as an indicative measure of electron density changes at the ruthenium moieties. 

Upon sequential oxidations, the Ru(C≡O) bands are successively blue-shifted as less electron 

density is transferred from the ruthenium ions to the π*-orbitals of the carbonyl ligands. The 

magnitude of this shift mirrors the metal contributions to the corresponding oxidation process. 

Thus, higher CO-band shifts are routinely observed as the metal contributions increase. 

Electrochemical oxidation of the complexes inside the OTTLE cell cleanly converted the 

neutral species to their corresponding radical cations as indicated by distinct sets of isosbestic 

points and nearly complete re-conversion to the original neutrals upon subsequent reduction. 

The final oxidation step in these complexes could, however, not be pursued to full conversion 

before some decomposition occurred as indicated by a loss of isosbestic points and 

irreversible spectroscopic changes. Figures 5.2#9, 5.2#11, 5.2#13 and 5.2#15, as 

representative examples, show the IR changes in the v(CO) region for complexes [Ib], [IIb],  

[IIg] and [III] during the individual oxidation processes, while Figures 5.2#10, 5.2#12, 

5.2#14 and 5.2#16 show the NIR spectroscopic changes during the individual oxidation 

processes of the same complexes. Moreover, Table 5.2#6 summarizes the experimental IR 

data for the various accessible oxidation states and compares them to those of the 

triarylamine-derived ruthenium-vinyl complexes [W1] to [W3] (Chart 5.1#1) in Table 5.2#7. 

A more complete set of the IRSEC for the prepared ruthenium-vinyl complexes are provided 

in the Appendix. 
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Table 5.2#6. IR data for complexes [I] - [III] in their accessible oxidation statesa). 

a)In CH2Cl2/0.2 M NBu4NPF6; b)only partial conversion could be achieved before some 
degradation occured; c)the splitting of the two v(CO) bands in the mixed-valent states; 
d)

  )~~(2
)~~()~~(

~~2
)~~(

redox

redredoxox

redox

redox

vv
vvvv

vv
vv








  

Complex vC≡O vC=C 
c)~~

redox vv   Δρd) 
[Ia] 1909 1559(m), 1576(w), 1601(w), 1623(w)  
[Ia]+ 1958 1497(m), 1583(shp), 1591(shp), 1624(str) --- --- 
[Ia]2+ 1962b) 1630(w), 1622(w), 1591(m), 1497(w)  
[Ib] 1913 1512(str), 1546(m), 1571(w), 1625(w)  
[Ib]+ 1968 1580(shp), 1508(str), 1559(w) --- --- 
[Ib]2+ 1972b) 1602(m), 1580(m), 1517(m)  
[IIa] 1909 1580(m), 1560(m), 1550(m), 1540(w)  
[IIa]+ 1918, 1946 1618(str), 1584(brd), 1559(m), 1529(m) 28 0.22 
[IIa]2+ 1960 1610(m), 1585(m)  
[IIa]3+ 1969b) 1632(m), 1588(m)   
[IIb] 1910 1575(m), 1558(m), 1514(str)   
[IIb]+ 1917, 1949 1617(m), 1576(m), 1559 (m), 1513(str) 32 0.18 
[IIb]2+ 1960 1612(w), 1587(m), 1514(str)   
[IIb]3+ 1969b) 1634(w), 1579(m), 1514(m)   
[IIc] 1910 1576(w), 1557(w), 1517(m)   
[IIc]+ 1915, 1949 1619(w), 1607(w), 1530(m), 1515(str) 34 0.17 
[IIc]2+ 1961 1616(m), 1603(m), 1583(m), 1514(str)   
[IIc]3+ 1967b) 1632(w), 1590(w), 1538(w), 1514(w)   
[IId] 1910 1596(m), 1574(m), 1557(m), 1502(str)   
[IId]+ 1916, 1950 1617(str), 1591(str), 1572(w), 1499(brd) 34 0.17 
[IId]2+ 1962 1610(m), 1590(str), 1503(m), 1491(m)   
[IId]3+ 1967b) 1594(str), 1574(w), 1502(str)   
[IIe] 1911 1612(m), 1576(m), 1557(m), 1522(m)   
[IIe]+ 1914, 1954 1609(m), 1588(w), 1531(w), 1520(m) 40 0.11 
[IIe]2+ 1963 1602(m), 1585(m), 1519(m)   
[IIe]3+ 1967b) 1632(m), 1602(w), 1588(w), 1523(m)   
[IIf] 1911 1592(m), 1556(m), 1518(m), 1501(str)   
[IIf]+ 1915, 1957 1616(m), 1588(str), 1529(str), 1501(str) 42 0.09 
[IIf]2+ 1962 1613(m), 1588(str), 1529(str), 1501(str)   
[IIf]3+ 1969b) 1590(m), 1528(w), 1501(m)   
[IIg] 1912 1602(w), 1577(w), 1546(w), 1512(str)   
[IIg]+ 1914, 1957 1618(m), 1590(m), 1536(m),1511(str) 43 --- 
[IIg]2+ 1962 1618(w), 1579(str), 1510(str)   
[IIg]3+ 1964b) 1620(w), 1580(m), 1510(m)   
[III] 1911 1576(w), 1556(w), 1509(str)   
[III]+ 1916, 1946 1618(m), 1573(m), 1532(brd) 30  
[III]2+ 1916, 1960 1609(m), 1575(m), 1529(m)  --- 
[III]3+ 1968 1609(w), 1576(str), 1504(w)   
[III]4+ 1982b) 1597(w), 1578(w), 1580(w)   
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Like for all other mononuclear alkenyl complexes of this type, oxidation of complexes [Ia] 

and [Ib] inside the OTTLE cell shifts the single CO-band of the neutral forms to higher 

energies. The magnitude of this shift generally decreases as the contribution of the alkenyl 

ligand to the redox process increases. Instructive examples are provided by the five-

coordinated ruthenium-styryl complexes {Ru(CO)Cl(PiPr3)2-CH=CH-C6H4-4R} of Chapter 3, 

where v~ (CO) varies from only 37 cm-1 (1908 cm-1  1945 cm-1) to 72 cm-1 (1910 cm-1  

1982 cm-1) as R changes from NMe2 to CN. Complexes [Ia] and [Ib] follow the same pattern 

as the CO band of the neutral complexes at 1909 or 1913 cm-1 is replaced by a blue shifted 

one at 1958 or 1968 cm-1 ( v~ (CO) = 49 or 55 cm-1 for [Ia] and [Ib], respectively, Figure 

5.2#9, left). Oxidation to the radical cation is also accompanied by the growth of weak 

absorptions in the NIR between 4000 and 8000 cm-1 (Figure 5.2#10, left) and a significant 

intensity gain of the vinylic and aromatic C=C stretching bands between 1500 - 1600 cm-1. It 

is worth to mention here that the magnitude of the Ru(CO) band shift upon the first oxidation 

in [Ia] is smaller than that of [Ib]. This reflects the smaller ligand character of the redox 

process in [Ib] with its smaller conjugated π-system. This shift is, however, significantly 

larger than that in {Ru(CO)Cl(PiPr3)2-CH=CH-C6H4-4NMe2}  (1908 cm-1  1945 cm-1, v~

(CO) = 37 cm-1) and in the triarylamine-derived complex [W1] (1910  1944 cm-1, v~ (CO) 

= 34 cm-1). This probably signals a smaller overall contribution of the N-arylcarbazole ligand 

and concomitantly a larger ruthenium contribution to the redox process. This is again quite 

surprising considering the high degree of co-planarity of two of the N-phenyl rings in [Ia]. 

As the oxidation proceeded further to the dications, the intensity of the v(CO) band of [Ia]+ 

and [Ib]+ gradually decreased before some degradation occurred as indicated by a deviation 

from the isosbestic points (Figure 5.2#9, right). Partial bleaching was also observed for the 

NIR band and the C=C stretches (Figure 5.2#10, right). As a consequence of further 

oxidation, the Ru(CO) band shifted further to higher energies, but by a considerably minor 

amount. Band positions extracted from spectral deconvolutions are 1972 and 1982 cm-1, 

respectively, which gives shifts of only 4 cm-1 compared to [Ia]+ and [Ib]+. While these values 

are somewhat compromised by the onset of irreversible follow reactions, they nevertheless 

indicate that the second oxidation in each case has a larger carbazole character while affecting 

the {Ru} moieties to only a small degree. 
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Figure 5.2#9. v(CO) IR spectroscopic changes upon the first (left) and the second (right) 

oxidation of complex [Ib] inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 
 

 
 

Figure 5.2#10. NIR spectroscopic changes upon the first (left) and the second (right) 
oxidation of complex [Ib] inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 

 
The first oxidation of the dinuclear complexes [IIa] - [IIg] gives a pattern of two separate 

Ru(CO) bands which are shifted from those of the neutrals and the dications. Such behavior is 

typical of mixed-valent systems of Class II according to the Robin-Day classification. In the 

mixed-valent radical cations, the two vinyl-ruthenium subunits are electronically different. 

This means that the positive charge is unevenly distributed over the two individual styryl-

ruthenium subunits. In Class II mixed-valent compounds, the difference between these two 

bands redox vv  ~~  is attenuated as the interaction between the two ruthenium vinyl moieties 

increases. The first oxidation of complex [IIb] replaced the neutral v(CO) band at 1910 cm-1 

by two bands at 1917 and 1949 cm-1 (Figure 5.2#11, left). Other spectroscopic changes during 

this process include the growth of an intense low energy NIR band (Figure 5.2#12, left) and 

of vinylic and aromatic C=C vibrations. Upon the second oxidation, the two Ru(CO) bands of 

[IIb]+ shifted to even higher energies and merged into a single band at 1960 cm-1  (Figure 

5.2#11, middle) with a continuous growth of the intensity of the intense low energy NIR band 
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between 6000 - 8000 cm-1 and a decrease of the intensities of the NIR band in the region of 

6000 - 4000 cm-1 (Figure 5.2#12, middle) and of the C=C stretches. During the final oxidation 

to [IIb]3+, the intensity of the v(CO) band of [IIb]2+ at 1960 cm-1 gradually decreased in 

intensity before some degradation occurred (Figure 5.2#11, right). According to spectral 

deconvolution, this new Ru(CO) band is positioned at 1969 cm-1. Thus, the band shift is again 

smaller than that observed in the preceding oxidation steps. This again argues for a 

comparatively larger contribution of the carbazole ligand to this third redox step. In addition, 

a bleach of the NIR band was observed during this final oxidation step (see Figure 5.2#12, 

right). 

This general behavior was followed by all dinuclear complexes [IIa] - [IIg]. Not 

unexpectedly, the splitting of the two v(CO) bands in the mixed-valent state redox vv  ~~  of 

asymmetric [IIg]+ is larger than that in [IIb]+ ( redox vv  ~~ = 43 or 32 cm-1 for [IIg]+ or [IIb]+, 

respectively, Figures 5.2#11 and 5.2#13), reflecting the weaker interaction between the two 

ruthenium-vinyl moieties in asymmetric [IIg] in comparison to symmetric [IIb]. The 

electronic effect of the substituent at the para-substituted phenylene group in complexes [IIb] 

- [IIf] (Chart 5.2#1) also influences the splitting of the two v(CO) bands in their mixed-valent 

state and thus the Δρ values as they were introduced in Section 3.2 of Chapter 3. Δρ varies 

from 0.18 ( redox vv  ~~  = 32 cm-1) for X = OMe to 0.09 ( redox vv  ~~  = 42 cm-1) for X = NO2, while 

the overall CO band shift between the dications and their neutral precursors is basically 

constant across the series. This minor effect is expected because of the rotation of the 

peripheral phenyl ring by ca. 52° out of the plane of the carbazole heterocycle. We note that 

Δρ and redox vv  ~~  also scale linearly with the Hammett parameter σ of the para-substituent 

(Figure 5.2#17). 

Further confirmation for this minor effect of the peripheral aryl ring comes from the 

spectroscopic results for [IIa]. Replacing the aryl ring by a simple ethyl substituent even 

improves the electronic interaction between the {Ru} moieties as indicated by a decrease of 

the splitting of the two v(CO) bands in the mixed-valent state to ( redox vv  ~~  = 28 cm-1) and by 

increasing the Δρ value to 0.22. These results provide further evidence that the electronic 

interaction between the two ruthenium-alkenyl moieties in the carbazole-derived complexes 

[IIa]+ to [IIf]+ is smaller than that in the triarylamine-based complex [W2]+. In the latter 

complex, redox vv  ~~  was only 17 cm-1 and Δρ assumed a value of ca. 0.30[62]. 
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Figure 5.2#11. v(CO) IR spectroscopic changes upon the first (left), the second (middle), and 
the third (right) oxidation of complex [IIb] inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 

 

 

Figure 5.2#12. NIR spectroscopic changes upon the first (left), the second (middle), and the 
third (right) oxidation of complex [IIb] inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 

 
 
Figure 5.2#13. v(CO)  IR spectroscopic changes upon the first (left), the second (middle), and 

the third (right) oxidations of complex [IIg] inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, 
r.t.). 

 
Figure 5.2#14. NIR spectroscopic changes upon the first (left), the second (middle), and the 
third (right) oxidation of complex [IIg] inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 
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The first oxidation of [III] changes the Ru(CO) band at 1911 cm-1 into a pattern of two 

separate bands at 1916 and 1946 cm-1 (Figure 5.2#15, left, top). This is again indicative of the 

formation of a mixed-valent system of Class II. The first oxidation is also accompanied by the 

growth of a broad band in the NIR (Figure 5.2#16, left, top) and of strong v(C=C) 

absorptions. Here the splitting of the two v(CO) bands in the mixed-valent state is much larger 

than that in the tris(ruthenium-vinyl) appended triarylamine complex [W3]+ ( redox vv  ~~  = 30 

cm-1 or 5 cm-1 for [III]+ or [W3]+, respectively). Again, this implies that the electronic 

interaction in [III]+ is much weaker than that in complex [W3]+. The second oxidation to 

[III]2+ is characterized by a decrease of the intensity of the band at 1916 cm-1, the 

disappearance of the band at 1946 cm-1 and the growth of a more intense band at 1960 cm-1 

(Figure 5.2#15, right, top). The electronic structure of the dication [III]2+ is thus best 

described as one where carbazole-appended ruthenium-vinyl moieties are both oxidized 

whereas the one at the N-bonded phenyl ring is largely decoupled from the central π-system 

and still in its reduced state. Notably, the position of the merged high energy v(CO) bands in 

[III]2+ is identical to that in [IIa]2+ and [IIb]2+ bearing an electron-donating N-phenyl 

substituent. This oxidation process is further accompanied by continuously increasing the 

intensity of the NIR band in between 5000 - 8000 cm-1 and by decreasing the intensity 

between 4000 - 5000 cm-1 (Figure 5.2#16, right, top). During the third oxidation, the v(CO) 

band at 1916 cm-1 vanishes and merges with the ones at higher energy to a new, more intense 

band, which is now located at 1968 cm-1 (Figure 5.2#15, left, bottom). This third oxidation 

thus has a similar effect as that of replacing an electron-rich N-phenyl substituent by an 

electron poor one. During the final, fourth oxidation, the v(CO) band underwent a further 

slight shift to higher energy (Figure 5.2#15, right, bottom). The development of a shoulder at 

lower energy might indicate that in [III]4+ the {Ru} moieties are again inequivalent. The most 

likely explanation is that this final oxidation step is centered on the carbazole but leaves N-

phenyl substituent largely unaffected. The higher energy v(CO) band at ca. 1982 cm-1 thus 

represents the {Ru} moieties of the carbazole ring while that at ca. 1968 cm-1 is due to that at 

the N-phenyl ring. This also means that the {Ru} moieties in [III]3+ are electronically slightly 

different but their CO stretches cannot be individually resolved but are merged into a broad 

band envelope. 
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Figure 5.2#15. v(CO) IR spectroscopic changes upon the first (left, top), the second (right, 
top), the third (left, bottom), and the fourth (right, bottom) oxidations of complexes [III] 

inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 
 

 

Figure 5.2#16. NIR spectroscopic changes upon the first (left, top), the second (right, top), 
the third (left, bottom), and the fourth (right, bottom) oxidations of complexes [III] inside the 

OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 
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Figure 5.2#17. Plots of redox vv  ~~  (left) and Δρ (right) against the Hammett parameter σ for 
the para-substituted N-phenylcarbazole complexes [IIb] - [IIf]. 

 
Table 5.2#7. IR v(CO) data for complexes [W1] - [W3] in their accessible oxidation states in 

1,2-C2H2Cl2/NBu4NPF6 (0.2M)[62]. 

 

 

 

 

 

 

 

a)The splitting of the two vCO bands in the mixed-valent states.

Complex v(CO) redox vv  ~~ a) Δρ 
[W1] 1910  
[W1]+ 1944 34 --- 
[W1]2+ 1985  
[W2] 1910  
[W2]+ 1919, 1936 17 0.30 
[W2]2+ 1947, 1953  
[W3] 1912  
[W3]+ 1919, 1924 5 --- 
[W3]2+ 1936, 1939  
[W3]3+ 1953, 1970   
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5.2.5. UV/Vis spectroscopy and UV/Vis/NIR spectroelectrochemistry 
 
Like other ruthenium alkenyl complexes of this type, the red complexes [I] to [III] show 

intense absorption band(s) in the UV-regime at ca. 350 nm which probably arise from several 

π  π* transitions and a weak band in the visible ca. 540 nm, which, although weak, causes 

the  brilliant red/pink color of these complexes. It was found in such ruthenium-alkenyl 

compounds, that the intensity and position of the UV-band(s) depend on the number of 

ruthenium-vinyl moieties and significantly on the π-conjugated backbone of the alkenyl 

ligand. More extensive π-conjugation leads to a red-shift. UV/Vis spectra of complexes [Ib], 

[IIb] and [III] on the right-hand side of Figure 5.2#18 show two main UV-bands with the 

more intense one located at lower energy. The intensity of this band increases along with a 

bathochromic shift as the number of ruthenium-alkenyl moieties increases. This is a clear 

manifestation of increasing π-conjugation. The position of the second UV-band is, however, 

constant. It is worth mentioning here that the bathochromic shift of the lower-energy UV-

band in the triarylamine-derived ruthenium-vinyl complexes [W1-W3] was significantly more 

pronounced than that in the N-arylcarbazole complexes [I] to [III]. This again indicates a 

lower degree of π-conjugation in the carbazole-derived complexes compared to that in the 

ones derived from triarylamines (Table 5.2#8)[62] or a comparatively minor effect of further 

elongating the chromophoric system by attachment of the vinyl ruthenium moieties. 

Somewhat surprisingly, complex [IIg] closely resembles the diruthenium triarylamine 

complex [W2] in terms of band position and intensity and significantly differs with respect to 

its UV-band pattern from [IIb] (Figure 5.2#18, left, Table 5.2#8). 

 

Table 5.2#8. Optical UV-data for some complexes of the present chapter and related 
triarylamine-derived vinyl-ruthenium complexes. 

 
Complex λ [nm] (ε [M-1cm-1]) 

[Ib] 313 (3.9104) 
[IIb] 325 (5.2104) 
[IIg] 353 (4.7104) 

[III] 334 (6.5104) 
[W1] 343 (3.0104) 
[W2] 357 (3.7104) 
[W3] 367 (4.9104) 
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Figure 5.2#18. Comparsion of the UV/Vis spectra of complexes [IIb] and [IIg] (left) and of 

complexes [Ib], [IIb] and [III] (right).  
 

The (poly)electrochomic behavior of these complexes was then investigated by means of 

UV/Vis/NIR spectroelectrochemistry inside the OTTLE cell. The sequential oxidations of 

these complexes were achieved by applying sufficiently positive potentials to the working 

electrode to address every individual redox couple. Every mixed-valent oxidation state could 

be obtained as a result of the high stability of the corresponding oxidized states and the 

sufficiently large half-wave potential separations and Kc values to stabilize them with respect 

to disproportionation. Clean isosbestic points were observed for each oxidation step and 

subsequent reductions re-generated the spectra of the neutral complexes, attesting to the 

chemical reversibility. The final, ligand-based oxidation process could, however, not be fully 

pursued before some degradation occurred as indicated by irreversible spectroscopic changes 

and the loss of isosbestic points. Figures 5.2#19, 5.2#20, 5.2#21, 5.2#22, as representative 

examples, show the UV/Vis/NIR spectroscopic changes upon sequential electrochemical 

oxidations of complexes [Ib], [IIb], [IIg] and [III], respectively, while Table 5.2#9 lists all 

spectroscopic data for the complexes in their various oxidation states. 

The results on complexes [Ia] and [Ib] are overall similar to those for all other mononuclear 

alkenyl compounds of the type {Ru(CO)Cl(PiPr3)2(-CH=CH-R)}. Upon oxidation inside the 

OTTLE cell, the intensity of the UV-band(s) decreases with the concomitant growth of two 

bands, one in the visible and one in NIR. It was found in related systems, that the NIR band is 

assigned to a π  π* transition within an open-shell, extended π-system, whose position and 

intensity reflects the extension of the overall π-system of the substituent R. The spectra of 

[Ib]+ followed the same behavior. The visible band is located at 446 nm with a weak shoulder 

at lower energy. The NIR-band is centered at 1038 nm (Figure 5.2#19, left). As the oxidation 

to [Ib]2+ proceeds, the Vis- and NIR-bands of [Ib]+ disappear while a new band in the UV 

grows together with a weaker band in the Vis. No reliable data could, however, be obtained 



5.2. Results and Discussion / UV/Vis/NIR SEC  Chapter 5                                                           

171 
 

for that process as degradation occurred before full consumption of [Ib]+ (Figure 5.2#19, 

right). 

 
Figure 5.2#19. UV/Vis/NIR spectroscopic changes during the first (left) and the second 

oxidation (right) of [Ib] in CH2Cl2/NBu4PF6 (0.2 M). 
 

Oxidation of [IIb] to its radical cation induces the growth of three new bands. The first double 

band is located in the Vis-regime and has peaks at 381 and 479 nm. The second couple of 

bands appears at the border of the Vis/NIR regimes and has maxima at 790 and 836 nm, while 

the third broad one covers the NIR window from 1400 - 2100 nm (Figure 5.2#20, left). Its 

maximum may even lie outside this range. This band corresponds to the one seen in IR 

spectroelectrochemistry. Introducing an additional {Ru} moiety in [IIb] thus shifts the NIR 

band of its associated radical cation to lower energy in comparison to [Ib]+ as a consequence 

of increasing π-conjugation and further elongation of the chromophoric system. Upon further 

oxidation to [IIb]2+, the intensity of the original NIR band decreases while a new, more 

intense one appears at higher energy. Paralleling the changes in the NIR, the double 

absorption in the Vis/NIR is also displaced to higher energies and now appears at 586 and 699 

nm. Other changes include the further growth of a band at 414 nm and of a shoulder at 969 

nm (Figure 5.2#20, middle). 

During the final oxidation, all of low-energy bands disappear while a new UV-band grows in 

before some degradation occurred (Figure 5.2#20, right). This last step could not be pursued 

to full conversion. 

This behavior is exemplary for all dinuclear complexes [IIa]-[IIg]. One should note that the 

intensities of NIR bands in [IIg]+ and [IIg]2+ are higher than those of all other dinulcear 

complexes, most probably as a result of increasing π-conjugation (Figure 5.2#21, left and 

middle). Thus, dinuclear complexes of series [IIa] to [IIg] show polyelectrochromic behavior 

with three distinct states, one of which absorbs mostly in the UV (the neutral), another one in 
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the border of Vis/NIR region (the radical cation), and one in the NIR (the dication). It 

nevertheless turns out that the observed absorbances and oscillator strengths are inferior to 

those observed for the analogous triarylamine derivative [W2] in its corresponding oxidation 

states. 

 
Figure 5.2#20. UV/Vis/NIR spectroelectrochemistry during the first (left), the second 

(middle), and the third (right) oxidation of [IIb] in CH2Cl2/NBu4PF6 (0.2 M). *This dip is an 
artefact due to a bad lamp. 

 

 
 

Figure 5.2#21. UV/Vis/NIR spectroelectrochemistry during the first (left), the second 
(middle), and the third (right) oxidation of [IIg] in CH2Cl2/NBu4PF6 (0.2 M). *The dip is an 

artefact due to a bad lamp. 

Complex [III] shows four accessible oxidation states, three of which are strongly absorbing in 

the NIR (Figure 5.2#22). The first and the second processes are quite similar to those for the 

symmetric diruthenium complexes [IIa]-[IIf] in terms of band positions and intensities, 

reflecting the negligible effect of introducing the third ruthenium-vinyl fragment at the 

peripheral N-phenyl site. During the first two electrochemical oxidation processes, the NIR 

band shifts progressively to higher energies. This continues during the third oxidation. The 

same kind of behavior was already observed for the analogous triarylamine-derived complex 

[W3]. Again, extinction coefficients and oscillator strengths are significantly lower for [III]. 

The final, obviously even more ligand-centered oxidation leads again to a bleach of the 

absorptions at lower energies and leaves only a moderately intense new band at 860 nm. As 
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usual, this last oxidation step could not be pursued to full conversion due to the onset of 

irreversible chemical follow processes leading to partial degradation. 

 
Figure 5.2#22. UV/Vis/NIR spectroelectrochemistry during the first (upper left), the second 

(upper right), the third (bottom left) and the fourth (bottom right) oxidation of [III] in 
CH2Cl2/NBu4PF6 (0.2 M). *The dip in the center of the band is an artifact of the NIR light 

source. 
 

As a bottom line to the electrochemical, and the IR- and UV/VIS/NIR spectroscopic 

investigations one can state that the carbazole-derived mono-, di-, and triruthenium complexes 

[I]n+ to [III]n+ are less well conjugated than their triarylamine-derived counterparts [W1]n+ to 

[W3]n+. Obviously, the fair degree of conjugation with the twisted, peripheral N-aryl ring 

overrides the favorable effect of a rigidly planar arrangement of the other two styryl 

ruthenium subunits of the carbazole π-system with the nitrogen lone pair. Obviously, the more 

moderate torsion of the aryl rings paired with rapid rotation renders triarylamines better 

conjugated than carbazoles in particular in their oxidized states. 
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Table 5.2#9. UV/Vis/NIR spectroscopic data for the complexes [I]-[III] in their various accessible oxidation states in CH2Cl2/NBu4PF6 (0.2 
M). 

Complex λ [nm] (ε [M-1cm-1]) 

[Ia] 311 (3.9104), 376 (5.5103) 
[Ia]+ 290 (1.8104), 446 (1.8104), 872 (1.6104) 
[Ia]2+ 289 (2.3104), 358 (1.4104), 578 (6.8103) 
[Ib] 310 (3.9104), 375 (5.5103) 
[Ib]+ 292 (1.7104), 448 (1.8104), 870 (1.6104) 
[Ib]2+ 285(2.3104), 360 (1.4104), 580 (6.8103) 
[IIa] 303 (3.3104), 328 (4.0104), 390 (7.7103), 505 (5.5102) 
[IIa]+ 291 (1.9104), 311 (1.9104), 385 (1.4104), 415 (1.3104), 481 (1.1104), 818 (8.4103), 1643 (brd) (4.3103)  
[IIa]2+ 286 (1.7104), 419 (1.9104), 565 (6.2103), 698 (8.4103), 1312 (1.3104), 1462 (brd) (1.1104) 
[IIa]3+ 290 (1.8104), 409 (1.7104), 566 (9.2103) 
[IIb] 324 (5.2104), 388 (9.5103), 525 (6.9103)  
[IIb]+ 287 (2.6104), 316 (2.8104), 381 (1.7104), 479 (1.5104), 836 (1.3104), 1819 (brd) (5.4103)  
[IIb]2+ 289 (2.5104), 414 (2.7104), 586 (1.2104), 699 (1.3104), 969 (9.9103), 1457 (brd) (1.6104) 
[IIb]3+ 293 (3.8104), 375 (2.0104), 651 (7.3103) 
[IIc] 326 (5.3104), 386 (1.0104), 532 (6.2103)  
[IIc]+ 288 (2.6104), 318 (2.9104), 381 (1.9104), 481 (1.7104), 835 (1.5104), 1830 (brd) (6.6103)  
[IIc]2+ 287 (2.3104), 413 (2.6104), 573 (1.2104), 695 (1.5104), 1301 (2.2103), 1456 (brd) (1.7104) 
[IIc]3+ 295 (3.5104), 315 (2.9104), 375 (2.4103) 
[IId] 327 (5.2104), 392 (9.1103), 530 (2.2104)  
[IId]+ 291 (2.3104), 318 (2.6104), 388 (1.8104), 475 (1.6104), 832 (1.3104), 1810 (brd) (5.3103)  
[IId]2+ 290 (2.2104), 421 (2.6104), 578 (1.0104), 694 (1.2104), 1291 (brd) (1.7104) 
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[IId]3+ 293 (3.9104), 311 (3.2104), 368 (2.6103) 
[IIe] 330 (4.2104)  
[IIe]+ 290 (2.0104), 325 (2.1104), 379 (1.4104), 477 (1.3104), 800 (1.0104), 1705 (brd) (3.7103)  
[IIe]2+ 290 (1.9104), 426 (2.3104), 578 (7.7103), 689 (1.1104), 1248 (brd) (1.5104) 
[IIe]3+ 293 (3.1104), 320 (2.9104), 349 (2.2104), 364 (2.1104) 
[IIf] 332 (5.2104), 390 (1.3104), 468 (9.5103)  
[IIf]+ 287 (3.2104), 312 (3.3104), 395 (2.0104), 476 (1.7104), 790 (1.2104), 1728 (brd) (3.7103)  
[IIf]2+ 285 (2.9104), 434 (3.0104), 581 (8.8103), 692 (1.3104), 1220 (brd) (1.4104) 
[IIf]3+ 287 (4.6104), 362 (3.3104) 
[IIg] 332 (4.6104), 514 (9.5103)  
[IIg]+ 292 (2.6104), 341 (2.7104), 461 (1.8104), 773 (8.7103), 1243 (brd) (1.0104)  
[IIg]2+ 288 (2.5104), 333 (2.0104), 429 (2.3103), 758 (8.2104), 1293 (brd) (2.2104) 
[IIg]3+ 292 (2.9104), 366 (1.7104), 846 (6.3103) 
[III] 333 (6.4104), 518 (7.9102)  
[III]+ 288 (3.1104), 339 (4.1104), 484 (1.7104), 806 (1.0104), 1600 (brd) (8.2103)  
[III]2+ 291 (2.9104), 348 (2.8104), 416 (3.0104), 575 (1.1104), 689 (1.3104), 1318 (brd) (2.3104), 1469 (2.2104) 
[III]3+ 290 (2.9104), 424 (3.4104), 662 (1.6104), 1209 (2.1104) 
[III]4+ 290 (4.2104), 365 (3.2104), 437 (1.3104), 960 (7.2104) 
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5.2.6. Quantum Chemical Calculations 
 
Quantum chemical calculations based on density functional theory (DFT) methods (see the 

Experimental Section) have been carried out on these complexes in order to i) gain insight 

into the crucial frontier molecular orbitals of these complexes and their associated oxidized 

forms, ii) rationalize the experimental results in terms of electronic (de)localization and the 

spin density distributions, iii) rationalize the electronic spectra of these complexes in their 

various oxidation states, iv) investigate, which structural changes are caused by sequential 

oxidations and (v) compare the calculated energies of the C≡O and C=C stretching vibrations 

to those obtained experimentally at their various oxidation levels. Geometry optimization of 

full the model complexes at each oxidation state was carried out with the DFT method with 

the PBE1PBE functional using the MWB effective core potential basis set for ruthenium and 

6-31G* for the remaining atoms in dichloromethane and employing the Polarized Continuum 

Model (PCM). Tables 5.2#10 to 4.2#13 list the selected calculated structure parameters for 

the optimized structures of [Ibc]0/+/2+, [IIbc]0/+/2+, [IIgc]0/+/2+ and [IIIc]0/+/2+/3+. As usual, the 

calculational results are marked by a superscript "c" in order to discriminate them from 

experimental results. 

The DFT method gave structural parameters in good agreement with those obtained for 

related complexes and carbazoles. The most important structure changes during the sequential 

oxidations comprise a lengthening of the vinyl(C=C), the Ru-P, and the Ru-C(CO) bonds and 

a shortening of the Ru-C(vinyl), Ru-Cl, and C≡O bonds. In total, the Ru-Ru distance contracts 

on each oxidation step. Bond length changes within the carbazole ligand argue for increasing 

contributions of quinoidal resonance structures shown in Chart 5.2#3, which are exemplified 

by the contraction of the C-N bond within the central pyrrolic heterocyclic ring. 

 
Chart 5.2#3. Quinoidal resonance structures for [IIbc]+ and [IIbc]2+. 
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As was found in the experimental results, the first oxidation of [Ibc] induces structural 

changes of the styryl-ruthenium moiety with negligible changes of the carbazole fragment 

apart from a slight lengthening of the intracyclic C-N bonds. 

 The first oxidation of symmetric [IIbc]+ induces structural changes at both alkenyl ruthenium 

moieties, but to notably different degrees. Thus, one of these two moieties is much more 

affected than the other. The calculations therefore fully reproduce the asymmetric charge 

density distribution in mixed-valent [IIbc]+ that was experimentally observed. Of note is also 

some small asymmetry in doubly oxidized [IIbc]2+. In both states, the carbazole heterocycle 

retains its planarity while the N-phenyl ring remains twisted by ca. 55o out of this plane. 

The calculated structure changes during stepwise oxidation of the asymmetric diruthenium 

complex [IIgc]+ fully agree with the conclusions drawn from IR spectroelectrochemistry. 

Thus, the first oxidation involves the carbazole heterocycle and the directly attached 

ruthenium-vinyl moiety while there are only minor changes for the peripheral styryl-

ruthenium unit at the carbazole N-atom. This corresponds to the minor electronic interactions 

between these moieties as derived from previous experiments. The second oxidation in turn 

affects the peripherally appended ruthenium-styryl moiety more than the one directly attached 

to the carbazole ring. 

For trinuclear [IIIc]n+, the first two oxidations are biased toward the central carbazole and the 

directly appended ruthenium-vinyl moieties and affect the peripheral N-styryl ruthenium 

entity to only a lesser degree. This entity in turn dominates the third oxidation process. Again, 

the individual ruthenium-vinyl moieties in [IIbc]+ are structurally different, which retraces the 

experimentally observed Class II behavior. 
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Table 5.2#10. Selected calculated structure parameters of complex [Ibc]+n ( n = 0, 1 ,2). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                a)peripheral aryl, b)aryl of carbazole heterocycle 

[Ibc] [Ibc]+ [Ibc]2+ 
Bond length [Å] Bond length [Å] Bond length [Å] 

Ru-CC≡O 1.806 1.830 1.847 
Ru-Cvinyl 1.997 1.915 1.871 

C≡O 1.168 1.158 1.153 
Ru-Cl 2.450 2.416 2.340 
Ru-P 2.420, 2.425 2.448, 2.452 2.459, 2.463 

C-C(center) 1.444 1.446 1.452 
N-aryl 1.416a), 1.389b), 1.389b) 1.393a), 1.401b), 1.401b) 1.359, 1.407b), 1.407b)    

C=Cvinyl 1.350 1.390 1.426 
Bond angle [deg] Bond angle [deg] Bond angle [deg] 

Ru-C≡O 179.1 179.9 179.6 
Cl-Ru-CC≡O 170.1 169.3 168.5 

P-Ru-P 169.4 163.0 158.5 
Ru-C=Cvinyl 124.8 122.3 121.4 
Cvinyl-Ru-Cl 102.4 102.9 103.5 

Cvinyl-Ru-CC≡O 87.5 87.8 88.0 
Cvinyl-Ru-P 94.1 98.0 101.4 
Cvinyl-Ru-P 96.4 98.9 100.1 

Cl-Ru-P 89.0 87.9 87.9 
Cl-Ru-P 89.6 89.3 88.5 

P-Ru-CC≡O 90.1 90.1 89.8 
P-Ru-CC≡O 89.5 89.5 101.5 
Aryl torsion  57.5 43.9 35.5 
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Table 5.2#11. Selected calculated structure parameters of complex [IIbc]+n ( n = 0, 1 ,2). 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                a) peripheral aryl, b)aryl of carbazole heterocycle 
 

  [IIbc] [IIbc]+ [IIbc]2+ 
  Bond length [Å] Bond length [Å] Bond length [Å] 

Ru-CC≡O 1.803 1.802 1.825 1.807 1.825 1.832 
Ru-Cvinyl 1.981 1.981 1.934 1.963 1.904 1.912 

C≡O 1.169 1.170 1.161 1.168 1.161 1.158 
Ru-Cl 2.450 2.449 2.426 2.442 2.418 2.419 
Ru-P 2.423 2.419 2.442 2.424 2.443 2.447 
Ru-P 2.419 2.422 2.443 2.427 2.441 2.447 

C=Cvinyl 1.347 1.347 1.383 1.354 1.387 1.396 
Cvinyl-Ccarbazole 1.471 1.470 1.434 1.460 1.424 1.420 
C-C(center) 1.445 1.450 1.458 

N-aryl 1.414a), 1.389b), 1.390b) 1.420a), 1.395b), 1.368b) 1.421a), 1.376b), 1.370b) 
Ru-Ru 13.765 13.491 13.396 

  Bond angle [deg] Bond angle [deg] Bond angle [deg] 
Ru-C≡O 179.1 179.1 180.0 179.1 178.5 179.7 

Cl-Ru-CC≡O 168.9 167.9 170.7 168.5 169.1 170.4 
P-Ru-P 170.7 171.1 165.7 170.0 165.3 163.8 

Ru-C=Cvinyl 135.0 134.6 124.1 134.4 133.3 123.8 
Cvinyl-Ru-Cl 101.0 102.3 100.7 101.2 99.4 100.6 

Cvinyl-Ru-CC≡O 90.2 89.9 88.6 90.1 91.3 88.8 
Cvinyl-Ru-P 95.1, 94.2 95.1, 93.8 97.4, 96.9 95.5, 94.3 96.9, 97.5 97.8, 98.2 

Cl-Ru-P 88.6, 88.9 88.5. 88.8 88.7. 89.7 88.2. 88.7 88.6. 87.5 89.2.88.6 
P-Ru-CC≡O 90.4, 90.4 90.4, 90.4 89.8, 90.0 90.5, 90.4 90.2, 90.8 89.5, 89.8 

Aryl torsion 58.1 55.2 54.8 



5.2. Results and Discussion / DFT  Chapter 5                                                           

180 
 

Table 5.2#12. Selected calculated structure parameters of the ruthenium moieties disposed at the carbazole subunita) and at the peripheral phenyl 
ringb) of complex [IIgc]+n ( n = 0, 1 ,2),c) peripheral aryl, d)aryl of carbazole heterocycle. 

 
   [IIgc] [IIgc]+ [IIgc]2+ 

 Bond length Bond length Bond length 
   [Å]a)  [Å]b) [Å]a) [Å]b) [Å]a) [Å]b) 

Ru-CC≡O 1.803 1.808 1.822 1.811 1.830 1.826 
Ru-Cvinyl 1.982 1.999 1.911 1.990 1.890 1.930 

C≡O 1.169 1.168 1.162 1.167 1.160 1.160 
Ru-Cl 2.448 2.449 2.421 2.445 2.413 2.426 
Ru-P 2.419 2.425 2.439 2.426 2.449 2.445 
Ru-P 2.419 2.424 2.443 2.427 2.445 2.438 

C=Cvinyl 1.347 1.351 1.383 1.355 1.395 1.383 
Cvinyl-Ccarbazole 1.470 1.468 1.430 1.462 1.414 1.429 
C-C(center) 1.444 1.450 1.455 

N-aryl 1.413c), 1.389d), 1.394d) 1.416c), 1.366d), 1.404d) 1.390c), 1.367d), 1.417d) 
Ru-Ru 15.744 15.524 15.388 

  Bond angle Bond angle Bond angle 
 [deg]a) [deg]b) [deg]a) [deg]b) [deg]a) [deg]b) 

Ru-C≡O 179.0 179.5 178.5 179.8 178.5 179.6 
Cl-Ru-CC≡O 168.1 171.2 169.3 171.1 170.7 170.4 

P-Ru-P 170.6 168.8 166.5 168.4 164.0 165.2 
Ru-C=Cvinyl 134.4 125.5 133.6 125.3 133.8 123.9 
Cvinyl-Ru-Cl 101.7 100.1 99.1 99.9 97.3 100.3 

Cvinyl-Ru-C(C≡O) 90.0 88.5 91.4 88.9 91.9 89.1 
Cvinyl-Ru-P 95.2, 94.0 95.3. 95.7 96.2, 97.0 95.5, 95.9 97.9, 97.8 97.5. 97.2 

Cl-Ru-P 88.7, 89.0 89.1, 89.4 88.6, 87.9 89.6, 89.1 87.9, 88.1 89.1, 88.9 
P-Ru-CC≡O 90.05, 90.2 89.9. 89.7 90.4, 90.5 89.7, 89.7 90.6, 90.7 89.7, 89.9 
Aryl torsion 52.3 50.1 43.1 
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Table 5.2#13.  Selected calculated structure parameters of the ruthenium moieties disposed at the carbazole subunita) and the peripherally appended 
phenyl ringb) of complex [IIIc]+n ( n = 0, 1 ,2, 3).
  [IIIc] [IIIc]+ [IIIc]2+ [IIIc]3+ 
 Bond length Bond length Bond length Bond length 

[Å]a) [Å]b) [Å]a) [Å]b) [Å]a) [Å]b) [Å]a) [Å]b) 
Ru-CC≡O 1.803 1.803 1.808 1.810 1.816 1.811 1.836 1.826 1.807 1.831 1.831 1.839 
Ru-Cvinyl 1.980 1.979 1.999 1.952 1.931 1.987 1.912 1.902 1.963 1.893 1.893 1.910 

C≡O 1.169 1.170 1.168 1.167 1.165 1.166 1.156 1.160 1.167 1.159 1.159 1.156 
Ru-Cl 2.452 2.451 2.450 2.438 2.430 2.447 2.410 2.415 2.443 2.410 2.408 2.406 
Ru-P 2.416 2.423 2.422 2.428 2.436 2.427 2.456 2.446 2.426 2.452 2.453 2.456 
Ru-P 2.423 2.421 2.428 2.430 2.436 2.427 2.456 2.448 2.425 2.451 2.451 2.460 

C=Cvinyl 1.347 1.347 1.351 1.360 1.371 1.356 1.390 1.385 1.353 1.390 1.390 1.390 
Cvinyl-C 1.471 1.471 1.468 1.441 1.453 1.460 1.432 1.433 1.467 1.432 1.433 1.442 

C-C(center) 1.445 1.452 1.449 1.450 
N-aryl 1.390 1.390 1.413 1.378 1.390 1.414 1.377 1.378 1.408 1.383 1.386 1. 398 
Ru-Ru 13.76, 15.088, 15.481 13.758, 15.088, 15.481 13.703, 14.932, 15.338 13.649, 15.351, 14.776 

Bond angle Bond angle Bond angle Bond angle 
 [deg]a) [deg]b) [deg]a) [deg]b) [deg]a) [deg]b) [deg]a) [deg]b) 

Ru-C≡O 179.1 179.0 179.9 179.0 178.8 179.9 178.3 179.6 179.2 178.6 178.23 179.3 
Cl-Ru-CC≡O 168.6 168.2 171.0 168.9 169.9 171.1 169.6 171.5 169.5 170.7 170.3 169.4 

P-Ru-P 170.5 170.9 169.1 168.6 167.3 168.4 165.0 168.5 162.4 163.4 163.1 161.4 
Ru-C=Cvinyl 134.8 135.0 125.1 134.9 134.2 124.7 133.3 135.1 122.3 133.4 133.1 122.0 
Cvinyl-Ru-Cl 101.0 101.6 100.0 100.4 99.0 99.8 98.7 98.0 101.6 97.3 97.6 102.1 

Cvinyl-Ru-CC≡O 90.2 90.1 140.8 90.6 91.0 89.0 91.6 90.4 88.7 91.9 92.0 88.4 
Cvinyl-Ru-P 94.5, 94.9 93.8. 95.1 95.3. 95.4 95.3. 95.8 96.3. 96.1 95.7. 95.7 97.0. 97.7 96.4. 96.4 98.3. 99.1 97.7. 98.6 98.5. 98.1 98.9. 99.5 

Cl-Ru-P 89.1, 88.6 89.0, 88.7 89.7. 88.9 88.6. 88.2 88.4. 88.0 89.7, 88.7 87.8. 88.0 88.7. 88.3 88.7, 89.1 87.6. 88.0 88.4. 87.4 88.9, 88.3 
P-Ru-CC≡O 90.1, 90.2 90.2, 90.2 89.6, 89.9 90.3, 88.2 90.3,90.9 89.7, 90.0 90.4, 91.0 90.3,90,9 89.3, 89.5 90.5.91.0 90.2. 91.1 89.8, 89.3 

Aryl torsion 52.2 51.4 48.7 43.6 
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As representative examples of this study, the calculated energies and compositions of the 

frontier molecular orbitals (fmos) of complexes [Ibc], [IIbc], [IIgc] and [IIIc] are provided in 

Tables 5.2#14 to 5.2#17. Moreover, isodensity plots for the the respective HOMO, LUMO 

and plots of the spin densities for their associated radical cations are shown in Figures 5.2#23 

to 5.2#27. 

Like other five-coordinated ruthenium-alkenyl complexes of this type, the unoccupied frontier 

orbital LUMO is centered on the {Ru(CO)Cl(PiPr3)2} = {Ru} end group.  Introducing another 

{Ru} entity makes the LUMO and LUMO+1 alternatively localized on one {Ru} moiety, 

with a near degeneracy between LUMO and LUMO+1 in [IIbc] and LUMO+1 and LUMO+2 

in [IIIc]. 

The HOMO of the monoruthenium complex and the HOMO and HOMO-1 of the diruthenium 

complexes are delocalized and spread over the alkenyl ligand with smaller contributions of 

the {Ru(CO)Cl(PiPr3)2} = {Ru} moieties to these orbitals. Of note here is that in [Ibc], as 

shown in Figure 5.2#23, the HOMO is largely restricted to the styryl ruthenium moiety with 

only minor contributions from the carbazole subunit, while the opposite holds true for 

HOMO-1. This decoupling in HOMO and HOMO-1 is a consequence of the large twist of the 

styryl ligand out of the plane of the carbazole heterocycle. The spin density of [Ibc]+ as shown 

in Figure 5.2#27 and calculated in Table 4.2#18 retraces the HOMO (see Table 4.2#14). 

 

Table 5.2#14. Composition and energies of selected MOs of complex [Ibc]. 

MO   eV {Ru} vinyl phenyl carbazole 
187 LUMO+2 -0.67 9 25 59 7 
186 LUMO+1 -0.71 0 0 1 99 
185 LUMO -1.55 87 12 1 0 
184 HOMO -5.18 31 29 24 16 
183 HOMO-1 -5.84 13 6 6 76 
182 HOMO-2 -6.14 0 0 0 100 

{Ru} denotes the {Ru(CO)Cl(PiPr3)2} moiety. 
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Figure 5.2#23. Contour plots of the calculated frontier MOs of model complex [Ibc]. 
 

HOMO and HOMO-1 in symmetric, dinuclear [IIbc] are evenly distributed over the two 

molecule halves and receive main contributions from divinylcarbazole fragment and smaller 

contributions from the two {Ru} end-groups (73% or 66% for divinylcarbazole, and 22% or 

33% for the two {Ru} entities in HOMO and HOMO-1, respectively). The contribution of the 

peripheral phenyl ring to these MOs is negligible. These two orbitals are antibonding between 

the metal atoms and the adjacent carbon atoms and between carbon atoms involved in the 

single C-C bonds, while they are bonding between carbon atoms that form the C=C double 

bonds (see Figure 5.2#24, Table 5.2#15). In the asymmetric diruthenium complex [IIgc], 

however, HOMO and HOMO-1 are unequally distributed between the two {Ru} entities. 

Thus, the HOMO is mainly constituted of the carbazole and the directly bonded ruthenium-

vinyl moiety, whereas the HOMO-1 is more biased toward the appended ruthenium-styryl 

moiety (see Figure 5.2#25, Table 5.2#16). HOMO-2 in both diruthenium complexes mainly 

involves the carbazole heterocycle in [IIgc] or the N-phenyl substituent in [IIbc] that do not 

bear any {Ru} moiety. The different spatial properites of HOMO and HOMO-1 and their 

significantly different energies in [IIgc] again attest to the only moderate degree of 

conjugation between these entities. The spin densities again retrace the HOMO of both 

complexes (see Figure 5.2#27, Table 5.2#18). 
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Table 5.2#15. Composition and energies of selected MOs of complex [IIbc]. 

MO   eV {Ru1} vinyl1 carbazole {Ru2} vinyl2 phenyl 
315 LUMO+2 -0.59 0 0 98 0 0 1 
314 LUMO+1 -1.37 86 13 1 0 0 0 
313 LUMO -1.39 0 0 1 86 13 0 
312 HOMO -4.76 11 13 46 11 14 4 
311 HOMO-1 -5.15 17 17 33 16 16 0 
310 HOMO-2 -6.10 12 5 25 13 5 40 

{Ru1}, and {Ru2} denote the left and right {Ru(CO)Cl(PiPr3)2} moiety, respectively. 

 
Figure 5.2#24. Contour plots of some calculated frontier MOs of the model complex [IIbc]. 

 

Table 5.2#16. Composition and energies of selected MOs of complex [IIgc]. 

MO eV {Ru1} vinyl1 carbazole {Ru2} vinyl2 phenyl 
315 LUMO+2 -0.70 0 1 93 0 2 4 
314 LUMO+1 -1.38 86 13 1 0 0 0 
313 LUMO -1.59 0 0 0 87 12 1 
312 HOMO -4.80 16 19 47 4 5 8 
311 HOMO-1 -5.26 10 9 9 29 25 17 
310 HOMO-2 -5.69 6 4 74 8 4 3 

{Ru1}, and {Ru2} denote the {Ru(CO)Cl(PiPr3)2} moiety attached to the carbazole and the 
peripheral phenyl ring, respectively. 
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Figure 5.2#25. Contour plots of some calculated frontier MOs of model complex [IIgc]. 

 

In the trinuclear model complex [IIIc], the LUMO, LUMO+1 and LUMO+2 are alternatively 

centered on one {Ru} end group, while the HOMO and HOMO-1 are delocalized over the 

{Ru}-divinylcarbazole-{Ru} subunit with only smaller or negligible contributions of the N-

bonded styryl-ligand. The HOMO-2 is in turn centered on that styryl-{Ru} fragment. 

  

Table 5.2#17. Composition and energies of selected MOs of complex [IIIc]. 

MO   eV {Ru1} vinyl1 carbazole {Ru2} vinyl2 {Ru3} vinyl3 phenyl 
427 LUMO+2 -1.37 1 0 1 85 13 0 0 0 
426 LUMO+1 -1.38 85 13 1 1 0 0 0 0 
425 LUMO -1.58 0 0 0 0 0 87 12 1 
424 HOMO -4.71 10 12 43 9 11 3 4 7 
423 HOMO-1 -5.15 17 17 33 17 17 0 0 0 
422 HOMO-2 -5.27 2 2 4 4 4 34 30 20 

{Ru1}, {Ru2} and {Ru3} denote the left, right, and the peripheral {Ru(CO)Cl(PiPr3)2} moiety, 
respectively. 
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Figure 5.2#26. Contour plots of some calculated frontier MOs of the model complex [IIIc]. 

 

 
Figure 5.2#27. Calculated spin densities of model complexes [Ibc]+, [IIbc]+, [IIgc]+ and 

[IIIc]+. 
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Table 4.2#18. Sum of Mullikan atomic spin densities for key fragments in [Ibc]+, [IIbc]+, 
[IIgc]+ and [IIIc]+. 

 

a){Ru}1 and {Ru}2 denote the left and right {Ru(CO)Cl(PiPr3)2} moieties disposed at the 
carbazole unit;  b){Ru}3 denotes the {Ru(CO)Cl(PiPr3)2}moiety disposed at the peripheral 

phenyl ring. 
 

In order to gain insight into the electronic transitions in these complexes and their associated 

oxidized forms, the lowest 40 spin-allowed excitated states were considered for calculating 

the electronic absorption spectra of the optimized complexes [Ibc]n+, [IIgc]n+ and [IIIc]n+ via 

time dependent-density functional theory (TD-DFT) using MWB for ruthenium metal and 6-

31G* for the remaining atoms and mixed basis sets of the PBE1PBE functional (see the 

Computational Section). For Ru(CO)Cl(PiPr3)2(CH=CHR) systems in which the HOMO has a 

high alkenyl-ligand character, most of calculated transitions at the various oxidation levels 

involve excitations within the metal-organic conjugated π-system. 

In their neutral states, all complexes show intense UV-band(s) at ca. 350 nm. Based on our 

TD-DFT calculations of complexe [IIgc], this band has strongly mixed character and involves 

transitions within the ruthenium-styryl moiety (HOMO  LUMO+2), ligand-to-metal charge 

transfer (LMCT, HOMO  LUMO+3, HOMO-1  LUMO) and intraligand charge transfer 

(ILCT, HOMO  LUMO+1). TD-DFT of neutral [Ibc] reproduced the experimental results 

well by predicting two absorption bands in UV regime (Figure 5.2#28, left). The lower energy 

band is assigned to the transition from HOMO and HOMO-1, which are mainly N-

styrylcarbazole ligand in character, to orbitals that are localized over the N-styrylcarbazole 

ligand and the {Ru} fragment(s) (Figure 4.2#29, Table 4.2#19). So this band is therefore 

assigned as a mixed ILCT/LMCT band. 

The simulated spectrum on the minimum structure of [Ibc]+ (Figure 5.2#28, right) reproduced 

the overall band structure well and predicted intense visible and NIR bands at 423 and 1039 

nm. The visible band is assigned to a transition between the strongly delocalized αHOMO to 

ruthenium-styryl based αLUMO+1 and thus has some ILCT character. The NIR band arises 

from a transition between the carbazole-based βHOMO to the styryl ligand-based βLUMO 

(Figure 5.2#30, Table 5.2#19) and also has ILCT character. 

Complex {Ru}1
a) Vinyl1 {Ru}2

a) Vinyl2 {Ru}3
b) Vinyl3 Ph carbazole 

[Ibc]+ 0.386 0.316 --- --- --- --- 0.194 0.102 
[IIbc]+ 0.247 0.269 0.034 0.046 --- --- 0.019 0.386 
[IIgc]+ 0.250 0.275 --- --- 0.013 0.102 0.027 0.417 
[IIIc]+ 0.126 0.206 0.123 0.201 0.010 0.088 0.016 0.231 
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Figure 5.2#28. Simulated TD-DFT vs. experimental spectra of [Ibc] (left) and [Ibc]+ (right). 

Table 5.2#19. TD-DFT calculated transitions of complex [Ibc]0/+. 

Complex λnm (eV) f major contributions 
334 (3.73) 0.285 HOMO-1LUMO (30%), HOMO LUMO+2 (27%) 

[Ibc] 328 (3.78) 0.538 HOMO-1LUMO (33%), HOMOLUMO+2 (49%) 
322 (3.85) 0.171 HOMOLUMO+1 (21%), HOMOLUMO+3 (47%) 

[Ibc]+ 1039 (1.20) 0.443 βHOMOβLUMO (96%) 
 423 (2.94) 0.588 αHOMOαLUMO+1 (75%) 

 

 
Figure 5.2#29. MOs involved in the optical transitions of model complex [Ibc]. 
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Figure 5.2#30. MOs involved in the optical transitions of model complex [Ibc]+. 

 

TD-DFT calculations on [IIgc] predicted two UV-bands (Figure 5.2#31, top left). The lower 

energy band arises from a transition between HOMO and LUMO+3 as well as LUMO+2 and 

has mixed ILCT and MLCT character (Figure 5.2#32 and Table 5.2#20). The simulated 

spectrum for [IIgc]+ in its energy-optimized structure (Figure 4.2#31, top right) reproduces the 

overall band structure well and predicted four bands. The first intense one is centered at 414 

nm and relates to the αHOMO-1 αLUMO+2 (28%) and αHOMO αLUMO2+ (22%) 

excitations. According to the MOs depicted in Figure 4.2#33, this transition is thus 

accompanied by a transfer of charge from the N-bonded styryl-ruthenium moiety to the 

carbazole subunit. The second band, which is located in the Vis at 690 nm, is assigned to the 

transition from βHOMO-4 and βHOMO-5, which are mainly vinylcarbazole ligand in 

character, to the βLUMO, that is localized at the carbazole-bonded {Ru} entity. So this band 

is assigned as a mixed ILCT/LMCT band (Figure 5.2#33 and Table 5.2#20). The third weak 

NIR shoulder centered at 991 nm, arises from the transition from βHOMO-1 to the βLUMO 

and has again ILCT character. The broad NIR band centered at 1610 nm arises from the 

transition from βHOMO, which has significant contributions of the styryl-{Ru} fragment, to 

the βLUMO, which has significant contributions from the carbazole and the directly bonded 

ruthenium-vinyl moiety. This justifies its denomination as IVCT band. 
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The simulated spectrum of [IIgc]2+ consists of three main bands (Figure 5.2#31, bottom). The 

NIR band is blue-shifted and its intensity is increased with respect to the one [IIgc]+, as 

observed experimentally. The first UV-band centered at 320 nm is assigned to the transition 

from HOMO to LUMO+5 and is a pure π  π* transition within the the bridging ligand 

(Figure 5.2#34). The visible band centered at 608 nm is assigned to a {Ru}  π*(bridge) 

transition, while the prominent NIR band is assigned to the a π  π* excitation within the 

organometallic π-system (Figure 5.2#34, Table 5.2#20). 

 

Figure 5.2#31. Simulated TD-DFT vs. experimental spectra of [IIgc] (top left), [IIgc]+ (top 
right) and [IIgc]2+ (bottom). 

Table 5.2#20. TD-DFT calculated transitions of model complex [IIgc]0/+/2+ 

Complex λnm (eV) f major contributions 
[IIgc] 350 (3.55) 0.832 HOMOLUMO+3 (93%) 

 365 (3.39) 0.163 HOMOLUMO+2 (82%) 
 1610 (0.77) 0.349 βHOMOβLUMO (97%) 

[IIgc]+ 991 (1.25) 0.122 βHOMO-1βLUMO (93%) 
 718 (1.73) 0.121 βHOMO-4βLUMO (89%) 
 690 (1.80) 0.101 βHOMO-5βLUMO (90%) 
 414 (3.00) 0.601 αHOMO-1αLUMO+2 (28%), αHOMOαLUMO+2 (22%) 
 1238 (1.00) 1.410 HOMOLUMO (100%) 

[IIgc]2+ 608 (2.04) 0.299 HOMO-5LUMO (85%) 
 321 (3.87) 0.339 HOMOLUMO+5 (42%) 
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Figure 5.2#32. MOs involved in the optical transitions of model complex [IIgc]. 
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Figure 5.2#33. MOs involved in the optical transitions of model complex [IIgc]+. 
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Figure 5.2#34. MOs involved in the optical transitions of complex [IIgc]2+. 

TD-DFT calculations on [IIIc] predict one UV-band in good agreement with the experimental 

spectrum (Figure 5.2#35, top left). This band arises from transitions between HOMO and 

HOMO-1 to LUMO+3, LUMO+4 and LUMO+5 (Table 5.2#21). According to these MOs 

depicted in Figure 4.2#36, these transitions are assigned as π  π* in character within the the 

styryl-carbazole bridging ligand. TD-DFT of [IIIc]+ reproduced the experimental results by 

predicting three absorption bands (Figure 5.2#35, top right). The weak Vis-band centered at 

ca. 500 nm is assigned to transitions between the strongly delocalized αHOMO or the styryl-

ruthenium βHOMO-1 to the carbazole-styryl based αLUMO+5 and βLUMO+5. It thus has 

some ILCT character (Figure 5.2#37). The second band, which is located in the Vis at ca. 738 

nm is assigned to transitions from βHOMO-2, βHOMO-3 and βHOMO-4, which have 

significant ruthenium character, to the βLUMO, which is localized at the carbazole-bonded 

{Ru} entity. So this band is best described as as a MLCT band (Figure 5.2#37). The broad 

NIR band centered at 2000 nm arises from transitions from βHOMO and βHOMO-1, which 

have significant contributions of the carbazole-styryl-{Ru} fragment, to the βLUMO, which 

has significant contributions form the carbazole and the directly bonded ruthenium-vinyl 

moieties (Figure 5.2#37, Table 5.2#21). According to the involved MOs shown in Figure 

5.2#37, the NIR band at the lowest energy mainly involves a π  π* transition within the 

bis(ruthenium-vinyl) carbazole subunit without any significant charge transfer while the one 

at higher energy has distinct IVCT character with charge transfer from the peripherally 

appended N-styryl ruthenium subunit to the bis(ruthenium-vinyl) carbazole entity. 
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The simulated spectrum for the energy-optimized structure of [IIIc]2+ (Figure 5.2#35, bottom 

left) reproduces the overall band structure well and predicted mainly two bands. The NIR 

band is blue shifted and more intense with respect to the one [IIIc]+, as observed 

experimentally. The first visible band centered at ca. 700 nm arises from a transition between 

HOMO-8 and LUMO (Table 5.2#21). According to the MOs depicted in Figure 4.2#38, this 

transtion is best described as an excitation within the carbazole ligand and thus has ILCT 

character. The NIR band centered at 1500 nm arises from transitions between HOMO and 

HOMO-1 to the LUMO (Table 5.2#21, Figure 5.2#38) and constitutes an excitation within the 

organometallic π-system. Again, the calculated transitions involve some degree of charge 

transfer from the peripheral N-styryl-{Ru} moiety to the bis(ruthenium-vinyl) carbazole 

sununit (HOMO  LUMO) or vice versa (HOMO-1  LUMO). 

TD-DFT on [IIIc]3+ predicts two main bands, again in good agreement with the experimental 

spectrum (Figure 5.2#35, bottom right). The first one at higher energy is best assigned to 

several MLCT bands while the NIR one corresponds to excitations within the organometallic 

π-system (Table 5.2#21, Figure 5.2#39). Some components are seemingly characterized with 

large transfer between individual {Ru}-styryl subunits like αHOMO-1  αLUMO (CT from 

one Ru-styryl unit at the carbazole ring to the peripherally appended {Ru} moiety or vice 

versa), while others are not. 
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Figure 5.2#35. Simulated TD-DFT vs. experimental spectra of [IIIgc] (top left), [IIIc]+ (top 
right), [IIIc]2+ (bottom left) and [IIIc]3+ (bottom right). 

 

 

Figure 5.2#36. MOs involved in the optical transitions of modelcomplex [IIIc]. 
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Table 5.2#21. TD-DFT calculated transitions of model complex [IIIc]0/+/2+/3+. 

 

 

 

Complex λnm (eV) f major contributions 
[IIIc] 317 (3.92) 1.027 HOMO-1LUMO+4 (60%), HOMOLUMO+5 (22%) 

 329 (3.78) 0.623 HOMOLUMO+5 (67%) 
 365 (3.40) 0.391 HOMOLUMO+3 (72%), HOMOLUMO+4 (22%) 
 355 (3.50) 0.457 HOMOLUMO+3 (22%), HOMOLUMO+4 (72%) 
 2122 (0.59) 0.382 βHOMOβLUMO (98%) 

[IIIc]+ 1583 (1.78) 0.322 βHOMO-1βLUMO (98%) 
 738 (1.68) 0.161 βHOMO-4βLUMO (24%) 
 713 (1.74) 0.058 βHOMO-4βLUMO (24%),  βHOMO-3βLUMO (31%), 
   βHOMO-2βLUMO (25%), 
 496 (2.51) 0.0027 αHOMO αLUMO+5 (14%), βHOMO-1βLUMO+5 (24%) 
 1534 (0.81) 0.541 HOMO-1LUMO (100%) 

[IIIc]2+ 1437 (0.86) 1.075 HOMOLUMO (100%) 
 680 (1.83) 0.275 HOMO-8LUMO (94%) 
 287 (2.12) 0.061 HOMO-7LUMO (91%) 
 1982 (063) 0.287 αHOMOαLUMO (24%), βHOMOβLUMO (46%), 
   βHOMOβLUMO+1 (29%) 
 1532 (0.81) 0.181 αHOMO-1αLUMO (76%) 

[IIIc]3+ 1411 (0.88) 0.591 αHOMOαLUMO (29%), βHOMOβLUMO (14%), 
   βHOMOβLUMO+1 (57%) 
 706 (1.76) 0.119 αHOMO-4αLUMO (55%) 
 660 (1.88) 0.242 βHOMO-3βLUMO (29%) 
 653 (1.90) 0.168 βHOMO-3βLUMO (21%) 
 588 (2.11) 0.111 αHOMO-7αLUMO (37%),  βHOMO-1βLUMO+1 (20%) 
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Figure 5.2#37. MOs involved in the optical transitions of model complex [IIIc]+. 
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Figure 5.2#38. MOs involved in the optical transitions of model complex [IIIc]2+. 

 

Figure 5.2#39. MOs involved in the optical transitions of model complex [IIIc]3+. 
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Important vibration frequencies were also calculated for these optimized models in their 

accessible oxidation states using the G09 program (see the Experimental Section). Table 

5.2#22 lists the main calculated stretching frequencies for all compounds. The calculations 

reproduce the overall behavior of the CO bands well in that they predict a blue-shift upon 

each sequential oxidation. The magnitudes of the shifts are quite compatible with ligand- 

based oxidations. Our calculations on [Iac]n+ and [Ibc]n+ agree well with the experimental 

results as they predict one CO band in every oxidation state, with an overall good energy 

match. The calculated v(CO) values for the dications are considerably larger than the values 

taken from the experiments. As was stated in Section 5.2, the experimental values are, 

however, compromised by the onset of degradation during the oxidations. The calculations of 

all symmetric dinuclear complexes [IIac] - [IIfc] predicted two energetically close, but not 

fully degenerate CO bands in every oxidation state. They correspond to the asymmetrical (v1) 

and symmetrical (v2) combinations of CO stretching vibrations. According to the results of 

animations, v2 has higher energy than v1. For the neutral complexes, the frequencies of v1 and 

v2 are close in energy. Experimentally, they can not differentiated in solution or in the solid 

state, most probably, because of the broadening of the CO band. For asymmetric [IIgc], 

however, two v(CO) stretching frequencies were predicted with a energy difference of 10 

wavenumbers. According to the results of animations, the v(CO) that is disposed at the 

peripheral phenyl ring is blue-shifted with respect to the one located at the carbazole subunit. 

The calculations of [IIIc], as expected, predicted three stretching frequencies. Two of them 

are related to the asymmetrical (v1) and symmetrical (v2) CO stretching frequencies of the 

{Ru} entities disposed at the carbazole unit, while the third, blue-shifted one is assigned to the 

v(CO) attached at the peripheral styryl ruthenium unit. 

For the mixed-valent, singly oxidized complexes [IIac]+ - [IIfc]+, our calculations correctly 

predict two more widely separated v(CO) bands, reflecting the asymmetric charge-density 

distribution. In concert with our experimental data, the separation is slightly larger for the 

electron-poorer complexes. For the dications, however, the calculated CO band splitting is 

probably too large, as only one broad band is experimentally observed. The experimental 

pattern of one Ru(CO) band in [III], one main low energy and one weaker higher-energy 

Ru(CO) band in [III]+ and a two-band pattern with inverted intensities for [III]2+, can also be 

reconciled with the outcome of our calculations. 
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Table 5.2#22. Selected G09/PBE1PBE calculated stretching frequencies (cm-1) for the model 
complexes [Ic]n+ to [IIIc]n+ in their accessible oxidation states (scaling factor is 0.9512)[151]. 
 

Complex frequency n = 0 n = 1 n = 2 n = 3 n = 4 
[Iac]n+ v(C≡O) 1902.3 1957.6 1989.9 --- --- 

v(C=C)vinyl, aryl 1595.8 1579.2 1514.1 --- --- 
[Ibc]n+ v(C≡O) 1903.4 1959.8 1991.2 --- --- 

 
v(C=C)vinyl, aryl 1592.3 1581.6 1520.5 --- --- 

 
v1(C≡O)asym 1902.3 1907.8 1936.3 1954.8 --- 

[IIac]n+ v2(C≡O)sym 1901.6 1938.3 1958.3 1982.5 --- 

 
v(C=C)vinyl, aryl 1570.3 1549.2 1541.8 1532.2 --- 

 
v1(C≡O)asym 1901.7 1906.9 1937.6 1953.7 --- 

[IIbc]n+ v2(C≡O)sym 1900.7 1940.6 1957.6 1984.2 --- 

 v(C=C)vinyl, aryl 1572.6 1554.3 1543.2 1538.5 --- 

 v1(C≡O)asym 1901.6 1907.1 1936.8 1951.9 --- 
[IIcc]n+ v2(C≡O)sym 1900.9 1941.2 1956.1 1980.6 --- 

 v(C=C)vinyl, aryl 1571.5 1550.1 1540.9 1535.5 --- 

 v1(C≡O)asym 1900.9 1905.8 1935.6 1950.7 --- 
[IIdc]n+ v2(C≡O)sym 1899.8 1938.6 1955.6 1981.2 --- 

 v(C=C)vinyl, aryl 1568.6 1550.3 1538.2 1531.5 --- 
v1(C≡O)asym 1901.2 1908.9 1939.6 1955.7 --- 

[IIec]n+ v2(C≡O)sym 1900.1 1941.6 1960.6 1987.2 --- 

 
v(C=C)vinyl, aryl 1582.6 1564.3 1553.2 1538.5 --- 

 
v1(C≡O)asym 1902.1 1908.9 1938.6 1957.7 --- 

[IIfc]n+ v2(C≡O)sym 1901.3 1943.6 1959.3 1988.2 --- 

 
v(C=C)vinyl, aryl 1592.1 1554.3 1543.2 1533.2 --- 

 
v(C≡O)a) 1900.9 1915.5 1945.7 1965.3 --- 

[IIgc]n+ v(C≡O)b) 1911.3 1942.8 1961.8 1991.8 --- 

 
v(C=C)vinyl, aryl 1577.3 1553.5 1548.6 1548.6 --- 

 
v1(C≡O)asym 1910.0 1905.3 1907.4 1950.5 1983.1 

 
v2(C≡O)sym 1901.8 1915.4 1939.3 1953.6 1984.9 

[IIIc]n+ v(C≡O)b) 1910.9 1920.8 1968.2 1974.9 1998.9 

 
v(C=C)vinyl, aryl 1585.2 1576.3 1555.6 1563.5 1513.5 

a)v(C≡O) disposed at the carbazole unit; b)v(C≡O) disposed at the axial phenyl ring. 



5.2. Results and Discussion / EPR  Chapter 5                                                           

201 
 

5.2.7. Electron Paramagnetic Resonance Spectroscopy (EPR) 
 

The electrochemical, (TD-)DFT,  IR- and UV/Vis/NIR-spectroscopy studies on these 

complexes in concert revealed the strong alkenyl ligand contribution to the redox processes 

with only limited conjugation over the twisted peripheral styryl ring. The spin (de)localization 

in these systems was additionally probed by EPR spectroscopy. Radical cations 

[Ru(CO)Cl(PiPr3)2(CH=CHR)]+ typically show intense EPR signals in fluid solution, isotropic 

or very weakly anisotropic signals in frozen solution at T = 103 K and g-values close to the g-

value of the free electron (ge = 2.0023). EPR signals of five-coordinated styryl complexes are 

often resolved into a triplet signal by hyperfine splittings of ca. 10 to 20 G to the 31P nuclei of 

the two phosphine ligands. Additional hyperfine splitting to the 99/101Ru nucleus of ca. 10 G 

may also be discerned. Such behavior was observed in [Ia]+ as shown in Figure 5.2#40 (upper 

left). Experimental spectra were well reproduced by simulation when appropriate coupling 

parameters were applied for the phosphorus, ruthenium and nitrogen nuclei. Table 5.2#23 

summarizes the obtained results. More complete sets of experimental and simulated EPR 

spectra at 293 K and at 103 K are provided in the Appendix. Simulation of the isotropic signal 

of [Ia]+ provides values of A (31P) of 11.8 G, A (99/101Ru) of 7.4 G and  A (14N) of 1.9 G with a 

g-value of 2.0245 (Table 5.2#23). 

The same signal pattern with almost the same g-value (2.0233) was obtained for [IIg]+ 

(Figure 5.2#40, upper right). Simulation of the EPR spectrum of [IIg]+ gave the same 

coupling constants obtained for [Ia]+ without resolved A (31P) and  A (99/101Ru) hyperfine 

couplings to the peripheral, twisted phenyl ring. This provides further proof for the negligible 

interaction between the two ruthenium-vinyl moieties. This observation was also confirmed 

by comparison of the EPR spectra of [IIb]+ and [III]+. The last two complexes display a broad 

EPR signal with less well resolved hyperfine couplings. Simulation of the spectra of the last 

two complexes gave a smaller coupling to two ruthenium and four phosphorus nuclei (A 

(99/101Ru) ca. 5.2 G, A (31P) ca. 5.3 G) without resolved hyperfine splittings to the ruthenium 

and phosphorus nuclei at the peripheral styryl ruthenium moiety. The electronic effect of 

changing the substituent at the peripheral phenyl ring in [IIb]+- [IIf]+ is reflected by the slight 

modulation of the isotropic g-value from 2.0365  for X = OMe to 2.0257 for X = NO2 (Table 

5.2#23). 
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Figure 5.2#40. EPR spectra of chemically generated radical cations [Ia]+ (upper left), [IIg]+ 

(upper right), [IIb]+ (bottom left) and [III]+ (bottom right) in CH2Cl2 at room temperature.
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Table 5.2#23. EPR spectroscopic data of chemically generated complexes [I]+-[III]+ in CH2Cl2. 

 

 103 K Hyperfine splittings A in G ( = 2.8025 Hz) at 293 K 
Complex gaxial giso A (99/101Ru)  A (31P) A (14N) 

[Ia]+ giso = 2.0290 2.0245 7.4 (1 Ru) 11.8 (2 P) 1.9 (1 N) 
[IIa]+ giso = 2.0205 2.0205 4.9 (2 Ru) 4.3 (4 P) --- 
[IIb]+ gǁ = 2.0540,  g = 2.0362,  Δg = 0.018, ‹gav› = 2.0481) 2.0365 5.1 (2 Ru) 5.3 (4 P) --- 
[IIc]+ gǁ = 2.0450,  g = 2.0352,  Δg = 0.010, ‹gav› = 2.0417) 2.0345 5.1 (2 Ru) 5.3 (4 P) --- 
[IId]+ gǁ = 2.0390,  g = 2.0302,  Δg = 0.009, ‹gav› = 2.0361) 2.0225 4.9 (2 Ru) 5.2 (4 P) --- 
[IIe]+ gǁ = 2.0420,  g = 2.0303,  Δg = 0.012, ‹gav› = 2.0381) 2.0248 5.0 (2 Ru) 5.2 (4 P) --- 
[IIf]+ gǁ = 2.0352,  g = 2.0290,  Δg = 0.006, ‹gav› = 2.0331) 2.0257 5.0 (2 Ru) 5.3 (4 P) --- 
[IIg]+ gǁ = 2.0473,  g = 2.0313,  Δg = 0.016, ‹gav› = 2.0420) 2.0233 7.4 (1 Ru) 11.8 (2 P) 1.9 (1 N) 
[III]+ gǁ = 2.0460,  g = 2.0252,  Δg = 0.021, ‹gav› = 2.0391) 2.0218 5.2 (2 Ru) 5.1 (4 P) --- 
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5.3. Conclusions 

In summary, a series of N-arylcarbazole-based mono-, bis-, and tris(ruthenium-vinyl) 

complexes was prepared and investigated with respect to electronic interactions in the 

oxidized states and to their polyelectrochromism. These complexes with penta-coordinated 

square-pyramidal ruthenium-vinyl moieties were prepared by regio- and stereospecific 

insertion of the terminal -C≡CH bond of the corresponding ethynylated arylcarbazoles into 

the Ru-H bond of the hydride complex HRu(CO)Cl(PiPr3)2. These complexes have been 

characterized by NMR, IR and UV/Vis spectroscopy and by electrochemical methods. Their 

associated oxidized forms were chemically or electrochemically generated and characterized 

by IR, UV/Vis/NIR and EPR spectroscopy as well as by (TD-)DFT calculations. All of these 

studies revealed a moderate interaction between the ruthenium-vinyl moieties across the 

planar N-arylcarbazole bridging ligand and an even weaker one to the N-bonded, peripheral 

aryl ring, which is twisted out of co-planarity with the carbazole unit by ca. 52o. This severely 

limits conjugation between the carbazole core and the appended N-phenyl ring. In 

UV/Vis/NIR spectroelectrochemistry, the associated radical cations show moderate 

electrochromic behavior with two to four distinct states and only moderate absorptivities in 

the NIR regime in comparison to rotationally-unrestricted triarylamine ruthenium-vinyl 

complexes. Electronic interactions between the individual Ru(CO)Cl(PiPr3)2 moieties are 

notably weaker than in the comparable triarylamine-derived complexes studied by Winter et 

al. Manifestations are larger CO band splittings in the IR, weaker bands in the Vis/NIR and 

spin density localization at the vinyl ruthenium unit that is directly attached to the carbazole 

heterocycle in asymmetrical [IIg]+ or over the two directly bonded ones in in [III]+ with no 

detectable contributions from that one which is peripherally bonded to the carbazole N atom. 

As a consequence, the performance of these complexes as polyelectrochromic dyes is inferior 

to those of the triarylamine-derived complexes [W1] to [W3]. 
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In this thesis, three main projects have been pursued. The aim of the first project was to 

explore possibilities of how to extend the delocalized -conjugated path within the alkenyl-

ruthenium complexes Ru(CO)(PiPr3)2(L)(CH=CHR), since they exhibit large, if not dominant, 

arylalkenyl ligand contributions to the HOMO of the neutral complexes and the SOMO of 

their corresponding radical cations. Previous investigations of our research group revealed 

that interconnecting these complexes with vinylbenzoates, vinylpyridines, 2,5-dihydroxy-1,4-

benzoquinolates or acetylacetonates as potential linkers provides radical cations, whose 

charge and unpaired spin density are mainly centered on the arylalkenyl ligand. Those ligands 

L thus do not further extend the π-conjugated path. Here, in this regard, we investigated the 

behavior of arylalkenyl complexes with monoanionic bidentate ligands L with similarly high-

lying occupied frontier orbitals as those of an arylalkenyl ligand. This was done with the hope 

that such ligands L may participate in the electron transfer processes and behave non-

innocently. Such features were extensively investigated for hydroxy- and mercaptopyridine or 

-quinoline derivatives. To these ends, a series of ruthenium styryl complexes with potentially 

non-innocent, bidentate, deprotonated hydroxy- and mercaptopyridines or -quinolines were 

prepared via hydroruthenation of para-substituted phenylacetylenes with the hydride complex 

HRu(CO)Cl(PiPr3)2 and subsequent treatment of the five-coordinated styryl complexes with 

deprotonated [N,O]- or [N,S]- donors and concomitant substitution of the chloro ligand as 

summarized in Scheme 6.1#1 and Charts 6.1#1 and 6.1#2.  
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Scheme 6.1#1. Synthesis of ruthenium styryl complexes with 2-hydroxy- or 2-
mercaptopyridines. 

 

 

Chart 6.1#1. Ruthenium styryl complexes with 2-hydroxy- or 2-mercaptoquinoline ligands. 
 

 
Charte 6.1#2. Ruthenium styryl complexes with the 8-hydroxyquinoline ligand. 

 

Y X R Complex 

O CN Ph2OCH-OMe / 4-3 2a / 3a 
3CF Ph2OCH-OMe / 4-3 2b / 3b 

OMe Ph2OCH-OMe / 4-3 2c / 3c 
2NH Ph2OCH-OMe / 4-3 2d / 2d 

S 3CF H 4b 
OMe H 4c 

  2NH H 4d 

Y X Complex 

O CN 5a 

 
3CF 5b 

 OMe 5c 

2NH 5d 

S 3CF 7b 

X Complex 

3CF 6b 

OMe 6c 

2NH 6d 

2NMe 6e 
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Our results here indicate that the pyridine-derived complexes exist as two isomers that differ 

with respect to the orientation of the 2[N,O]- or 2[N,S]- donor ligands relative to the CO and 

alkenyl ligands in the equatorial plane. The equilibria between the two isomers were 

thermodynamically and kinetically investigated. The isomerization process of 8-

hydroxyquinoline-derived complexes 6b,e was followed by NMR and IR spectroscopy and by 

electrochemistry. Figures 6.1#1 and 6.1#2, as representative examples, show the 31P-NMR 

spectroscopic changes as a function of time for complexes 6b and 6e in CD2Cl2 and in C6D6. 

Results indicate that this isomerization is a solvent- and substituent-dependent process, in 

which the initial concentration of the kinetically unstable isomer (imine donor trans to the CO 

ligand) is higher for 6b than for 6e and larger in the presence of apolar C6D6 compared to 

more polar CD2Cl2. The ratio is ca. 5:1 / 3:1 and 2:1 / 1:1 for 6b and 6e, respectively. This 

might be due to the presence of trace amounts of acid in polar CD2Cl2 that accelerates the 

isomerization process. Moreover, the isomerization process of 6e is much faster than that of 

6b, most probably because of the presence of the electron donating NMe2 substituent in 

comparison to its CF3-substituted counterpart. The calculated half-life of 3.5 and 1.8 minutes 

of the kinetic isomer of 6b and 6e in the presence of the more polar CD2Cl2 solvent is by a 

factor of 2 shorter than that in C6D6. 

 

Figure 6.1#1. Time-dependent 31P-NMR spectra of complex 6b in CD2Cl2 (left) and in C6D6 
(right). 
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Figure 6.1#2. Time-dependent 31P-NMR spectra of complex 6e in CD2Cl2 (left) and in C6D6 
(right). 

Electrochemical studies showed that all of these six-coordinated complexes behave very 

similar to their chloro-substituted five-coordinated precursors irrespective of the identity of 

the 2[N,O]- or 2[N,S]- bidentate ligand. Thus, the first half-wave potentials E½ strongly 

depend on the para-substituent at the styryl ligand as depicted in Figure 6.1#3. The 

isomerization process of complexes 6b and 6e was also investigated and followed by cyclic 

and square-wave voltammetric techniques. Figure 6.1#4 shows the CV and SW traces of the 

isomeric mixture of these two complexes as a function of time. Note that both isomers of 

complex 6e are associated with two chemically and electrochemically reversible oxidations, 

which are located at -486 and 70 mV for the kinetic, and at -300 and 135 mV for the 

thermodynamic isomer. The second oxidation for each isomer of 6e is assigned as the second 

oxidation of the N,N-dimethylamino-styryl ruthenium electrophore.  
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Figure 6.1#3. Cyclic (left) and square-wave (right) voltammograms of complexes 5b-d vs. 
Cp2Fe0/+ (NBu4

+
 PF6

-, 0.1M, CH2Cl2, r.t.) at a scan rate v of 100 mV/s or a step potential of 4 
mV and a frequency of 15 Hz. 

 

 

Figure 6.1#4. Changes of the square-wave (left) and cyclic (right) voltammograms over time 
of complexes 6b (top) and 6e (bottom) vs. Cp2Fe0/+ (NBu4

+
 PF6

-, 0.1M, CH2Cl2, r.t.) at a scan 
rate v of 100 mV/s or step potential of 4 mV and a frequency of 15 Hz. 
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In IR spectroelectrochemistry, the oxidation-induced blue-shift of the Ru(CO) band is much 

smaller than that expected of a metal-centered process. The energy of the Ru(CO) stretch of 

the neutral forms and of the radical cations consistently decreases as the para-substituent 

becomes a stronger electron donor as exemplified in Figure 6.1#5. 

Figure 6.1#5. IR spectroscopic changes upon the oxidation of complexes 5b (left), 5c 
(middle), and 5d (right) inside an OTTLE cell (1,2-C2H4Cl2/NBu+ PF6

-, r.t.) in the region of 
the v(CO) bands. 

The isomerization process of complexes 6b and 6e has been also followed by IR spectroscopy 

in CH2Cl2 and in benzene. Figure 6.1#6 shows the IR changes of these two complexes as a 

function of time in CH2Cl2. Initially, the kinetically unstable isomers (imine trans to CO) 

show an intense CO stretching band at 1912 or at 1907 cm-1 in CH2Cl2 for 6b and 6e, 

respectively. Over time, these kinetically labile isomers transformed completely to the 

thermodynamically more stable isomer (chalcogen donor trans to CO) with new CO stretches 

at 1892 and 1888 cm-1 for 6b and 6e, respectively, with clean isosbestic points (Figure 6.1#6). 

This red shift of ca. 20 cm-1 is explained because of the placement of the stronger σ- and π-

donor trans to the carbonyl ligand, which increases back-donation into the C≡O π*-acceptor 

orbitals, as the stronger donor and the CO π* orbitals now interact with the same Ru-dπ 

orbital in a highly favorable trans σ,π-donor-Ru-CO arrangement. 

 

Figure 6.1#6. IR changes during time for complexes 6b (left) and 6e (right) in CH2Cl2. 
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Electrochemical, UV/Vis/NIR and IR spectroelectrochemistry, EPR spectroscopy and DFT 

calculations on these complexes and their radical cations indicate that these six-coordinated 

complexes behave very similar to their chloro-substituted five-coordinated precursors. Thus, 

the para-substituted styryl ligands retain their “non-innocence” while the deprotonated 2-

hydroxy- or 2-mercaptopyridine or -quinoline ligands behave as “innocent” in that particular 

coordination environment and do not significantly contribute to the redox process. Prominent 

exceptions are the 8-hydroxy- and 8-mercaptoquinolinate-derived complexes. 

Electrochemical, EPR and spectroelectrochemical studies on these complexes showed 

promising results in that these ligands significantly contribute to the HOMO of the neutral 

complexes and to the SOMO of their associated radical cations and thus extend the 

delocalized, -conjugated path across the entire styryl-Ru-coligand backbone. Radical cations 

derived from styryl complexes with deprotonated 4-ethynylquinolin-8-ol or 5-

ethynylquinolin-8-ol and and their mercapto analogs may therefore exhibit good ground-state 

delocalization as shown in Chart 6.1#3. Further confirmation of non-innocent behavior of 8-

hydroxy- and 8-mercaptoquinolinate ligands comes from the electrochemical and 

spectroscopic results of complexes HRu(CO)(PiPr3)2(8-mercaptoquinolinate) and 

HRu(CO)(PiPr3)2(8-hydroxyquinolinate) and their kinetic isomers as shown in Chart 6.1#4. 

The latter complexes show an oxidation which is centered on the 8-mercapto- or 8-

hydroxyquinolinate ligand at exceedingly low potentials of -460 mV or -300 mV vs. Cp2F2
0/+. 

IR spectroelectrochemistry of these complexes shows a blue shift of the v(CO) band of 70 cm-

1 (1905 cm-1  1975 cm-1) or 82 cm-1 (1898 cm-1  1980 cm-1), respectively, indicating the 

significant contribution of that ligand to the oxidation process and thus the “non-innocent” 

behavior in that particular coordination environment (Figure 6.1#7). Those results are further 

corroborated by UV/Vis/NIR spectroelectrochemistry and EPR spectroscopy (Figure 6.1#8), 

which likewise indicate a ligand-centered SOMO of the radical cations. 
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Chart 6.1#3. Dinuclear ruthenium styryl complexes with 8-hydroxy- or 8-
mercaptoquinolinate bridging ligands that may exhibit strong ground state delocalization. 

 

 

Chart 6.1#4. Ruthenium hydride complexes with 8-hydroxy- or 8-mercaptoquinolinate 
ligands. 

 

 

Figure 6.1#7. v(CO) IR spectroscopic changes upon the oxidation of complexes 
HRu(CO)(PiPr3)2(8-mercaptoquinolinate) (left) and HRu(CO)(PiPr3)2(8-hydroxyquinolinate) 
(right) inside the OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). The latter complex shows a band at 

1960 cm-1 which is assigned to the radical cation of the second isomer. 
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Figure 6.1#8. EPR spectra of complexes [HRu(CO)(PiPr3)2(8-mercaptoquinolinate)]+ (left) 
and [HRu(CO)(PiPr3)2(8-hydroxyquinolinate)]+ at 20 °C. 

 
The second part of this work investigates the effect of changing the interplanar torsion angle ɸ 

between the planes of the two aryl rings on the electronic coupling and the electrochemical 

and spectroscopic properties of 4,4´-divinylbiphenylene-bridged diruthenium complexes. A 

series of biaryl-bridged dinuclear ruthenium-vinyl complexes {Ru(PiPr3)2(CO)Cl}2(μ-

CH=CH-R-CH=CH) (R = 9,9-bis(2'-ethylhexyl)-fluorene; 9H-fluorene; phenanthrene; 9,10-

dihydrophenanthrene; 1,1'-biphenyl; 2,2'-dimethyl-1,1'-biphenyl, and 2,2',6,6'-tetramethyl-

1,1'-biphenyl) were prepared and characterized as shown in Scheme 6.1#2. These square 

pyramidal five-coordinated complexes have been characterized by IR, UV/Vis, NMR and 

EPR spectroscopy, electrochemistry, UV/Vis/NIR and IR spectroelectrochemistry and (TD)-

DFT calculations. Our results indicte that the torsion angle ɸ strongly modulates the 

electronic coupling and charge (spin) delocalization between the two ruthenium-styryl 

moieties.  

CH2Cl2, r.t. 1 hr

Ru

Ru

PiPr3

PiPr3

PiPr3

PiPr3

OC

Cl
Cl

CO

HRu(CO)Cl(PiPr3)2

end group

end group

[1] - [6]
redox-active bridge

RR

R = EtHex, [1]
R = H, [1]´

[2] [3]

[4] [5] [6]

EtHex =

Etbiph 1-6

  

Scheme 6.1#2. Biaryl-bridged dinuclear ruthenium-vinyl complexes [1] - [6]. 
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Electrochemical studies showed that these complexes undergo two consecutive, chemically 

and electrochemically reversible one-electron oxidation processes. The redox-splitting 

between the two adjacent redox waves depends strongly on the biphenyl torsion angle ɸ 

(Figure 6.1#9). A strong electronic interaction between the two ruthenium-styryl moieties is 

observed when the two phenyl rings are completely planar as in complex [1] (204 mV, Kc = 

2.8·103), while a considerably weaker interaction (ΔE½ = 74, Kc = 18) is obtained for complex 

[6], where the two phenyl rings are perpendicular to each other. 

 

Figure 6.1#9. Cyclic and square wave voltammograms of complexes [1] (left) and [6] (right) 
in CH2Cl2/NBu4PF6 (0.1 M) at v = 0.1 V/s. Potentials are given relative to the 

ferrocene/ferrocenium standard. 

On the first and the second oxidations, the v(Ru(C≡O)) band was successively blue-shifted. 

The magnitudes of the v(Ru(C≡O)) band shifts and of the band splitting in the mixed-valent 

radical cations depend significantly on the torsion angle ɸ between the planes of the two aryl 

rings. In the one-electron oxidized mixed-valent states, all complexes showed a pattern of two 

separate Ru(CO) bands with varied splitting (Figure 6.1#10). This indicates that, in the radical 

cation states, the two vinyl-ruthenium subunits are electronically different and that the 

positive charge is unevenly distributed over the two individual ruthenium-styryl subunits. 

This is indicative of Class II systems according to the Robin-Day classification. The total 

Ru(CO) band shift redox vv ~~   increases from 59 cm-1 in the fully planar biphenyl complex [1] 

to 64 cm-1 in the orthogonal case of complex [6]. This indicates that longer π-conjugated 

bridges contribute more to the redox orbital(s) than those with lower degrees of π-

conjugation. The splitting of the two v(CO) bands in the mixed-valent state redox vv  ~~  of 

complex [1]+ is much lower than that of [6]+ ( redox vv  ~~  = 20 or 60 cm-1 for [1]+ or [6]+, 

respectively, Figure 6.1#10), reflecting the weaker interaction between the two ruthenium-

vinyl moieties in complex [6]+ in comparison to complex [1]+. The electronic effect of 
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changing the torsion angle ɸ can be quantified by the charge distribution parameter ∆ρ (Figure 

6.1#11). ∆ρ varies from 0.33, which indicates a strongly coupled Class II system for a 

coplanar arrangement as in complex [1]+, to 0.03 in [6]+, where they are orthogonal to each 

other. A ∆ρ value of 0.33 means physically that the two styryl ruthenium units carry 67 or 

33%, respectively, of the unipositive charge. The value of 0.03, signalling that 97% of the 

unipositive charge resides on just one styryl-ruthenium moiety, is typical of a mixed-valent 

system at the Class I/II borderline. 

 

Figure 6.1#10. v(CO) IR spectroscopic changes in the range of the Ru(CO) bands during the 
first (top) and the second (bottom) oxidation of complexes [1] (left) and [6] (right) inside the 

OTTLE cell (1,2-CH2Cl2/NBu4PF6, r.t.). 

 

Figure 6.1#11. Plot of ∆ρ and redox vv  ~~  in cm-1 vs. calculated torsion angle ɸ of complexes 
[1]+-[6]+. 
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The effect of changing the torsion angle ɸ is also reflected by the variation of the position and 

the intensity of the π  π* UV-band. Red-shifted and more intense bands are observed when 

the degree of π-conjugation of the biphenyl bridge increases. Thus, the main band shifts from 

397 nm (ε = 5.0104 M-1·cm-1) in the fully planar complex [1] to 320 nm (ε = 3.9104 M-1·cm-1) 

for complex [6], where the biphenyl bridge adopts an orthogonal structure (Figure 6.1#12). 

 

Figure 6.1#12. UV/Vis spectra of complexes [1] and [6] in their neutral states in 1,2-CH2Cl2. 

In UV/Vis/NIR spectroelectrochemistry, the torsion angle ɸ exerts a strong influence on the 

intensity of the NIR band of the mixed-valent states. Thus, the mixed-valent radical cation of 

complex [1] with coplanar biphenyl rings shows a strong absorption band in the NIR with 

strong electrochromic behavior. No such band was, however, observed in the orthogonal case 

of complex [6], reflecting the very limited degree of π-conjugation and a weak interaction 

between the two ruthenium-vinyl moieties through the bridge (Figure 6.1#13). Moreover, 

complexes [2] - [4] exhibiting a small torsional angle ɸ show the same overall behavior as [1] 

with relatively large intensities of the NIR band in mixed-valent state. Thus, these four 

complexes show strong (poly)electrochromic behavior with three different, interconvertible 

states, one absorbing in the UV regime (the neutral form), one absorbing in the Vis and in the 

NIR (the monocationic form), and a third one showing a band located in Vis/NIR borderline 

region (the dication form). 
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Figure 6.1#13. UV/Vis/NIR spectroscopic changes during the first (top) and the second 
(bottom) oxidation of complexes [1] (left) and [6] (right) inside the OTTLE cell (1,2-

CH2Cl2/NBu4PF6, r.t.). 

(TD-)DFT calculations corroborated these results. The HOMO and HOMO-1 of [1c] (results 

from calculations are always marked by a superscript "c" in order to discriminate them from 

experimental results) are evenly distributed over the two molecule halves with main 

contributions from divinylbiphenylene ligand and smaller contributions from the two {Ru} 

end-groups (76% or 54% for divinylfluorene, and 24% or 46% for the two {Ru} entities for 

HOMO and HOMO-1, respectively). The calculated spin densities in [1c]+ retrace the features 

of the HOMO (Figure 6.1#14). In [6c], however, the HOMO and HOMO-1 are alternately 

localized on just one half of the molecule with minor contributions from the second one 

(90:10%). Moreover, the total contributions of the divinylbiphenyl bridge are considerably 

smaller and more substantial contributions of the two {Ru} moieties are found (67% for 

divinylbiphenylene and 33% for the two {Ru} entities in both HOMO and HOMO-1). The 

spin density of [6c]+ again mirrors the HOMO and is mainly restricted to just one styryl-

ruthenium subunit. This reflects the very weak interaction between the {Ru} moieties in [6c]+ 

(Figure 6.1#14). Moreover, TD-DFT calculations reproduced the electronic spectra at the 

various oxidation states of complexes [1c]0/+/2+ and [6c]0/+/2+ rather well.  
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Figure 6.1#14. Contour plots of the calculated frontier MOs of complexes [1c] (top) and [6c] 
(bottom) and their calculated spin densities of [1c]+ (top) and [6c]+ (bottom). 

EPR spectra of the radical cations [1]+ and [6]+ indicate full spin delocalization in the former 

and unequal spin densities for the two styryl-ruthenium subunits in [6]+, as just one or two 

sets of A(31P) and A(101Ru) hyperfine splittings were required to reproduce the experimental 

spectra (Figure 6.1#15). 

 

Figure 6.1#15. EPR spectra of chemically generated [1]+ (left) and [6]+ (right) in CH2Cl2 at 
293 K. 

 

The third project of this thesis deals with the electrochromic behavior of a series of N-

arylcarbazole-appended mono-, bis-, and tris(ruthenium-vinyl) complexes as summarized in 

Chart 6.1#5 and compared it to that of their triarylamine-bridged counterparts in Chart 6.1#6. 

These penta-coordinated square-pyramidal ruthenium-vinyl complexes were prepared again 

by regio- and stereospecific insertion of the terminal -C≡CH bond of the corresponding N-

ethynylated arylcarbazoles into the Ru-H bond of the hydride complex HRu(CO)Cl(PiPr3)2. 

These complexes were routinely characterized by NMR, IR and UV/Vis spectroscopy and by 

electrochemical methods. Their associated oxidized forms were chemically or 
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electrochemically generated and characterized by IR, UV/Vis/NIR and EPR spectroscopy as 

well as by (TD-)DFT calculations. All of these studies revealed an only moderate interaction 

between the ruthenium-vinyl moieties across the planar N-arylcarbazole bridging ligand and 

an even weaker one to the N-bonded peripheral aryl ring, which is twisted out of co-planarity 

with the carbazole unit by ca. 52o (Chart 6.1#5). 

 

Chart 6.1#5. Mono-, bis-, and tris(ruthenium-vinyl) complexes [I] - [III] derived from N-
arylcarbazoles. 
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Chat 6.1#6. Mono-, bis- and tris(ruthenium-vinyl) appended triarylamines investigated by 

Winter and co-workers. 

All carbazole-derived ruthenium-vinyl complexes undergo two to four consecutive, 

chemically and electrochemically reversible or partially reversible, one-electron oxidation 

processes. The total number of redox waves thus equals the number of ruthenium-vinyl 

moieties plus one additional redox-wave assigned to the redox-active N-arylcarbazole core 

itself. The latter partially reversible oxidation is always shifted anodically to higher potential 

(Figure 6.1#16). The half-wave potential separations ΔE½ and the comproportionation 

constants Kc between individual redox-waves of these complexes are smaller than those of the 

similar, rotationally unrestricted triarylamine derived complexes.  

 

Figure 6.1#16. Cyclic (left) and square (right) voltammograms of [Ib], [IIb] and [III] in 
CH2Cl2/NBu4PF6 (0.1 M) at v = 0.1 V/s or a step potential of 4 mV and a frequency of 15 Hz. 

Potentials are given relative to the ferrocene/ferrocenium standard. 
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The oxidation-induced Ru(CO) band shift of [Ib] of 55 cm-1 is notably larger than that of 34 

cm-1 for the analogous triarylamine-derived complex [W1]. This indicates a smaller overall 

contribution of the N-arylcarbazole ligand and a concomitantly larger ruthenium contribution 

to the redox process (Figure 6.1#17). 

 
Figure 6.1#17. v(CO) IR spectroscopic changes upon the first oxidation of complexes [Ib] 
(top, left), [IIb] (top, right), [IIg] (bottom, left) and [III] (bottom, right) inside the OTTLE 

cell (1,2-CH2Cl2/NBu4PF6, r.t.). 
 

The first oxidation of the dinuclear complexes [IIa] - [IIg] gives rise to a pattern of two 

separate Ru(CO) bands, showing that the positive charge is unevenly distributed over the two 

individual styryl-ruthenium subunits and Class II behavior. The splitting of the two v(CO) 

bands in the mixed-valent state of asymmetric [IIg]+ is larger than that in [IIb]+ ( redox vv  ~~  = 

43 or 32 cm-1 for [IIg]+ or [IIb]+, respectively, (Figure 6.1#17), reflecting the weaker 

interaction between the two ruthenium-vinyl moieties in asymmetric [IIg]+ in comparison to 

symmetric [IIb]+. The electronic character of the 4-substituent at the peripheral phenylene 

group in complexes [IIb] - [IIf] (Chart 6.1#5) also influences the splitting of the two v(CO) 

bands in the mixed-valent state and thus the Δρ values. Δρ varies from 0.18 ( redox vv  ~~  = 32 

cm-1) for X = OMe to 0.09 ( redox vv  ~~
 = 42 cm-1) for X = NO2. Replacing the aryl ring by a 

simple ethyl substituent in [IIa] even improves the electronic interaction between the {Ru} 

moieties as indicated by a decrease of the splitting of the two v(CO) bands in the mixed-valent 

state to redox vv  ~~
 = 28 cm-1 and an increased value of Δρ of 0.22. These results provide further 

evidence that the electronic interaction between the two ruthenium-alkenyl moitites in the 
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carbazole-derived complexes [IIa]+ to [IIf]+ is smaller than that in the analogous triarylamine-

based complex [W2]+. In the same vein, the splitting of the two v(CO) bands in the mixed-

valent [III]+ is much larger than that in tris(ruthenium-vinyl) appended triarylamine [W3]+ 

redox vv  ~~  = 30 cm-1 and 5 cm-1 for [III]+ and [W3]+, respectively). Again, this implies that the 

electronic interaction in [III]+ is much weaker than that in [W3]+. The positions of the v(CO) 

bands in [III]+ and [III]2+ are identical to those in [IIb]+ and [IIb]2+, reflecting the negligible 

effect of introducing the the third {Ru} moiety at the twisted, peripheral aryl ring. 

 In UV/Vis spectroscopy, the intensity and position(s) of the UV-band(s) depend(s) on the 

number of ruthenium-vinyl moieties and significantly on the π-conjugated backbone of the 

alkenyl ligand. More extensive π-conjugation leads to a red-shift. The intensity of this band 

increases along with a bathochromic shift as the number of ruthenium-alkenyl moieties 

increases (Figure 6.1#18). The bathochromic shift of this UV-band in the triarylamine-derived 

ruthenium-vinyl complexes [W1-W3] was significantly more pronounced than that in the N-

arylcarbazole complexes [I] to [III]. This again indicates a lower degree of π-conjugation in 

the carbazole-derived complexes compared to that in the ones derived from triarylamines. 

 
 

Figure 6.1#18. Comparsion of the UV/Vis spectra of complexes [IIb] and [IIg] (left) and of 
complexes [Ib], [IIb] and [III] (right). 

 

In UV/Vis/NIR spectroelectrochemistry, the complexes showed moderate electrochromic 

behavior in two or three distinct states and only moderate absorptions in the NIR regime of 

the radical cations in comparison to the rotationally unrestricted triarylamine ruthenium-vinyl 

complexes. Thus, electronic interactions are notably weaker in the present series of carbazole- 

derived complexes. DFT calculations corroborated these results as indicated by the calculated 

spin densities of model complexes [Ibc]+, [IIbc]+, [IIgc]+ and [IIIc]+ as depicted in Figure 

6.1#19. 
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Figure 6.1#19. Calculated spin densities of model complexes [Ibc]+, [IIbc]+, [IIgc]+ and 
[IIIc]+. 

 
EPR spectroscopy on the associated radical cations corroborates these results further by 

analyzing the A (31P) and A (99/101Ru) hyperfine splittings. Thus, no hyperfine interactions to 

the peripheral appended styryl ruthenium moieties are observed in [IIg]+ and in [III]+. 

 

 

Figure 6.1#20. EPR spectra of chemically generated radical cations [Ia]+ (upper left), [IIg]+ 

(upper right), [IIb]+ (bottom left) and [III]+ (bottom right) in CH2Cl2 at room temperature.
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7.1. General 

All manipulations were carried out at room temperature under a nitrogen atmosphere using 

standard Schlenk techniques, unless stated otherwise. Solvents were predried and distilled by 

standard procedures and degassed by saturation with nitrogen prior to use. Chemicals were 

obtained from commercially available sources and used without further purification. 

Purification of the synthesized intermediates by column chromatography was performed at 

room temperature at a pressure of 0.15 - 0.3 bar using Silica gel 60 M (particle size 40-63 

microns, 230-400 mesh ASTM) from Fluka or aluminum oxide (Al2O3, Brockmann I basic, 

pore size 58 Å, particle size ~ 150 mesh) from Sigma-Aldrich. Temperatures of -78 oC have 

been achieved by means of an isopropanol / dry ice bath. All indicated yields refer to 

analytically pure substances and were not optimized. 

7.2. Solvents 

 Acetone (C3H6O) from Bilgram Chemikalien GmbH (technical quality) 

 Benzene (C6H6) from Carl Roth GmbH + Co. KG (dried over Na) 

 1,2-Dichlorethane (C2H4Cl2) from Fisher Scientific (dried over CaH2) 

 Dichloromethane (CH2Cl2) from Bilgram Chemikalien GmbH (technical quality, dried 
over CaH2) 

 Diethylether (Et2O) from Carl Roth GmbH + Co. KG (technical quality, dried over  
Na/benzophenone) 

 Ethanol (EtOH), from Alkoholvertriebstelle Süd (technical quality) 

 Ethylacetate (EtOAc) from Bilgram Chemikalien GmbH (technical quality) 

 n-Hexane (C6H14) from Fisher Scientific (dried over LiAlH4) 

 Methanol (MeOH) from Bilgram Chemikalien GmbH (dried over Mg) 

 Petrol ether (petroleum benzene, PE) from Bilgram Chemikalien GmbH (technical 
quality, dried over LiAlH4) 

 n-Pentane (C5H12) from Carl Roth GmbH + Co. KG (95%) 

 iso-Propanol (iPrOH) from Bilgram Chemikalien GmbH (technical quality) 

 Tetrahydrofuran (THF) from Fisher Scientific (dried over Na/benzophenone) 

 Toluene (C7H8) from Bilgram Chemikalien GmbH (dried over Na) 

 Triethylamine (NEt3) from Fisher Scientific (dried over KOH) 

 Diethylamine (HNEt2) from Merck KGaA (dried over KOH) 

 N,N-Dimethylformamide (DMF) from VWR International-Chemikalien und 

Laborbedarf 
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7.3. Chemicals 

The following chemicals were purchased from commercial sources and used without further 

purification: 

 1-Ethynyl-4-(trifluoromethyl)benzene (98%, SIGMA-ALDRICH®) 

 4-Iodoaniline (98%, SIGMA-ALDRICH®) 

 4-Bromo-N,N-dimethylaniline (97%, SIGMA-ALDRICH®) 

 4-Iodobenzonitrile (97%, SIGMA-ALDRICH®) 

 3-Methoxy-2(1H)-pyridone  (97%, ACROS Organics®) 

 4-(Benzyloxy)2-hydroxypyridine (97%, ABCR GmbH KG®) 

 2-Mercaptopyridine (98%, ACROS Organics®) 

 Quinolin-2-ol (99%, ACROS Organics®)  

 Quinoline-2-thiol (98%, SIGMA-ALDRICH®)  

 Quinolin-8-ol (99%, TCI GmbH®) 

 Quinolin-8-thiol hydrochloride (>95%, TCI GmbH®) 

 9H-Fluorene (98%, SIGMA-ALDRICH®) 

 Phenanthrene (98%, SIGMA-ALDRICH®) 

 9,10-Dihydrophenanthrene (97%, SIGMA-ALDRICH®) 

 1,1'-Biphenyl (>99%, SIGMA-ALDRICH®) 

 m-Toluidine (97% Riedel-de Haën®) 

 3,5-Dimethylaniline (98%, SIGMA-ALDRICH®) 

 9H-Carbazole (>95%, SIGMA-ALDRICH®) 

 1-Iodo-4-nitrobenzene (98%, SIGMA-ALDRICH®) 

 1-Bromo-4-(trifluoromethyl)benzene (99%, SIGMA-ALDRICH®) 

 Iodobenzene (98%, SIGMA-ALDRICH®) 

 4-Iodotoluene  (99%, SIGMA-ALDRICH®) 

 1-Iodoanisole (>96%, SIGMA-ALDRICH®) 

 N-iodosuccinimide (95%, SIGMA-ALDRICH®) 

 Potassium carbonate (SIGMA-ALDRICH®) 

 Dichlorobis(triphenylphosphine)palladium (MCAT GmbH) 

 Copper iodide (99%, SIGMA-ALDRIC®) 

 Potassium hydroxide (AppliChem) 

 Celite (SIGMA-ALDRICH®) 

 Magnesium sulfate (SIGMA-ALDRICH®) 
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 Sodium hydroxide (PROLABO®) 

 Ruthenium(III)chloride-hydrate (MCAT GmbH) 

 Trimethylsilylacetylene (TMSA) (98%, SIGMA-ALDRICH®) 

 Triphenylphosphine (> 98%, Merck Schuchardt OHG) 

 n-Butyllithium (1.6 M in THF, 98%, ACROS Organics®) 

 Zinc (97%, Merck KGaA) 

 Iodine (>99%, SIGMA-ALDRICH®) 

 Periodic acid (99%, Merck KGaA) 

 Potassium iodide (99%, Merck KGaA) 

 Sodium nitrite (99%, Merck KGaA) 

 Sodium thiosulfate pentahydrate (99%, Carl Roth GmbH + Co. KG) 

 Sodium chloride (Fischer Scientific®) 

 1,10-Phenanthrolin (ABCR) 

 

The following compounds were prepared according to the literature 

 
 [HRu(CO)Cl(PiPr3)2][166] 

 Triisopropylphosphine 

 4-Ethynylbenzonitrile[167] 

 1-Ethynyl-4-methoxybenzene[168] 

 4-Ethynyl-N,N-dimethylaniline[169] 

 4-Ethynylaniline[170] 

 9,9-Bis(2'-ethylhexyl)-2,7-diethynylfluorene[171] 

 2,7-Diethynyl-9H-fluorene[172] 

 2,7-Diethynylphenanthrene[173] 

 4,4'-Diethynyl-1,1'-biphenyl[174] 

 2,7-Diiodo-9,10-dihydrophenanthrene[175] 

 4,4'-Diiodo-2,2',6,6'-tetramethyl-1,1'-biphenyl[176] 

 4,4'-Diiodo-2,2'-dimethyl-1,1'-biphenyl[177] 

 N-(4-Anisolyl)-3,6-bis(ethynyl)carbazole[178] 

 N-(4-Toluyl)-3,6-bis(ethynyl)carbazole[179] 

 N-Ethyl-3,6-bis(ethynyl)carbazole[180] 

 N-Ethyl-3-ethynylcarbazole[181] 

 N-(4-Ethynylphenyl)-carbazole[182] 
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 N-(4-Nitrophenyl)-carbazole[183] 

 N-(4-(Trifluoromethyl)phenyl)-carbazole[184] 

 N-Phenyl-3,6-diiodocarbazole[185] 

 N-(4-Iodophenyl)-carbazole[186] 

 3-Methoxycarbazole[187] 

 

7.4. Devices and Physical Measurement Techniques  

7.4.1 NMR spectroscopy 
1H-NMR (400 MHz), 19F {H1}-NMR (376 MHz), 13C {H1}-NMR (101 MHz), and 31P {H1}-

NMR (162 MHz) spectra were measured on a Bruker Avance III spectrometer at room 

temperature or at the temperature indicated. The spectra were referenced to the residual 

deuterated solvent or 87% H3PO4 as an external standard for 31P {H1}-NMR. For the 

complexes, the respective solvent was degassed by three "freeze-pump-thaw" cycles and 

stored over 3 Å molecular sieves. 

 Chloroform-d3 (CDCl3)                      δH = 7.26 ppm               δC = 77.2 ppm 

 Dichloromethane-d2 (CD2Cl2)            δH = 5.32 ppm               δC = 54.0 ppm 

 Benzene (C6D6)-d6                             δH = 7.16 ppm               δC = 128.4 ppm 

 Dimethyl sulfoxide-d3 (DMSO-d6)    δH = 2.50 ppm               δC = 39.52 ppm 

 

The coupling constants are given in Hertz (Hz). The following abbreviations describe the 

multiplicity in the nuclear magnetic resonance spectra: 

s   singlet                                   d  doublet                                     t  triplet 

m  multiplet                              dt  doublet of a triplet                  q  quartet 

quint  quintet                            dd  doublet of a doublet               v  virtual 

 

7.4.2. Elemental analyses 

Elemental analyses (C, H, N, S) were performed by Micro Analytical Laboratories at the 

University of Konstanz using a CHN-Analyzer (Elementar vario MICRO Cube) from 

Heraeus. In some cases, few compounds could not be obtained without solvent despite 

prolonged drying, such that elemental analyses are sometimes low in carbon, hydrogen, 

nitrogen and sulfur. 
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7.4.3. ATR-IR spectroscopy 

The solid-state infrared spectra were recorded with an ATR-FTIR spectrometer Spectrum 100 

series of the manufacturer Perkin Elmer. For solution spectra, a NicoletTM iS10 spectrometer 

from Thermo Fisher Scientific Inc. was used eith the software program OMNIC 8.1.11 from 

Thermo Fisher Scientific Inc. All served band positions are reported in wavenumber (cm-1). In 

these spectra, the position of important bands is indicated. The relative band intensities in this 

work are assigned by the following designations: 

str  strong       w  weak      m  medium      brd  broad    shp  sharp 

 

7.4.4. UV/Vis/NIR spectroscopy 

All absorption spectra were recorded in quartz cuvettes from HELLMA ( d = 0.1 - 1 cm) using 

a TIDAS fiberoptic diode array spectrometer (combined MCS UV/NIR and PGS NIR 

instrumentation) with a spectral range of 200 - 2200 nm.  

 

7.4.5. EPR spectroscopy 

Electron paramagnetic resonance (EPR) studies of oxidized samples were performed using a 

table-top X-band spectrometer MiniScope MS 400 from Magnettech GmbH. The spectra were 

recorded at room temperature and in frozen solution at 110 K under cooling with liquid 

nitrogen. The temperature of the samples was controlled using a TC-H03 temperature control 

apparatus from the same manufacturer. The oxidized samples were prepared either chemically 

by adding a stoichiometric amount of acetylferrociniumhexafluorophosphate or the 

corresponding Ferrocinium salt in CH2Cl2 under an inert atmosphere in a Schlenk flask or 

electrochemically in situ by a two-electrode arrangement of platinum wires with 

dichloromethane as the solvent and [NnBu4] [PF6] as the supporting electrolyte. 

Measurements were performed in a 1.5 mm inner diameter quartz glass tube. Simulations of 

spectra were performed with the MATLAB EasySpin program 

(http://www.easyspin.org/version: 4.5.5) using the Garlic simulation model, while for the 

anisotropic low-temperature spectra the EasySpin package Pepper was used. 

 

7.4.6. IR- and UV/Vis/NIR-spectroelectrochemistry 

All spectroelectrochemical measurements were carried out using a home-built Optically 

Transparent Thin Layer Electrochemical (OTTLE) cell which comprises a Pt working and 

platinum mesh counter electrode and a thin silver wire as a pseudo-reference electrode 

sandwiched between two CaF2 windows of a conventional liquid IR cell. The working 

http://www.easyspin.org/version:
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electrode is positioned in the center of the spectrometer beam. The IR measurements were 

performed on a FTIR device of the type NicoletTM iS10 from Thermo Fischer Scientific Inc.. 

For the UV/Vis/NIR measurements, a diode array device TIDAS of the manufacturer j & m 

Analytic AG was used with a range of 200 - 2200 nm. A potentiostat was used to control the 

potential.  

 

 7.4.7. Electrochemical measurements 

Cyclic and Square-Wave voltammetry experiments were done in a home-built cylindrical 

vacuum-tight one-compartment cell. A spiral-shaped Pt wire and an Ag wire as the counter 

and thin pseudo-reference electrodes are sealed into glass capillaries via standard joints and 

fixed by Quickfit screws. A platinum electrode is introduced as the working electrode through 

the top central port via a Teflon screw cap with a suitable fitting. It is polished with first 1 μm 

and then 0.25 μm diamond paste before measurements. The cell was attached to a 

conventional Schlenk line via a side arm equipped with a Teflon screw valve and allows 

experiments to be performed under argon atmosphere with approximately 5 mL of analyte 

solution. NBu4PF6 and NBu4TFPB (= NBu4
+B{(C6H3(CF3)2-3,5}4

-) (0.1 M) were used as the 

supporting electrolytes. The last electrolyte was used because of its weakly nucleophilic, 

weakly coordinating TFPB- anion that gives better splitting of the redox-waves by it increases 

the solubilities of the higher oxidized forms even in low polar solvents by oreventing ion 

pairing and electrostatic shielding. Referencing was done with addition of one crystal of 

decamethylferrocene (Cp*2Fe) as an internal standard to the analyte solution after all data of 

interest had been acquired. Representative sets of scans were repeated with the added 

standard. Final referencing was done against the ferrocene/ferrocenium (Cp2Fe0/+) couple with 

E½ Cp*2Fe0/+ = -543 and -620 mV vs. Cp2Fe0/+ in NBu4PF6 and NBu4TFPB, respectively. 

Electrochemical data were acquired with a computer-controlled BAS potentiostat. 

 

7.4.8. X-ray structure analysis 

The X-ray structure analyses were performed on a STOE IPDS II diffractometer with a 

graphite monochromator, molybdenum tube Mo-Ka radiation (λ = 0.71073 Å) and of a scan 

rate of 3 - 30° min-1 in ω. For the analysis of the data the Full- 

Matrix Least-Squares Method was used with the Siemens SHELX-97 program. 

Refined was done against F2. The hydrogen atoms were introduced according to  

after the calculation with the riding model. All structurel images were done with 

the program Diamond Version 3.2g (Crystal Impact GbR) and Mercury 3.0. All relevant 



Chapter 7                                                                                                                 Experimental 

232 
 

crystallographic data are given in the  

Appendix. 

 

7.4.9. Computational methods 

Quantum chemical calculations based on Density Function Theory (DFT) have been carried 

out using the GAUSSIAN09 (G09) program package[188]. DFT studies were performed 

without any symmetry constraints for all accessible oxidation states. Closed shell systems 

were calculated by the restricted Kohn-Sham approach (RKS). Geometry optimization at each 

oxidation state of these models was carried out with the DFT method with the PBE1PBE 

functional using MWB effective core potential basis set for ruthenium and 6-31G* for the 

remaining atoms in dichloromethane using the Polarized Continuum Model (PCM)[189]. Time-

dependent density functional theory (TDDFT) calculations were performed in 

dichloromethane. The lowest 40 singlet-to-singlet spin-allowed excitations were taken into 

account for the calculations of the electronic absorption spectra for the neutral and oxidized 

formss. Orbital contributions were analyzed using the GaussSum software[190]. Spin densities 

were calculated using G09 program. For comparison of the experimental and calculated 

vibration spectra, the calculated frequencies were scaled by a factor of 0.9512[151]. 

 

7.5. Synthesis of the new ligands 

7.5.1. 2,7-Bis((trimethylsilyl)ethynyl)-9,10-dihydrophenanthrene 
 

 
2,7-diiodo-9,10-dihydrophenanthrene (1.0 g, 2.3 mmol) and triphenylphosphine (3 mol%) 

were dissolved in triethylamine (15 ml). After adding 1.0 ml (6.9 mmol, 3 eq.) of 

trimethylsilylacetylene (TMSA), the solution was degassed by applying three freeze-pump-

thaw cycles. CuI (10 mol%) and PdCl2(PPh3)2 (5 mol%) in 20 ml of toluene were added and 

the stirred mixture was heated to reflux overnight (110 °C). Additional amounts of 

trimethylsilylacetylene were added to ensure complete consumption of the starting material 

(TLC control). When the reaction was finished, the solvent was evaporated under vacuum and 

the residue was dissolved CH2Cl2 and filtered over silica gel. Purification by column 

chromatography (petrol ether/dichloromethane, 9:1) gave a pale yellow crystalline solid. 

Yield: 0.72 g (1.9 mmol, 83%). Elemental analysis for C24H28Si2: C: 77.35; H: 7.57. Found: 

C: 76.24%; H: 7.53%. 
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1H-NMR (CDCl3, 400 MHz): δ 7.65 (d, 2H, 3JH(3)-H(2) = 8.1 Hz, H(3)), 7.39 (dd, 2H, 3JH(2)-H(3) 

= 8.1 Hz, 4JH(2)-H(1) = 1.5 Hz, H(2)), 7.34 (d, 2H, 4JH(1)-H(2) = 1.5 Hz, H(1)), 2.82 (s, 4H, 2CH2), 

0.26 (s, 18H, 2SiMe3) ppm. 

7.5.2. 2,7-Diethynyl-9,10-dihydrophenanthrene 

 
2,7-bis((trimethylsilyl)ethynyl)-9,10-dihydrophenanthrene (500 mg, 1.3 mmol) was dissolved 

in a methanol/THF mixture (20 ml / 20 ml) and potassium carbonate (455 mg, 3.3 mmol, 2.5 

eq.) was added. The completeness of the reaction was controlled via TLC (1 hr). After full 

conversion, the solvent was evaporated under vacuum. The crude residue was dissolved in a 

mixture of CH2Cl2 and distilled water and the organic layer was extracted several times with 

CH2Cl2. The combined organic layers were dried over MgSO4 and the solvent was removed in 

vacuo to provide the product as a pale yellow solid. 

 

Yield: 285 mg (1.2 mmol, 92%). Elemental analysis for C18H12: C: 94.70; H: 5.30. Found: 

C: 93.08%; H: 5.09%. 
1H-NMR (CDCl3, 400 MHz): δ 7.67 (d, 2H, 3JH(3)-H(2) = 8.1 Hz, H(3)), 7.43 (dd, 2H, 3JH(2)-H(3) 

= 8.1 Hz, 4JH(2)-H(1) = 1.5 Hz, H(2)), 7.38 (d, 2H, 4JH(1)-H(2) = 1.5 Hz, H(1)), 3.13 (s, 2H, 2C≡CH), 

2.85 (s, 4H, 2CH2) ppm. 

7.5.3. 4,4'-Bis((trimethylsilyl)ethynyl)-2,2'-dimethyl-1,1'-biphenyl 

 
4,4'-diiodo-2,2'-dimethyl-1,1'-biphenyl (1g, 2.3 mmol) and triphenylphosphine (3 mol%) were 

dissolved in triethylamine (15 ml). After adding 1.0 ml (6.9 mmol, 3 eq.) of 

trimethylsilylacetylene, the solution was degassed by applying three freeze-pump-thaw 

cycles. CuI (10 mol%) and PdCl2(PPh3)2 (5 mol%) in 20 ml THF were then added and the 

stirred mixture was heated overnight to 55 °C. Additional amounts of trimethylsilylacetylene 

were added to ensure complete consumption of the starting material (TLC control). When the 

reaction was finished, the solvent was evaporated under vacuum and the residue was 

dissolved in CH2Cl2 and filtered over silica gel. Purification by column chromatography 

(petrol ether/dichloromethane, 8:1) gave a highly viscous pale yellow product. 
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Yield: 73 mg (1.9 mmol, 83%). Elemental analysis for C24H30Si2: C: 76.94; H: 8.07. Found: 

C: 75.88%; H: 8.03%. 
1H-NMR (CDCl3, 400 MHz): δ 7.40 (d, 2H, 4JH(1)-H(2) = 1.1 Hz, H(1)), 7.33 (dd, 2H, 3JH(2)-H(3) 

= 7.8 Hz, 4JH(2)-H(1) = 1.1 Hz, H(2)), 7.00 (d, 2H, 3JH(3)-H(2) = 7.8 Hz, H(3)), 1.99 (s, 6H, 2Me), 

0.27 (s, 18H, 2TMS) ppm. 

 
7.5.4. 4,4'-Diethynyl-2,2'-dimethyl-1,1'-biphenyl 

 
4,4'-Bis((trimethylsilyl)ethynyl)-2,2'-dimethyl-1,1'-biphenyl (500 mg, 1.3 mmol) was 

dissolved in a methanol/THF mixture (20 ml/20 ml) and potassium carbonate (455 mg, 3.3 

mmol, 2.5 eq.) was added. The completeness of the reaction was controlled via TLC (30 min). 

After full conversion, the solvent was evaporated under vacuum. The crude residue was 

dissolved in a mixture of CH2Cl2 and distilled water and the organic layer was extracted 

several times with CH2Cl2. The combined organic layers were dried over MgSO4 and the 

solvent was removed in vacuo to provide the product as a yellow solid. 

Yield: 263 mg (1.1 mmol, 85%). Elemental analysis for C18H14: C: 93.87; H: 6.13. Found: 

C: 92.58%; H: 7.09%. 
1H-NMR (CDCl3, 400 MHz): δ 7.41 (d, 2H, 4JH(1)-H(2) = 0.9 Hz, H(1)), 7.36 (dd, 2H, 3JH(2)-H(3) 

= 7.8 Hz, 4JH(2)-H(1) = 0.9 Hz, H(2)), 7.03 (d, 2H, 3JH(3)-H(2) = 7.8 Hz, H(3)), 3.06 (s, 2H, 2C≡CH), 

2.03 (s, 6H, 2Me) ppm. 

 
7.5.5. 4,4'-Bis((trimethylsilyl)ethynyl)-2,2',6,6'-tetramethyl-1,1'-biphenyl 

 
4,4'-Diiodo-2,2',6,6'-tetramethyl-1,1'-biphenyl (500 mg, 1.1 mmol) and triphenylphosphine (3 

mol%) were dissolved in triethylamine (15 ml). After adding 0.5 ml (3.3 mmol, 3 eq.) of 

trimethylsilylacetylene, the solution was degassed by applying three freeze-pump-thaw 

cycles. CuI (10 mol%) and PdCl2(PPh3)2 (5 mol%) in 20 ml THF were then added and the 

stirred mixture was heated overnight to 55 °C. Additional amounts of trimethylsilylacetylene 

were added to ensure complete consumption of the starting material (TLC control). When the 

reaction was finished, the solvent was evaporated under vacuum and the residue was 
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dissolved in CH2Cl2 and filtered over silica gel. Purification by column chromatography 

(petrol ether/dichloromethane, 8:1) gave a pale yellow crystalline solid. 

Yield: 370 mg (0.92 mmol, 84%). 
1H-NMR (CD2Cl2, 400 MHz): δ 7.24 (s, 4H, H(1)), 1.84 (s, 12H, 4Me), 0.25 (s, 18H, 2SiMe3) 

ppm. 

 
7.5.6. 4,4'-diethynyl-2,2',6,6'-tetramethyl-1,1'-biphenyl 

 
4,4'-Bis((trimethylsilyl)ethynyl)-2,2',6,6'-tetramethyl-1,1'-biphenyl (300 mg, 0.74 mmol) was 

dissolved in a methanol/THF mixture (20 ml /20 ml) and potassium carbonate (262 mg, 1.9 

mmol, 2.5 eq.) was added. The completeness of the reaction was controlled via TLC (30 min). 

After full conversion, the solvent was evaporated under vacuum. The crude residue was 

dissolved in a mixture of CH2Cl2 and distilled water and the organic layer was extracted 

several times with CH2Cl2. The combined organic layers were dried over MgSO4 and the 

solvent removed in vacuo to provide the product as a yellow solid. 

Yield: 150 mg (0.58 mmol, 78%). Elemental analysis for C20H18: C: 92.98; H: 7.02. Found: 

C: 92.58%; H: 7.09%. 
1H-NMR (CDCl2, 400 MHz): δ 7.28 (s, 4H, H(1)), 3.10 (s, 2H, 2C≡CH), 1.86 (s, 12H, 4Me) 

ppm. 

 
7.5.7. N-(4-(nitrophenyl)-3,6-diiodocarbazole 

 
N-(4-nitrophenyl)carbazole 1.0 g (3.5 mmol) was dissolved in 100 mL of refluxing acetic 

acid. This solution was cooled to 50 oC before the subsequent addition of 0.9 g (5.3 mmol, 1.5 

eq) of KI and 0.6 g (2.8 mmol, 0.8 eq) of KIO3. The reaction mixture was again heated to 

reflux and the completeness of the reaction was controlled via TLC (3 hr). The excess iodine 

was destroyed by addition of an aqueous solution of Na2S2O3. The mixture was dissolved in a 

mixture of CH2Cl2 and distilled water and the organic layer was extracted three times with 
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CH2Cl2. The combined organic layers were dried over MgSO4 and the solvent was removed in 

vacuum to provide the N-(4-(nitrophenyl)-3,6-diiodocarbazole as a yellow solid. 

Yield: 1.7 g (3.1 mmol, 89%). Elemental analysis for C18H10I2N2O2: C: 40.03; H: 1.87; N: 

5.19. Found: C: 39.68%; H: 1.73; N: 5.01%. 
1H-NMR (400 MHz, CDCl3): δ 8.49 (d, 2H, 3JH(5)-H(4) = 8.8 Hz, H(5)), 8.40 (d, 2H, 4JH(1)-H(2) =  

2.2 Hz, H(1)), 7.73 (dd, 2H, 3JH(2)-H(3) = 4.7 Hz, 4JH(2)-H(1) = 2.2 Hz, H(2)), 7.71 (dd, 2H, 3JH(3)-H(2) 

= 4.7 Hz, 5JH(3)-H(1) = 1.2 Hz, H(3)), 7.22 (d, 2H, 3JH(4)-H(5) = 8.8 Hz, H(4)) ppm. 
 

7.5.8. N-(4-nitrophenyl)-3,6-bis((trimethylsilyl)ethynyl)carbazole 

 
N-(4-nitrophenyl)-3,6-diiodocarbazole (1.0 g, 1.9 mmol, 1 eq.) and triphenylphosphine (3 

mol%) were dissolved in triethylamine (15 ml). After adding 0.8 ml (5.7 mmol, 3 eq.) of 

trimethylsilylacetylene, the solution was degassed by applying three freeze-pump-thaw 

cycles. CuI (10 mol%) and PdCl2(PPh3)2 (5 mol%) in 50 ml THF were then added and the 

stirred mixture was heated to reflux overnight. Additional amounts of trimethylsilylacetylene 

were added to ensure complete consumption of the starting material (TLC control). When the 

reaction was finished, the solvent was evaporated under vacuum and the residue was 

dissolved in CH2Cl2 and filtered over silica gel. Purification by column chromatography 

(petrol ether/dichloromethane, 1:1) yielded the N-(4-nitrophenyl)-3,6-

bis((trimethylsilyl)ethynyl)carbazole product as a yellow crystalline solid. 

Yield: 0.75 g (1.6 mmol, 84%). Elemental analysis for C28H28N2O2Si2: C: 69.96; H: 5.87; N: 

5.83. Found: C: 68.68%; H: 5.52; N: 5.66%. 
1H-NMR (400 MHz, CDCl3):  δ 8.49 (d, 2H, 3JH(5)-H(4) = 9.0 Hz, H(5)), 8.23 (d, 2H, 4JH(1)-H(2) =  

1.5 Hz, H(1)), 7.74 (d, 2H, 3JH(4)-H(5) = 9.0 Hz, H(4)), 7.55 (dd, 2H, 3JH(2)-H(3) = 8.5 Hz, 4JH(2)-H(1) 

= 1.5 Hz, H(2)), 7.35 (d, 2H, 3JH(3)-H(2) = 8.5 Hz, H(3)), 0.31 (s, 18H, 2TMS) ppm. 
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7.8.9. N-(4-nitrophenyl)-3,6-bis(ethynyl)carbazole 

 
N-(4-nitrophenyl)-3,6-bis((trimethylsilyl)ethynyl)carbazole (503 mg, 1.0 mmol) was 

dissolved in a methanol/THF mixture (20 ml/20 ml) and potassium carbonate (345 mg, 2.5 

mmol, 2.5 eq.) was added. The completeness of the reaction was controlled via TLC (1 hr). 

After full conversion, the solvent was evaporated under vacuum. The crude residue was 

dissolved in a mixture of CHCl3 and distilled water and the organic layer was extracted three 

times with CHCl3. The combined organic layers were dried over MgSO4 and the solvent was 

removed in vacuum to provide N-(4-nitrophenyl)-3,6-bis(ethynyl)carbazole as a yellow solid. 

Yield: 300 mg (0.9 mmol, 90%). Elemental analysis for C22H12N2O2: C: 78.56; H: 3.60; N: 

8.33. Found: C: 75.98%; H: 3.49; N: 8.05%. 
1H-NMR (400 MHz, CDCl3): δ 8.51 (d, 2H, 3JH(5)-H(4) = 8.9 Hz, H(5)), 8.27 (d, 2H, 4JH(1)-H(2) =  

1.5 Hz, H(1)), 7.77 (d, 2H, 3JH(4)-H(5) = 8.9 Hz, H(4)), 7.59 (dd, 2H, 3JH(2)-H(3) = 8.5 Hz, 4JH(2)-H(1) 

= 1.5 Hz, H(2)), 7.39 (d, 2H, 3JH(3)-H(2) = 8.5 Hz, H(5)), 3.12 (s, 2H, HC≡C) ppm. 

 

7.8.10 N-(4-(trifluoromethyl)phenyl)-3,6-diiodocarbazole (modified literature procedure) 

 
N-(4-(trifluoromethyl)phenyl)-carbazole (1.0 g, 3.2 mmol, 1 eq.) was dissolved in 70 ml of 

glacial acetic acid and 1.4 g of N-iodiosuccinimide (6.4 mmol, 2 eq.) were slowly added. The 

reaction mixture was stirred overnight at room temperature. The solution became cloudy after 

2.5 hours, and precipitation of a solid started after 3.5 hours. After full conversion (TLC 

control), the reaction was quenched with distilled water and the precipitate was filtered off 

and dried to obtain the N-(4-(trifluoromethyl)phenyl)-3,6-diiodocarbazole as an off-white 

powder. 
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Yield: 1.7 g (3.0 mmol, 94%). Elemental analysis for C19H10F3I2N: C: 40.53; H: 1.79; N: 

2.49. Found: C: 39.98%; H: 1.69; N: 2.39%. 
1H-NMR (400 MHz, CDCl3): δ 8.40 (d, 2H, 4JH(1)-H(2) = 1.5 Hz, H(1)), 7.89 (d, 2H, 3JH(5)-H(4) = 

8.3 Hz, H(5)), 7.69 (dd, 2H, 3JH(2)-H(3) = 8.6 Hz, 4JH(2)-H(1) = 1.5 Hz, H(4)), 7.64 (d, 2H, 3JH(4)-H(5) 

= 8.3 Hz, H(4)), 7.17 (d, 2H, 3JH(3)-H(2) = 8.6 Hz, H(3)) ppm. 
19F-NMR (376 MHz, CDCl3): δ -62.51 (s, CF3) ppm. 

 

7.8.11. N-(4-(trifluoromethyl)phenyl)-3,6-bis((trimethylsilyl)ethynyl)carbazole 

 
N-(4-(trifluoromethyl)phenyl)-3,6-diiodocarbazole (1.0 g, 1.8 mmol) and triphenylphosphine 

(3 mol%) were dissolved in triethylamine (15 ml). After adding 0.8 ml (5.4 mmol, 3 eq.) of 

trimethylsilylacetylene, the solution was degassed by applying three freeze-pump-thaw 

cycles. CuI (10 mol%) and PdCl2(PPh3)2 (5 mol%) in 50 ml THF were then added and the 

stirred mixture was heated to reflux overnight. Additional amounts of trimethylsilylacetylene 

were added to ensure complete consumption of the starting material (TLC control). When the 

reaction was finished, the solvent was evaporated under vacuum and the residue was taken up 

in CH2Cl2 and filtered over silica gel. Purification by column chromatography (petrol 

ether/dichloromethane, 8:1) gave the N-(4-(trifluoromethyl)phenyl)-3,6-

bis((trimethylsilyl)ethynyl)carbazole as a pale yellow crystalline solid. 

Yield: 0.82 g (1.6 mmol, 89%). Elemental analysis for C29H28F3NSi2: C: 69.15; H: 5.60; N: 

2.78. Found: C: 68.38%; H: 5.53; N: 2.65%. 
1H-NMR (400 MHz, CDCl3): δ 8.24 (d, 2H, 4JH(1)-H(2) = 1.5 Hz, H(1)), 7.89 (d, 2H, 3JH(5)-H(4) = 

8.4 Hz, H(5)), 7.67 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, H(4)), 7.54 (dd, 2H, 3JH(2)-H(3) = 8.6 Hz, 4JH(2)-H(1) 

= 1.5 Hz, H(2)), 7.30 (d, 2H, 3JH(3)-H(2) = 8.6 Hz, H(3)), 0.31 (s, 18H, 2SiMe3) ppm. 
19F-NMR (376 MHz, CDCl3): δ -62.47 (s, CF3) ppm. 

 

  



Chapter 7                                                                                                                 Experimental 

239 
 

7.8.12. N-(4-(trifluoromethyl)phenyl)-3,6-bis(ethynyl)carbazole 

 
N-(4-(trifluoromethyl)phenyl)-3,6-bis((trimethylsilyl)ethynyl)carbazole (509 mg, 1.0 mmol) 

was dissolved in a methanol/THF mixture (20 ml/20 ml) and potassium carbonate (346 mg, 

2.5 mmol, 2.5 eq.) was added. The completeness of the reaction was controlled via TLC (1 

hr). After full conversion, the solvent was evaporated under vacuum. The crude residue was 

taken up in a mixture of CH2Cl2 and distilled water and the organic layer was extracted three 

times with CH2Cl2. The combined organic layers were dried over MgSO4 and the solvent was 

removed in vacuo to provide the N-(4-(trifluoromethyl)phenyl)-3,6-bis(ethynyl)carbazole as a 

pale yellow solid. 

Yield: 339 mg (0.9 mmol, 90%). Elemental analysis for C23H12F3N: C: 76.88; H: 3.37; N: 

3.90. Found: C: 75.34%; H: 3.29; N: 3.85%. 
1H-NMR (400 MHz, CDCl3): δ 8.25 (d, 2H, 4JH(1)-H(2) = 1.4 Hz, H(1)), 7.90 (d, 2H, 3JH(5)-H(4) = 

8.4 Hz, H(5)), 7.66 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, H(4)), 7.56 (dd, 2H, 3JH(2)-H(3) = 8.5 Hz, 4JH(2)-H(1) 

= 1.4 Hz, H(2)), 7.32 (d, 2H, 3JH(3)-H(2) = 8.5 Hz, H(3)), 3.11 (s, 2H, 2HC≡C) ppm. 
19F-NMR (376 MHz, CDCl3): δ -62.46 (s, CF3) ppm. 

7.8.13. N-phenyl-3,6-bis((trimethylsilyl)ethynyl)carbazole 

 
N-phenyl-3,6-diiodocarbazole (1.0 g, 2.0 mmol) and triphenylphosphine (3 mol%) were 

dissolved in triethylamine (15 ml). After adding 0.9 ml (6.0 mmol, 3 eq.) of 

trimethylsilylacetylene, the solution was degassed by applying three freeze-pump-thaw 

cycles. CuI (10 mol%) and PdCl2(PPh3)2 (5 mol%) in 50 ml THF were then added and the 

stirred mixture was heated to reflux overnight. Additional amounts of trimethylsilylacetylene 

were added to ensure complete consumption of the starting material (TLC control). When the 
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reaction was finished, the solvent was evaporated under vacuum and the residue was taken up 

in CH2Cl2 and filtered over silica gel. Purification by column chromatography (petrol 

ether/dichloromethane, 9:1) gave the N-phenyl-3,6-bis((trimethylsilyl)ethynyl)carbazole as a 

pale yellow crystalline solid. 

Yield: 0.74 g (1.7 mmol, 85%). Elemental analysis for C28H29NSi2: C: 77.18; H: 6.71; N: 

3.21. Found: C: 76.23%; H: 6.58; N: 3.11%. 
1H-NMR (400 MHz, CDCl3): δ 8.25 (d, 2H, 4JH(1)-H(2) = 0.9 Hz, H(1)), 7.61 (dd, 2H, 3JH(5)-H(6) 

= 7.7 Hz, 3JH(5)-H(4) = 8.5 Hz, H(5)), 7.52 (d, 2H, 3JH(2)-H(3) = 4.1 Hz, H(2)), 7.50 (d, 2H, 3JH(3)-H(2) 

= 4.3 Hz, H(2)), 7.48 (d, 1H, 3JH(6)-H(5) = 7.7 Hz, H(6)), 7.28 (d, 2H, 3JH(4)-H(5) = 8.5 Hz, H(4)), 

0.31 (s, 18H, 2SiMe3) ppm. 

 
7.8.14. N-phenyl-3,6-diethynylcarbazole 

N

1

2
3

4
5

6  
N-phenyl-3,6-bis((trimethylsilyl)ethynyl)carbazole (501 mg, 1.1 mmol) was dissolved in 

methanol/THF a mixture (20 ml/20 ml) and potassium carbonate (387 mg, 2.8 mmol, 2.5 eq.) 

was added. The completeness of the reaction was controlled via TLC (1 hr). After full 

conversion, the solvent was evaporated under vacuum. The crude residue was taken up in a 

mixture of CH2Cl2 and distilled water and the organic layer was extracted three times with 

CH2Cl2. The combined organic layers were dried over MgSO4 and the solvent was removed in 

vacuo to provide the N-phenyl-3,6-diethynylcarbazole as a pale yellow solid. 

Yield: 248 mg (0.9 mmol, 82%). Elemental analysis for C22H13N: C: 90.69; H: 4.50; N: 4.81. 

Found: C: 90.89%; H: 4.79; N: 4.78%. 
1H-NMR (400 MHz, CDCl3): δ 8.27 (d, 2H, 4JH(1)-H(2) = 1.4 Hz, H(1)), 7.62 (dd, 2H, 3JH(5)-H(6) 

= 7.7 Hz, 3JH(5)-H(4) = 8.5 Hz, H(5)), 7.55 (dd, 2H, 3JH(2)-H(3) = 8.5 Hz, 4JH(2)-H(1) = 1.4 Hz, H(4)), 

7.51 (d, 2H, 3JH(3)-H(2) = 8.5 Hz, H(3)), 7.50 (vd, 1H, 3JH(6)-H(5) = 7.7 Hz, H(6)), 7.31 (d, 2H, 
3JH(4)-H(5) = 8.5 Hz, H(3)), 3.10 (s, 2H, 2HC≡C) ppm. 
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7.8.15. N-(4-iodophenyl)-3,6-diiodocarbazole 

 
N-(4-iodophenyl)-carbazole (1.0 g, 2.7 mmol) was dissolved in 70 ml of glacial acetic acid 

and N-iodosuccinimide (1.2 g, 5.4 mmol, 2 eq.) were slowly added, and the reaction mixture 

was stirred overnight at a room temperature. The solution became cloudy within 2.5 hours, 

and solid started to precipitate after 3.5 hours. After full conversion (TLC control), the 

reaction was quenched with 100 mL distilled water and the precipitate was filtered off and 

dried to obtain the N-(4-iodophenyl)-3,6-diiodocarbazole as an off-white powder. 

Yield: 1.6 g (2.6 mmol, 96%). Elemental analysis for C18H10I3N: C: 34.81; H, 1.62; N, 2.26. 

Found: C: 33.05; H: 1.50; N: 2.15. 
1H-NMR (400 MHz, CDCl3): δ 8.26 (d, 2H, 4JH(1)-H(2) = 1.5 Hz, H(1)), 7.74 (d, 2H, 3JH(5)-H(4) =  

8.5 Hz, H(5)), 7.56 (dd, 2H, 3JH(2)-H(3) = 8.5 Hz, 4JH(2)-H(1) = 1.5 Hz, H(2)), 7.50 (d, 2H, 3JH(4)-H(5) 

= 8.5 Hz, H(4)), 7.32 (d, 2H, 3JH(3)-H(2) = 8.5 Hz, H(3)) ppm. 

 

7.8.16. N-(4-((trimethylsilyl)ethynyl)phenyl)-3,6-bis((trimethylsilyl)ethynyl)carbazole 

 
N-(4-iodophenyl)-3,6-diiodocarbazole (1.0 g, 1.6 mmol) and triphenylphosphine (3 mol%) 

were dissolved in triethylamine (15 ml). After adding 0.9 ml (6.4 mmol, 4 eq.) of 

trimethylsilylacetylene, the solution was degassed by applying three freeze-pump-thaw 

cycles. CuI (10 mol%) and PdCl2(PPh3)2 (5 mol%) in 50 ml THF were then added and the 

stirred mixture was heated to reflux overnight. Additional amounts of trimethylsilylacetylene 

were added to ensure complete consumption of the starting material (TLC control). When the 
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reaction was finished, the solvent was evaporated under vacuum and the residue was taken up 

in CH2Cl2 and filtered over silica gel. Purification by column chromatography (petrol 

ether/dichloromethane, 9:1) gave the N-(4-((trimethylsilyl)ethynyl)phenyl)-3,6-

bis((trimethylsilyl)ethynyl)carbazole as a pale yellow crystalline solid. 

Yield: 0.70 g (1.3 mmol, 81%). Elemental analysis for C33H37NSi3: C: 74.52; H: 7.01; N: 

2.63. Found: C: 76.24%; H: 7.43; N: 2.43%. 
1H-NMR (400 MHz, CDCl3): δ 8.23 (d, 2H, 4JH(1)-H(2) = 1.3 Hz, H(1)), 7.70 (d, 2H, 3JH(5)-H(4) =  

8.4 Hz, H(5)), 7.52 (dd, 2H, 3JH(2)-H(3) = 8.5 Hz, 4JH(2)-H(1) = 1.3 Hz, H(2)), 7.47 (d, 2H, 3JH(4)-H(5) 

= 8.4 Hz, H(4)), 7.28 (vd, 2H, 3JH(3)-H(2) = 8.5 Hz, H(3)), 0.30 (s, 18H, 2TMS), 0.19 (9H, 1TMS) 

ppm. 

7.8.17. N-(4-ethynylphenyl)-3,6-diethynylcarbazole 

 
N-(4-((trimethylsilyl)ethynyl)phenyl)-3,6-bis((trimethylsilyl)ethynyl)carbazole (507 mg, 1.0 

mmol) was dissolved in a methanol/THF mixture (20 ml/20 ml) and potassium carbonate (484 

mg, 3.5 mmol, 3.5 eq.) was added. The completeness of the reaction was controlled via TLC 

(1 hr). After full conversion, the solvent was evaporated under vacuum. The crude residue 

was taken up in a mixture of CH2Cl2 and distilled water and the organic layer was extracted 

three times with CH2Cl2. The combined organic layers were dried over MgSO4 and the 

solvent removed in vacuum to provide the N-(4-ethynylphenyl)-3,6-diethynylcarbazole as  an 

off-white solid. 

Yield: 252 mg, (0.8 mmol, 80%). Elemental analysis for C24H13N: C: 91.40; H: 4.15; N: 

4.44. Found: C: 89.05%; H: 4.35; N: 4.29%. 
1H-NMR (400 MHz, CDCl3): δ 8.26 (d, 2H, 4JH(1)-H(2) = 1.5 Hz, H(1)), 7.74 (d, 2H, 3JH(5)-H(4) =  

8.5 Hz, H(5)), 7.56 (dd, 2H, 3JH(2)-H(3) = 8.5 Hz, 4JH(2)-H(1) = 1.5 Hz, H(2)), 7.50 (d, 2H, 3JH(4)-H(5) 

= 8.5 Hz, H(4)), 7.32 (d, 2H, 3JH(3)-H(2) = 8.5 Hz, H(3)), 3.20 (s, 2H, HC≡C), 3.10 (s, 1H, HC≡C) 

ppm. 
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7.8.18. N-(4-iodophenyl)-3-methoxycarbazole 

 
Under inert atmosphere, a 500 mL Schlenk flask was charged with 3-methoxycarbazole (5g, 

25 mmol), K2CO3 (5.3 g, 38 mmol, 1.5 eq), CuI (248 mg, 1.3 mmol, 0.05 eq) 1,10-

phenanthroline (234 mg, 1.3 mmol, 0.05 eq), 1,4-diiodobenzene (20.6 g, 62.5 mmol, 2.5 eq) 

and 250 mL of DMF. The reaction mixture was stirred under nitrogen for 30 min at room 

temperature and then heated to reflux for 48 hr. The reaction mixture was monitored by TLC. 

After the 3-methoxycarbazole was completely consumed, the reaction was stopped and the 

mixture was cooled to room temperature. The reaction mixture was directly passed through a 

plug of Celite. After being rinsed with 250 mL of ethyl acetate, the combined filtrate was 

washed with saturated brine (2 x 150 mL). The organic layer was extracted three times with 

ethyl acetate. The combined organic layers were concentrated to ca. 50 mL. The residue was 

purified from excess 1,4-diiodobenzene by column chromatography on silica gel (petrol 

ether/dichloromethane, 10:1) to give N-(4-iodophenyl)-3-methoxycarbazole as as off-white 

solid (note: the coupling of two molecules of 3-methoxycarbazole with 1,4-diiodobenzene was 

obtained as a byproduct as well). 

Yield: 2.2 g (5.5 mmol, 22%). Elemental analysis for C19H14INO: C: 57.16; H: 3.53; N: 

3.51. Found: C: 57.09; H: 3.55; N: 3.70%. 
1H-NMR (400 MHz, DMSO-d6): δ 8.22 (dd, 1H, 3JH(9)-H(8) = 7.8 Hz, 4JH(9)-H(7) = 2.2 Hz, H(9)), 

7.99 (d, 2H, 3JH(5)-H(4) = 8.6 Hz, H(5)), 7.81 (d, 1H, 4JH(1)-H(2) = 2.5 Hz, H(1)), 7.43 (d, 2H, 3JH(4)-

H(5) = 8.6 Hz, H(4)), 7.40 (vt, 3JH(8)-H(7) = 5.9 Hz, 3JH(6)-H(7) = 7.9 Hz, H(7)), 7.39 (d, 1H, 3JH(6)-H(7) 

= 7.9 Hz, H(6)),  7.33 (d, 1H, 3JH(3)-H(2) = 8.9 Hz, H(3)), 7.26 (ddd, 1H, 3JH(7)-H(6) = 7.9 Hz, 3JH(7)-

H(8) = 5.9 Hz, 4JH(7)-H(9) = 2.2 Hz, H(7)), 7.05 (dd, 1H, 3JH(2)-H(3) = 8.9 Hz, 4JH(2)-H(1) = 2.5 Hz, 

H(2)), 3.87 (s, 3H, OMe). 
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7.8.19. N-(4-iodophenyl)-3-iodo-6-methoxycarbazole 

 
N-(4-iodophenyl)-3-methoxycarbazole (1.0 g, 2.5 mmol, 1 eq.) was dissolved in 70 ml of 

glacial acetic acid, 0.6 g of N-iodosuccinimide (2.5 mmol, 1 eq.) were slowly added. The 

reaction mixture was stirred overnight at a room temperature. The solution became cloudy at 

ca. 2 hours, and a solid started to precipitate. After full conversion (TLC control), the reaction 

was quenched with 100 mL of distilled water and the precipitate was filtered off and dried to 

obtain the N-(4-iodophenyl)-3-iodo-6-methoxycarbazole as an off-white powder. 

Yield: 1.2 g, (2.3 mmol, 92%). Elemental analysis for C19H13I2NO: C: 43.46; H: 2.50; N: 

2.67. Found: C: 40.62%; H: 2.25; N: 2.34%. 
1H-NMR (400 MHz, DMSO-d6): δ 8.64 (d, 1H, 4JH(1)-H(2) = 1.4 Hz, H(1)), 7.99 (d, 2H, 3JH(5)-

H(4) = 8.5 Hz, H(5)), 7.89 (d, 1H, 4JH(8)-H(7) = 2.4 Hz, H(8)), 7.65 (dd, 1H, 3JH(2)-H(3) = 8.6 Hz, 
4JH(2)-H(1) = 1.4 Hz, H(2)), 7.40 (d, 2H, 3JH(4)-H(5) = 8.5 Hz, H(4)), 7.31 (d, 1H, 3JH(6)-H(7) = 8.9 Hz, 

H(6)), 7.23 (d, 1H, 3JH(3)-H(2) = 8.6 Hz, H(3)), 7.08 (dd, 1H, 3JH(7)-H(6) = 8.9 Hz, 4JH(7)-H(8) = 2.4 

Hz, , H(7)), 3.86 (s, 3H, OMe). 

 
7.8.20. N-(4-((trimethylsilyl)ethynyl)phenyl)-3-((trimethylsilyl)ethynyl)-6-methoxy-

carbazole 

 
N-(4-iodophenyl)-3-iodo-6-methoxycarbazole (1.0 g, 1.9 mmol) and triphenylphosphine (3 

mol%) were dissolved in triethylamine (15 ml). After adding 0.8 ml (5.7 mmol, 3 eq.) of 

trimethylsilylacetylene, the solution was degassed by applying three freeze-pump-thaw 

cycles. CuI (10 mol%) and PdCl2(PPh3)2 (5 mol%) in 50 ml THF were then added and the 
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stirred mixture was heated to reflux overnight (55 °C). Additional amounts of 

trimethylsilylacetylene were added to ensure complete consumption of the starting material 

(TLC control). When the reaction was finished, the solvent was evaporated under vacuum and 

the residue was dissolved in CH2Cl2 and filtered over silica gel. Purification by column 

chromatography (petrol ether/dichloromethane, 9:1) gave the N-(4-

((trimethylsilyl)ethynyl)phenyl)-3-methoxy-6-((trimethylsilyl)ethynyl)carbazole as a pale 

yellow crystalline solid. 

Yield: 0.7 g, (1.5 mmol, 88%). Elemental analysis for C29H31NOSi2: C: 74.79; H: 6.71; N: 

3.01. Found: C: 71.64%; H: 6.05; N: 2.84%. 
1H-NMR (400 MHz, CD2Cl2): δ 8.22 (d, 1H, 4JH(1)-H(2) = 1.2 Hz, H(1)), 7.69 (d, 2H, 3JH(5)-H(4) 

= 8.5 Hz, H(5)), 7.58 (d, 1H, 4JH(8)-H(7) = 2.5 Hz, H(8)), 7.51 (d, 2H, 3JH(4)-H(5) = 8.5 Hz, H(4)), 

7.48 (dd, 1H, 3JH(2)-H(3) = 8.6 Hz, 4JH(2)-H(1) = 1.2 Hz, H(2)), 7.34 (d, 1H, 3JH(6)-H(7) = 8.9 Hz, 

H(6)), 7.32 (d, 1H, 3JH(3)-H(2) = 8.6 Hz, H(3)), 7.06 (dd, 1H, 3JH(7)-H(6) = 8.9 Hz, 4JH(7)-H(8) = 2.5 

Hz, , H(7)), 3.92 (s, 3H, OMe), 0.29 (s, TMS, 9H), 0.28 (s, TMS, 9H) ppm. 

 
7.8.21. N-(4-(ethynyl)phenyl)-3-ethynyl-6-methoxy-carbazole 

 
N-(4-((trimethylsilyl)ethynyl)phenyl)-3-methoxy-6-((trimethylsilyl)ethynyl)carbazole (501 

mg, 1.1 mmol) was dissolved in a methanol/THF mixture (20 ml/20 ml) and potassium 

carbonate (388 mg, 2.8 mmol, 2.5 eq.) was added. The completeness of the reaction was 

controlled via TLC (1 hr). After full conversion, the solvent was evaporated under vacuum. 

The crude residue was taken up in a mixture of CH2Cl2 and distilled water and the organic 

layer was extracted three times with CH2Cl2. The combined organic layers were dried over 

MgSO4 and the solvent was removed in vacuum to provide the N-((4-ethynyl)phenyl)-3-

methoxy-6-ethynylcarbazole as an off-white solid. 

Yield: 251 mg (0.8 mmol, 73%). Elemental analysis for C23H15NO: C: 85.96; H: 4.70; N: 

4.36. Found: C: 80.13%; H: 4.25; N: 4.19%. 
1H-NMR (400 MHz, CD2Cl2): δ 8.26 (d, 1H, 4JH(1)-H(2) = 1.0 Hz, H(1)), 7.73 (d, 2H, 3JH(5)-H(4) 

= 8.5 Hz, H(5)), 7.60 (d, 1H, 4JH(8)-H(7) = 2.4 Hz, H(8)), 7.52 (d, 2H, 3JH(4)-H(5) = 8.5 Hz, H(4)), 
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7.39 (dd, 1H, 3JH(2)-H(3) = 8.6 Hz, 4JH(2)-H(1) = 1.0 Hz, H(2)), 7.34 (d, 1H, 3JH(6)-H(7) = 8.9 Hz, 

H(6)), 7.28 (d, virtual, 1H, 3JH(3)-H(2) = 8.6 Hz, H(3)), 7.07 (dd, 1H, 3JH(7)-H(6) = 8.9 Hz, 4JH(7)-H(8) 

= 2.4 Hz, H(7)), 3.93 (s, 3H, OMe), 3.26 (s, 1H, HC≡C), 3.15 (s, 1H, HC≡C) ppm. 

 
7.8.22. N-ethyl-3-((trimethylsilyl)ethynyl)carbazole 

 
N-ethyl-3-iodocarbazole (1.0 g, 3.1 mmol) and triphenylphosphine (3 mol%) were dissolved 

in triethylamine (15 ml). After adding 0.7 ml (4.7 mmol, 1.5 eq.) of trimethylsilylacetylene, 

the solution was degassed by applying three freeze-pump-thaw cycles. CuI (10 mol%) and 

PdCl2(PPh3)2 (5 mol%) in 50 ml of THF were then added and the stirred mixture was heated 

to reflux overnight. Additional amounts of trimethylsilylacetylene were added to ensure 

complete consumption of the starting material (TLC control). When the reaction was finished, 

the solvent was evaporated under vacuum and the residue was filtered with CH2Cl2 over silica 

gel. Purification by column chromatography (petrol ether/dichloromethane, 9:1) gave the N-

ethyl-3-((trimethylsilyl)ethynyl)-carbazole as an off-white crystalline solid. 

Yield: 0.70 g (2.4 mmol, 77%). Elemental analysis for C19H21NSi: C: 78.30; H: 7.26; N: 

4.81. Found: C: 78.04%; H: 7.19; N: 4.75%. 
1H-NMR (400 MHz, CDCl3): δ 8.28 (d, 1H, 4JH(1)-H(2) = 0.7 Hz, H(1)), 8.09 (d, 1H, 3JH(7)-H(6) =  

7.8 Hz, H(7)), 7.61 (dd, 1H, 3JH(2)-H(3) = 8.5 Hz, 4JH(2)-H(1) = 0.7 Hz, H(2)), 7.50 (t, 1H, 3JH(6)-H(5) = 

7.5 Hz, H(6)), 7.40 (d, 1H, 3JH(4)-H(5) = 8.2 Hz, H(4)), 7.32 (d, 1H, 3JH(3)-H(2) = 8.5 Hz, H(3)), 7.27 

(t, 1H, 3JH(5)-H(6) = 7.5 Hz, H(5)), 4.33 (q, 2H, 3J(H-H) = 7.2 Hz, CH2), 1.43 (t, 3H, 3J(H-H) = 7.2 

Hz, CH3), 0.35 (s, 9H, TMS) ppm. 

 

7.8.23. N-ethyl-3-ethynylcarbazole 

 
N-ethyl-3-((trimethylsilyl)ethynyl)carbazole (501 mg, 1.7 mmol, 1 eq.) was dissolved in a 

methanol/THF mixture (20 ml/20 ml) and potassium carbonate (359 mg, 2.6 mmol, 1.5 eq.) 

was added. The completeness of the reaction was controlled via TLC (1 hr). After full 
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conversion, the solvent was evaporated under vacuum. The crude residue was taken up in a 

mixture of CH2Cl2 and distilled water and the organic layer was extracted three times with 

CH2Cl2. The combined organic layers were dried over MgSO4 and the solvent was removed in 

vacuum to provide the N-(4-ethynylphenyl)-3,6-diethynylcarbazole as  a yellow oil. 

Yield: 300 mg (1.4 mmol, 82%). Elemental analysis for C16H13N: C: 87.64; H: 5.98; N: 6.39. 

Found: C: 86.01%; H: 5.85; N: 6.29%.  
1H-NMR (400 MHz, CDCl3): δ 8.31 (d, 1H, 4JH(1)-H(2) = 1.5 Hz, H(1)), 8.11 (d, 1H, 3JH(7)-H(6) = 

7.8 Hz, H(7)), 7.64 (dd, 1H, 3JH(2)-H(3) = 8.4 Hz, 4JH(2)-H(1) = 1.5 Hz, H(2)), 7.52 (t, 1H, 3JH(6)-H(5) = 

7.6 Hz, H(6)), 7.41 (d, 1H, 3JH(5)-H(4) = 8.2 Hz, H(5)), 7.34 (d, 1H, 3JH(3)-H(2) = 8.5 Hz, H(3)), 7.29 

(vt, 1H, 3JH(4)-H(5) = 7.5 Hz, H(4)), 4.32 (q, 2H, 3J(H-H) = 7.2 Hz, CH2), 3.13 (s, 1H, HC≡C), 1.43 

(t, 3H, 3J(H-H) = 7.2 Hz, CH3) ppm. 

 
7.6. Synthesis of the ruthenium-vinyl complexes 

General procedure for the synthesis of the five-coordinated complexes 

[Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-X), 1a-1e: To a stirred solution of HRu(CO)Cl(PiPr3)2 

(75.3 mg, 0.15 mmol, 1eq.) in 10 mL of CH2Cl2 was slowly added a solution of the respective 

para-substituted phenylacetylene (0.17 mmol, 1.1 eq.) in 10 mL of CH2Cl2. Upon addition, 

the color of the solution immediately changed from orange to dark red. The reaction mixture 

was stirred for an hour, the solvent was removed under reduced pressure, and the red product 

was washed twice with 20 mL of n-hexane to remove the remaining unreacted alkyne. 

7.6.1. [Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-CN)], 1a 

 
Yield: 83.8 mg (0.14 mmol, 93%). Elemental analysis for C28H49ClNOP2Ru: C: 54.76; H: 

8.04; N: 2.28. Found: C: 53.92%; H: 7.95; N: 2.18%. IR (ATR, υ in cm-1): 1898 (C≡O); 2233 

(C≡N); 1593, 1555, 1524 (C=C aryl, vinyl); 2874, 2960 (C-H aryl, vinyl). UV-Vis (λmax (nm), 

ε (M-1·cm-1)): 249 (1.6·104), 365 (2.5·104), 486 (4.6·102). 
1H-NMR (400 MHz, CD2Cl2): δ 9.25 (d, 1H, 3JH(1)-H(2) = 13.6 Hz, H(1)), 7.42 (d, 2H, 3JH(5)-H(4) 

= 8.4 Hz, H(5)), 7.07 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, H(4)), 6.12 (d, 1H, 3JH(2)-H(1) = 13.6 Hz, H(2)), 

2.78-2.68 (m, 6H, PCHCH3), 1.27 (m, 36H, PCHCH3) ppm. 
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13C {H1}-NMR (600 MHz, CDCl3): δ 202.8 (t, 2JC(8)-P = 12.8 Hz, C(8)), 162.9 (t, 2JC(1)-P = 

10.9 Hz, C(1)), 142.3 (s, C(3)), 133.5 (s, C(2)), 132.3 (s, C(5)), 123.9 (s, C(4)), 120.6 (s, C(7)), 

106.0 (s, C(6)), 24.7 (t, JC-P = 10.0 Hz, CH(CH3)2), 19.90 and 19.70 (s, (CH3)2CH) ppm). 
31P-NMR (162 MHz, CD2Cl2): δ 38.44 (s, PiPr3) ppm. 

 
7.6.2. [Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-CF3)], 1b 

 
Yield: 93.6 mg (0.14mmol, 93%). Elemental analysis for C28H49ClF3OP2Ru: C: 51.18; H: 

7.52. Found: C: 50.72%; H: 7.45%. IR (ATR, υ in cm-1): 1898 (C≡O); 1575, 1544, 1459 

(C=C aryl, vinyl); 2875, 2959 (C-H aryl, vinyl); 1159, 1133, 1108 (C-F). UV-Vis (λmax (nm), 

ε (M-1·cm-1)): 243 (1.3·104), 336 (1.4·104), 397 (1.3·103). 
1H-NMR (400 MHz, CD2Cl2): δ 9.01 (dt, 1H, 3JH(1)-H(2) = 13.6 Hz, 3JH(1)-P = 0.80 Hz, H(1)), 

7.41 (d, 2H, 3JH(5)-H(4) = 8.3 Hz, H(5)), 7.11 (d, 2H, 3JH(4)-H(5) = 8.3 Hz, H(4)), 6.08 (dt, 1H, 
3JH(2)-H(1) = 13.6 Hz, 4JH(2)-P = 2.0 Hz, H(2)), 2.84-2.70 (m, 6H, PCHCH3), 1.28 (m, 36H, 

PCHCH3) ppm. 
13C {H1}-NMR (600 MHz, CDCl3): δ 204.0 (t, 2JC(8)-P = 12.9 Hz, C(8)), 157.7 (t, 2JC(1)-P = 

10.7 Hz, C(1)), 142.0 (q, 5JC(3)-F = 1.6 Hz, C(3)), 133.3 (t, 3JC(2)-P = 3.3 Hz, C(2)), 125.6 (q, 3JC(5)-

F = 3.7 Hz, C(5)), 125.2 (q, 1JC(7)-F = 271.0 Hz, C(7)), 125.2 (q, 2JC(6)-F = 32.0 Hz, C(6)), 124.0 

(s, C(4)), 24.9 (t, JC-P = 9.9 Hz, CH(CH3)2), 20.10 and 19.80 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 38.52 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -62.16 (s, CF3) ppm. 

 
7.6.3. [Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-NH2)], 1d 

 
Yield: 83.4 mg (0.14 mmol, 93%). Elemental analysis for C27H51ClNOP2Ru: C: 53.68; H: 

8.51. N: 2.32. Found: C: 52.98%; H: 8.23%; N: 2.25%. IR (ATR, υ in cm-1): 1885 (C≡O); 

1555, 1510, 1455 (C=C aryl, vinyl); 3375, 3455 (N-H); 2870, 2935 (C-H aryl, vinyl). UV-Vis 

(λmax (nm), ε (M-1·cm-1)): 221 (2.4·104), 250 (1.5·104), 305 (2.5·104), 386 (2.1·103). 
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1H-NMR (400 MHz, CD2Cl2): δ 8.09 (dt, 1H, 3JH(1)-H(2) = 13.3 Hz, 3JH(1)-(P) = 1.1 Hz, H(1)), 

6.83 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, H(4)), 6.51 (d, 2H, 3JH(5)-H(4) = 8.4 Hz, H(5)), 5.83 (dt, 1H, 3JH(2)-

H(1) = 13.3 Hz, 4JH(2)-(P) = 2.2 Hz, H(2)), 3.51 (s, 2H, NH2), 2.79-2.69 (m, 6H, PCHCH3), 1.28 

(m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.7 (t, 2JC(7)-P = 12.7 Hz, C(7)), 144.5 (t, 2JC(1)-P = 

11.6 Hz, C(1)), 143.9 (s, C(3)), 134.5 (t, 3JC(2)-P = 3.6 Hz, C(2)), 131.2 (s, C(6)), 125.4 (s, C(4)), 

115.6 (s, C(5)), 25.0 (t, 2JC- P = 9.8 Hz, CH(CH3)2), 20.3 and 20.1 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.61 (s, PiPr3) ppm. 

 
7.6.4. [Ru(CO)Cl(PiPr3)2(CH=CH-4-C6H4-NMe2)], 1e 

 
Yield: 90.9 mg (14 mmol, 98%). Elemental analysis for C29H55ClNOP2Ru: C: 55.09; H: 

8.77. N: 2.22. Found: C: 54.18%; H: 8.62%; N: 1.91%. IR (ATR, υ in cm-1): 1900 (C≡O); 

1560, 1544, 1514 (C=C aryl, vinyl); 2870, 2959 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-

1·cm-1)): 262 (1.1·104), 312 (1.9·104), 469 (1.8·103). 
1H-NMR (400 MHz, CD2Cl2): δ 8.09 (d, 1H, 3JH(1)-H(2) = 13.3 Hz, H(1)), 6.92 (d, 2H, 3JH(4)-H(5) 

= 8.7 Hz, H(4)), 6.60 (d, 2H, 3JH(5)-H(4) = 8.7 Hz, H(5)), 5.85 (d, 1H, 3JH(2)-H(1) = 13.2 Hz, H(2)), 

2.86 (s, 6H, NMe2), 2.79-2.70 (m, 6H, PCHCH3), 1.29 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.8 (t, 2JC(8)-P = 13.4 Hz, C(8)), 148.6 (s, C(6)), 144.1 

(t, 2JC(1)-P = 11.0 Hz, C(1)), 134.5 (t, 3JC(2)-P = 2.9 Hz, C(2)), 129.6 (t, 4JC(3)-(P) = 1.8 Hz, C(3)), 

125.2 (s, C(4)), 113.6 (s, C(5)), 41.3 (s, C(7)), 25.0 (t, 2JC- P = 9.8 Hz, CH(CH3)2), 20.3 and 20.1 

(s, (CH3)2CH) ppm. 
31P-NMR (122 MHz, CD2Cl2): δ 37.57 (s, PiPr3) ppm. 

 
General procedure for the synthesis of the six-coordinated complexes [Ru(CO)(PiPr3)2 

(CH=CH-4-C6H4-X)(Y^N-Ar)], 2a-7b: 0.12 mmol (1.1 eq.) of the appropriate hydroxy- or 

mercaptopyridine ligand and 18.2 mg (0.13 mmol, 1.2 eq.) of K2CO3 in 5 mL of CH2Cl2 and 5 

mL of MeOH were stirred at room temperature for an hour. This solution was slowly added to 

a solution of 0.11 mmol (1 eq.) of the appropriate complex Ru(CO)Cl(PiPr3)2(CH=CH-4-

C6H4-X) in 10 mL of CH2Cl2, and the reaction mixture was stirred for an extra hour at room 

temperature to give a bright-yellow solution. The solvent was removed under reduced 

pressure and the pale yellow precipitate was washed twice with 20 ml of n-hexane and 10 ml 
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of MeOH each to remove unreacted starting materials and the formed KCl salt. The 

compounds sometimes retained various amounts of CH2Cl2 which could be detected by NMR 

spectroscopy such that elemental analyses are sometimes low in carbon, hydrogen and 

nitrogen and sulfur. With the exception of complex 6b, the compounds were, however, 

spectroscopically pure. For the minor isomers only 1H and 31P-NMR data can be provided, 

since 13C-NMR signals were too low in intensity to be observed. 

 

7.6.5. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CN)(3-methoxypyridin-2-olate)], 2a 

 
Yield: 61.1 mg (0.09 mmol, 82%). Elemental analysis for C34H55N2O3P2Ru: C: 58.10; H: 

7.89; N: 3.99. Found C: 56.53%; H: 6.75%; N: 2.93%. IR (ATR, υ in cm-1): 1895 (C≡O); 

2220 (C≡N); 1595 (C=N); 1555, 1525, 1480 (C=C vinyl, aryl); 2870, 2960 (C-H aryl, vinyl). 

UV-Vis (λmax (nm), ε (M-1·cm-1)): 215 (4.2·104), 326 (1.2·104), 382 (3.4·104). 

 Major isomer: 
1H-NMR (400 MHz, CD2Cl2): δ: 9.60 (dt, 1H, 3JH(1)-H(2)  = 16.3 Hz, 3JH(1)-P  = 1.5 Hz, H(1)), 

7.44 (d, 2H, 3JH(5)-H(4) = 8.3 Hz, H(5)), 7.40 (dd, 1H, 3JH(12)-H(11) = 5.5 Hz, 4JH(12)-H(10)  = 0.9 Hz, 

H(12)), 7.19 (d, 2H, 3JH(4)-H(5) = 8.3 Hz, H(4)), 6.77 (dd, 1H, 3JH(10)-H(11) = 7.6 Hz, 4JH(10)-H(12) = 

0.9 Hz, H(10)), 6.46 (dt, 1H, 3JH(2)-H(1)  = 16.3 Hz, 4JH(2)-P  = 1.7 Hz, H(2)), 6.34 (dd, 1H, 3JH(11)-

H(10) = 7.6 Hz, 3JH(11)-H(12) = 5.5 Hz, H(11)), 3.74 (s, 3H, OMe), 2.26-2.16 (m, 6H, PCHCH3), 

1.20 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 209.5 (t, 2JC(14)-P = 10.9 Hz, C(14)), 178.1 (t, 2JC(1)- P = 

8.2 Hz, C(1)), 167.1 (t, 3JC(8)-P = 1.9 Hz, C(8)), 145.1 (s, C(3)), 143.5 (s, C(9)), 138.3 (s, C(12)), 

133.3 (t, 3JC(2)-P = 2.8 Hz, C(2)), 132.9 (s, C(5)), 124.3 (s, C(4)), 120.8 (s, C(7)), 115.4 (s, C(10)), 

110.1 (s, C(11)), 105.5 (s, C(6)), 55.9 (s, C(13)), 25.3 (t, 2JC-P = 9.6 Hz, CH(CH3)2), 20.2 and 19.3 

(s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ: 35.80 (s, PiPr3) ppm. 

 Minor isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 9.54 (d, 1H, 3JH(1)-H(2)  = 15.8 Hz, H(1)), 7.81 (dd, 1H, 3JH(12)-

H(11) = 5.6 Hz, 4JH(12)-H(10) = 0.7 Hz, H(12)), 7.63 (d, 2H, 3JH(5)-H(4) = 8.4 Hz, H(5)), 7.15 (d, 2H, 
3JH(4)-H(5) = 8.4 Hz, H(4)), 6.68 (dd, 1H, 3JH(10)-H(11) = 7.5 Hz, 4JH(10)-H(12) = 0.7 Hz, H(10)), 6.42 
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(dd, 1H, 3JH(11)-H(10) = 7.5 Hz, 3JH(11)-H(12) = 5.6 Hz, H(11)), 6.37 (d, 1H, 3JH(2)-H(1) = 15.3 Hz, 

H(2)), 3.71 (s, 3H, OMe), 2.05-1.80 (m, 6H, PCHCH3), 0.80 (m, 36H, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.45 (s, PiPr3) ppm. 

 

7.6.6. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)(3-methoxypyridin-2-olate)], 2b 

 
Yield: 66.5 mg (0.09 mmol, 82%). Elemental analysis for C34H55F3NO3P2Ru: C: 54.75; H: 

7.43; N: 1.88. Found: C: 53.26%; H: 6.85%; N: 1.66%. IR (ATR, υ in cm-1): 1890 (C≡O); 

1595 (C=N); 1540, 1480, 1460 (C=C aryl, vinyl); 1105, 1060, 1010 (C-F); 2875, 2960 (C-H 

aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 216 (3.2·104), 318 (1.6·104), 353 (1.8·104). 

 Major isomer: 

 1H-NMR (400 MHz, CD2Cl2): δ 9.38 (d, 1H, 3JH(1)-H(2)  = 16.2 Hz, H(1)), 7.41 (d, 2H, 3JH(5)-

H(4) = 8.3 Hz, H(5)), 7.40 (d, virtual, 1H, 3JH(12)-H(11)  = 5.9 Hz, H(12)), 7.24 (d, 2H, 3JH(4)-H(5) = 

8.3 Hz, H(4)), 6.76 (d, 1H, 3JH(10)-H(11) =  7.5 Hz, H(10)), 6.45 (d, 1H, 3JH(2)-H(1)  = 16.2 Hz, H(2)), 

6.33 (dd, 1H, 3JH(11)-H(10) = 7.5 Hz, 3JH(11)-H(12) = 5.9 Hz H(11)), 3.74 (s, 3H, OMe), 2.31-2.18 

(m, 6H, PCHCH3), 1.21 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 209.7 (t, 1H, 2JC(14)-P = 13.9 Hz, C(14)), 173.4 (t, 2JC(1)- 

P = 11.6 Hz, C(1)), 166.9 (s, C(8)), 144.2 (q, 5JC(3)-F = 1.5 Hz, C(3)), 143.5 (s, C(9)), 138.3 (s, 

C(12)), 133.1 (t, 2JC(2)-P = 2.5 Hz, C(2)), 125.7 (q, 3JC(5)-F = 3.7 Hz, C(5)), 124.4 (q, 1JC(7)-F = 272 

Hz, C(7)), 123.9 (q, 2JC(6)-F = 33.8 Hz, C(6)), 124.0 (s, C(4)), 115.2 (s, C(10)), 110.0 (s, C(11)), 55. 

9 (s, C(13)), 25.2 (t, 2JC-P = 9.5 Hz, CH(CH3)2), 20.2 and 19.3 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.64 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -61.93 (s, CF3) ppm. 

 Minor isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 9.29 (d, 1H, 3JH(1)-H(2)  = 15.5 Hz, H(1)), 7.82 (d, 1H, 3JH(12)-

H(11) = 5.9 Hz, H(12)), 7.19 (d, 2H, 3JH(5)-H(4)  = 7.8 Hz, H(5)), 6.88 (d, 1H, 3JH(10)-H(11) = 7.0 Hz, 

H(10)), 6.68 (d, 2H, 3JH(4)-H(5) = 7.8 Hz, H(4)), 6.40 (d, 1H, 3JH(2)-H(1)  = 15.5 Hz, H(2)), 6.14 (dd, 

1H, 3JH(11)-H(10) = 7.0 Hz, 3JH(11)-H(12) = 5.9 Hz, H(11)), 3.71 (s, 3H, OMe), 1.90-1.50 (m, 6H, 

PCHCH3), 0.80 (m, 36H, PCHCH3) ppm. 
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31P-NMR (162 MHz, CD2Cl2): δ 35.17 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -61.98 (s, CF3) ppm. 

 

7.6.7. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)(3-methoxypyridin-2-olate)], 2c 

 
Yield: 64.6 mg (0.09 mmol 83%). Elemental analysis for C34H58NO4P2Ru: C: 57.69; H: 

8.26; N: 1.98. Found: C: 57.18%; H: 7.76%; N: 1.77%. IR (ATR, υ in cm-1): 1890 (C≡O); 

1600 (C=N); 1555, 1505, 1480 (C=C aryl, vinyl); 2870, 2960 (C-H aryl, vinyl). UV-Vis (λmax 

(nm), ε (M-1·cm-1)): 229 (3.1·104), 306 (2.8·104), 346 (8.7·103). 

 Major isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 8.62 (dt, 1H, 3JH(1)-H(2)  = 16.3 Hz, 3JH(1)-P  = 1.7 Hz, H(1)), 

7.41 (dd, 1H, 3JH(12)-H(11)  = 5.5 Hz, 4JH(12)-H(10) = 1.0 Hz, H(12)), 7.09 (d, 2H, 3JH(4)-H(5) = 8.7 Hz, 

H(4)), 6.75 (d, virtual, 2H, 3JH(5)-H(4) = 8.7 Hz, H(5)), 6.74 (dd, virtual, 1H, 3JH(10)-H(11) = 7.5 Hz, 
4JH(10)-H(12) = 1.0 Hz, H(10)), 6.31 (dd, 1H, 3JH(11)-H(10) = 7.5 Hz, 3JH(11)-H(12) = 5.5 Hz, H(11)), 6.29 

(dt, virtual, 1H, 3JH(2)-H(1)  = 16.3 Hz, 4JH(2)-P  = 1.7 Hz, H(2)), 3.75 (s, 3H, OMe, H(7)), 3.73 (s, 

3H, OMe, H(13)), 2.32-2.20 (m, 6H, PCHCH3), 1.21 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 210.1 (t, 1H, 2JC(14)-P = 14.2 Hz, C(14)), 167.0 (t, 3JC(8)-P 

= 1.6 Hz, C(8)), 161.3 (t, 2JC(1)- P = 12.3 Hz, C(1)), 156.8 (s, C(3)), 143.4 (s, C(9)), 138. 5 (s, C(5)), 

136.0 (t, 3JC(12)-P = 1.7 Hz, C(12)), 133.4 (t, 3JC(2)-P = 2.9 Hz, C(2)), 125.1 (s, C(4)), 115.2 (s, 

C(6)), 114.2 (s, C(10)), 109.7 (s, C(11)), 55.9 (s, C(7)), 55.8 (s, C(13)), 25.2 (t, 2JC- P = 9.4 Hz, 

CH(CH3)2), 20.3 and 19.3 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.27 (s, PiPr3) ppm. 

 Minor isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 8.51 (dt, 1H, 3JH(1)-H(2)  = 15.5 Hz, 3JH(1)-P  = 1.3 Hz, H(1)), 

7.81 (dd, 1H, 3JH(12)-H(11)  = 5.7 Hz, H(12)), 7.35 (d, 2H, 3JH(4)-H(5) = 8.7 Hz, H(4)), 7.05 (d, 2H, 
3JH(5)-H(4) = 8.7 Hz, H(5)), 6.86 (dd, 1H, 3JH(10)-H(11) = 7.4 Hz, H(10)), 6.38 (dd, 1H, 3JH(11)-H(10) = 

7.4 Hz, 3JH(11)-H(12) = 5.7 Hz, H(11)), 6.15 (dt, 1H, 3JH(2)-H(1) = 15.5 Hz, 4JH(2)-P  = 1.9 Hz, H(2)), 

3.80 (s, 3H, OMe, H(7)), 3.70 (s, 3H, OMe, H(13)), 2.16-2.02 (m, 6H, PCHCH3), 0.95 -0.80 (m, 

36H, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 34.52 (s, PiPr3) ppm. 
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7.6.8. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NH2)(3-methoxypyridin-2-olate)], 2d 

 
Yield: 67.1 mg (0.1 mmol, 91%). Elemental analysis for C33H57N2O3P2Ru: C: 57.21; H: 

8.29; N: 4.04. Found: C: 56.35%; H: 7.59%; N: 3.68%. IR (ATR, υ in cm-1): 1885 (C≡O); 

1595 (C=N); 1510, 1480, 1465 (C=C aryl, vinyl); 3350, 3215 (N-H); 2960, 2870 (C-H aryl, 

vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 219 (1.8·104), 238 (1.6·104), 308 (1.6·104). 

 Major isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 8.47 (dt, 1H, 3JH(1)-H(2) = 16.2 Hz, 3JH(1)-P = 1.6 Hz, H(1)), 

7.40 (dd, 1H, 3JH(11)-H(10)  = 5.5 Hz, 4JH(11)-H(9) = 1.0 Hz, H(11)), 6.97 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, 

H(4)), 6.74 (dd, 1H, 3JH(9)-H(10) = 7.6 Hz, 4JH(9)-H(11) = 1.0 Hz, H(9)), 6.54 (d, 2H, 3JH(5)-H(4) = 8.4 

Hz, H(5)), 6.30 (dd, 1H, 3JH(10)-H(9) = 7.6 Hz, 3JH(10)-H(11) = 5.5 Hz, H(10)), 6.20 (dt, 1H, 3JH(2)-H(1)  

= 16.2 Hz, 4JH(2)-P = 1.8 Hz, H(2)), 3.73 (s, 3H, OMe, H(12)), 3.48 (s, 2H, NH2), 2.31-2.20 (m, 

6H, PCHCH3), 1.21 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 210.1 (t, 1H, 2JC(13)-P = 14.2 Hz, C(13)), 167.0 (t, 3JC(7)-P 

= 1.4 Hz, C(7)), 158.8 (t, 2JC(1)-P = 12.4 Hz, C(1)), 143.4 (s, C(3)), 143.3 (s, C(8)), 138.5 (s, C(6)) 

134.3 (t, 3JC(11)-P = 1.7 Hz, C(11)), 133.9 (t, 3JC(2)-P = 3.0 Hz, C(2)), 125.2 (s, C(4)), 115.7 (s, 

C(5)), 115.2 (s, C(9)), 109.7 (s, C(10)), 55.9 (s, C(12)), 25.2 (t, 2JC- P = 9.4 Hz, CH(CH3)2), 20.3 

and 19.3 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.17 (s, PiPr3) ppm. 

 Minor isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 8.35 (dt, 1H, 3JH(1)-H(2)  = 15.6 Hz, 3JH(1)-P  = 1.4 Hz, H(1)), 

7.80 (d, 1H, 3JH(11)-H(10)  = 5.6 Hz, H(11)), 7.21 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, H(4)), 6.93 (d, 1H, 
3JH(9)-H(10) = 7.4 Hz, H(4)), 6.62 (d, 2H, 3JH(5)-H(4) = 8.6 Hz, H(5)), 6.37 (dd, 1H, 3JH(10)-H(9) = 7.4 

Hz, 4JH(10)-H(11) = 5.6 Hz, H(10)), 6.09 (dt, 1H, 3JH(2)-H(1)  = 15.6 Hz, 4JH(2)-P  = 2.0 Hz, H(2)), 3.70 

(s, 3H, OMe), 3.55 (s, 2H, NH2), 2.00-1.80 (m, 6H, PCHCH3), 0.81 (m, 36H, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 34.36 (s, PiPr3) ppm. 
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7.6.9. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CN)(4-(benzyloxy)pyridin-2-olate)], 3a 

 
Yield: 66.8 mg (0.09 mmol, 82%). Elemental analysis for C40H59N2O3P2Ru: C: 61.68; H. 

7.63; N. 3.60. Found: C: 60.22%; H: 6.85%. N: 3.14%. IR (ATR, υ in cm-1): 1895 (C≡O); 

2215 (C≡N); 1590 (C=N); 1550, 1465, 1480 (C=C vinyl, aryl); 2870, 2920 (C-H aryl, vinyl). 

UV-Vis (λmax (nm), ε (M-1·cm-1)): 217 (5.4·104), 294 (7.3·103), 383 (2.9·104). 

 Major isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 9.55 (dt, 1H, 3JH(1)-H(2) = 16.3 Hz, 3JH(1)-P = 1.6 Hz, H(1)), 

7.58 (d, 1H, 3JH(12)-H(11) = 6.3 Hz, H(12)), 7.44 (d, 2H, 3JH(5)-H(4)  = 8.4 Hz, H(5)), 7.40-7.35 (m, 

5H, H(15)-H(17)), 7.18 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, H(4)), 6.46 (dt, 1H, 3JH(2)-H(1)  = 16.3 Hz, 4JH(2)-

P = 1.7 Hz, H(2)), 6.11 (dd, 1H, 3JH(11)-H(12) = 6.3 Hz, 4JH(11)-H(9) = 2.4 Hz, H(11)), 5.59 (d, 1H, 
4JH(9)-H(11) = 2.4 Hz, H(9)), 5.00 (s, 2H, OCH2), 2.28-2.18 (m, 6H, PCHCH3), 1.21 (m, 36H, 

PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 209.5 (t, 2JC(18)-P = 14.0 Hz, C(18)), 177.9 (t, 2JC(1)-P = 

11.6 Hz, C(1)), 176.3 (t, 3JC(8)-P = 1.3 Hz, C(8)), 167.4 (s, C(10)), 147.7 (s, C(12)), 145.0 (t, 4JC(3)-P 

= 1.5 Hz, C(3)), 137.0 (s, C(14)), 133.3 (t, 3JC(2)-P = 2.6 Hz, C(2)), 132.8 (s, C(5)), 129.1 (s, C(17)), 

128.6 (s, C(15)), 128.1 (s, C(16)), 124.2 (s, C(4)), 120.8 (s, C(7)), 105.5 (s, C(6)), 102.4 (s, C(11)), 

94.8 (s, C(9)), 70.0 (s, C(13)), 25.3 (t, 2JC-P = 9.5 Hz, CH(CH3)2), 20.3 and 19.5 (s, (CH3)2CH) 

ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 36.16 (s, PiPr3) ppm. 

 Minor isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 9.48 (dt, 1H, 3JH(1)-H(2) = 15.7 Hz, 3JH(1)-P  = 1.3 Hz, H(1)), 

7.98 (d, 1H, 3JH(12)-H(11) = 6.4 Hz, H(12)), 7.63 (d, 2H, 3JH(5)-H(4) = 8.4 Hz, H(5)), 7.28-7.21 (m, 

5H, H(15)-H(17)), 7.14 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, H(4)), 6.36 (dt, 1H, 3JH(2)-H(1) = 15.7 Hz, 4JH(2)-

P  = 1.5 Hz, H(2)), 6.21 (dd, 1H, 3JH(11)-H(12) = 6.4 Hz, 4JH(11)-H(9) = 2.4 Hz, H(11)), 5.57 (d, 1H, 
4JH(9)-H(11) = 2.4 Hz, H(9)), 5.02 (s, 2H, OCH2), 2.12 – 2.01 (m, 6H, PCHCH3), 0.82 (m, 36H, 

PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 36.01 (s, PiPr3) ppm. 
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7.6.10. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)(4-(benzyloxy)pyridin-2-olate)], 3b 

 
Yield: 72.3 mg (0.09 mmol 82%). Elemental analysis for C40H59F3NO3P2Ru: C: 58.45; H: 

7.24; N: 1.70. Found: C: 57.35%; H: 6.58%; N: 1.35%. IR (ATR, υ in cm-1): 1895 (C≡O); 

1590 (C=N); 1545, 1470. 1485 (C=C aryl, vinyl); 1110, 1065, 1010 (C-F); 2875, 2960 (C-H 

aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 217 (6.0·104), 352 (2.2·104). 

 Major isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 9.32 (d, 1H, 3JH(1)-H(2)  = 16.3 Hz, H(1)), 7.59 (d, 1H, 3JH(12)-

H(11) = 6.2 Hz, H(12)), 7.42 (d, 2H, 3JH(5)-H(4)  = 8.1 Hz, H(5)), 7.38 (m, 5H, H(15)-H(17)), 7.22 (d, 

2H, 3JH(4)-H(5) = 8.1 Hz, H(4)), 6.44 (d, 1H, 3JH(2)-H(1)  = 16.3 Hz, H(2)), 6.10 (dd, 1H, 3JH(11)-H(12) 

= 6.2 Hz, 4JH(11)-H(9) = 2.4 Hz, H(6)), 5.58 (d, 1H, 4JH(9)-H(11) = 2.4 Hz, H(9)), 5.00 (s, 2H, OCH2), 

2.25-2.18 (m, 6H, PCHCH3), 1.22 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 209.7 (t, 2JC(18)-P = 14.0 Hz, C(18)), 176.2 (t, 3JC(8)-P = 

1.1 Hz, C(8)), 173.1 (t, 2JC(1)-P = 12.1 Hz, C(1)), 167.3 (s, C(10)), 147.7 (s, C(12)), 144.8 (s, C(3)), 

137.0 (s, C(14)), 133.1 (t, 3JC(2)-P = 2.4 Hz, C(2)), 129.1 (s, C(17)), 128.57 (s, C(15)), 128.1 (s, 

C(16)), 125.7 (q, 3JC(5)-F = 3.7 Hz, C(5)), 124.6 (q, 1JC(7)-F = 272 Hz, C(7)), 123.4 (q, 2JC(6)-F = 

33.8 Hz, C(6)), 123.9 (s, C(4)), 102.2 (s, C(11)), 94.7 (s, C(9)), 70.0 (s, C(13)), 25.2 (t, 2JC- P = 9.5 

Hz, CH(CH3)2), 20.3 and 19.5 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.99 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -61.92 (s, CF3) ppm. 

 Minor isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 9.23 (d, 1H, 3JH(1)-H(2)  = 15.8 Hz, H(1)), 7.99 (d, 1H, 3JH(12)-

H(11) = 6.2 Hz, H(12)), 7.32 (d, 2H, 3JH(5)-H(4)  = 8.1 Hz, H(5)), 7.31 (m, 5H, H(15)-H(17)), 7.13 (d, 

2H, 3JH(4)-H(5) = 8.1 Hz, H(4)), 6.34 (d, 1H, 3JH(2)-H(1)  = 15.8 Hz, H(2)), 6.10 (dd, 1H, 3JH(11)-H(12) 

= 6.2 Hz, 4JH(11)-H(9) = 2.2 Hz, H(11)), 5.56 (d, 1H, 4JH(9)-H(11) = 2.2 Hz, H(11)), 5.01 (s, 2H, 

OCH2), 1.80-1.60 (m, 6H, PCHCH3), 0.82 (m, 36H, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.74 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -61.97 (s, CF3) ppm. 
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7.6.11. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)(4-(benzyloxy)pyridin-2-olate)], 3c 

 
Yield: 70.7 mg (0.09, 82%). Elemental analysis for C40H62NO4P2Ru: C: 61.28; H: 7.97; N: 

1.79. Found: C: 60.38%; H: 7.08%; N: 1.52%. IR (ATR, υ in cm-1): 1890 (C≡O); 1590 

(C=N); 1545, 1505, 1465 (C=C aryl. vinyl); 2870, 2960 (C-H aryl, vinyl). UV-Vis (λmax (nm), 

ε (M-1·cm-1)): 220 (3.9·104), 303 (2.0·104). 

 Major isomer: 
1H-NMR (400 MHz, CD2Cl2) δ: 8.56 (dt, 1H, 3JH(1)-H(2)  = 16.3 Hz, 3JH(1)-P  = 1.8 Hz, H(1)), 

7.59 (d, 1H, 3JH(12)-H(11) = 6.3 Hz, H(12)), 7.40-7.35 (m, 5H, H(15)-H(17)), 7.07 (d, 2H, 3JH(4)-H(5)  

= 8.7 Hz, H(4)), 6.75 (d, 2H, 3JH(5)-H(4) = 8.7 Hz, H(5)), 6.26 (dt, 1H, 3JH(2)-H(1)  = 16.3 Hz, 4JH(2)-

P  = 1.8 Hz, H(2)), 6.09 (dd, 1H, 3JH(11)-H(12) = 6.3 Hz, 4JH(11)-H(9) = 2.4 Hz, H(11)), 5.58 (d, 1H, 
4JH(9)-H(11) = 2.4 Hz, H(9)), 4.99 (s, 2H, OCH2), 3.75 (s, 3H, OMe), 2.32-2.22 (m, 6H, 

PCHCH3), 1.28-116 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 210.1 (t, 2JC(18)-P = 14.2 Hz, C(18)), 176.2 (s, C(8)), 

167.2 (s, C(10)), 161.0 (t, 2JC(1)-P = 11.6 Hz, C(1)), 156.8 (s, C(12)), 147.8 (s, C(3)), 137.1 (s, 

C(14)), 136.0 (s, C(5)), 133.4 (t, 3JC(2)-P = 3.0 Hz, C(2)), 129.1 (s, C(17)), 128.6 (s, C(15)), 128.1 (s, 

C(16)), 125.0 (s, C(4)), 114.2 (s, C(6)), 102.0 (s, C(11)), 94.7 (s, C(9)), 70.0 (s, C(13)), 55.8 (s, C(7)), 

25.2 (t, 2JC-P = 9.3 Hz, CH(CH3)2), 20.3 and 19.6 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 36.60 (s, PiPr3) ppm.  
 
 Minor isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 8.44 (dt, 1H, 3JH(1)-H(2)  = 12.3 Hz, 3JH(1)-P = 1.4 Hz, H(1)), 

7.98 (d, 1H, 3JH(12)-H(11) = 6.4 Hz, H(12)), 7.30-7.28 (m, 5H, H(15) – H(17)), 7.04 (d, 2H, 3JH(4)-H(5)  

= 8.8 Hz, H(4)), 6.86 (d, 2H, 3JH(5)-H(4) = 8.8 Hz, H(5)), 6.17 (dd, 1H, 3JH(11)-H(12) = 6.4 Hz, 
4JH(11)-H(9) = 2.4 Hz, H(11)), 6.12 (dt, virtual, 1H, 3JH(2)-H(1)  = 15.7 Hz, 4JH(2)-P = 0.8 Hz, H(2)), 

5.55 (d, 1H, 4JH(9)-H(11) = 2.4 Hz, H(5)), 4.98 (s, 2H, OCH2), 3.80 (s, 3H, OMe), 1.82-1.62 (m, 

6H, PCHCH3), 1.06 (m, 36H, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.07 (s, PiPr3) ppm. 
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7.6.12. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NH2)(4-(benzyloxy)pyridin-2-olate)], 3d 

 
Yield: 71.9 mg (0.1 mmol, 91%). Elemental analysis for C39H61N2O3P2Ru: C: 60.92; H: 

8.00; N: 3.64. Found: C: 58.65%; H: 7.23%; N: 2.93%. IR (ATR, υ in cm-1): 1885 (C≡O); 

1600 (C=N); 1545, 1510, 1465 (C=C aryl, vinyl); 3220, 3340 (N-H); 2965, 2880 (C-H aryl, 

vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 220 (2.7·104), 308 (2.0·104). 

 Major isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 8.41 (dt, 1H, 3JH(1)-H(2) = 16.2 Hz, 3JH(1)-P  = 1.7 Hz, H(1)), 

7.58 (d, 1H, 3JH(11)-H(10) = 6.3 Hz, H(11)), 7.40-7.34 (m, 5H, H(14)-H(16)), 6.95 (d, 2H, 3JH(4)-H(5)  

= 8.4 Hz, H(4)), 6.54 (d, 2H, 3JH(5)-H(4) = 8.4 Hz, H(5)), 6.20 (dt, 1H, 3JH(2)-H(1)  = 16.2 Hz, 4JH(2)-

P = 2.1 Hz, H(2)), 6.08 (dd, 1H, 3JH(10)-H(11) = 6.3 Hz, 4JH(10)-H(8) = 2.3 Hz, H(10)), 5.57 (d, 1H, 
4JH(8)-H(10) = 2.3 Hz, H(8)), 4.99 (s, 2H, OCH2), 3.47 (s, 2H, NH2), 2.32-2.22 (m, 6H, PCHCH3), 

1.28 – 1.16 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 210.4 (t, 2JC(17)-P = 14.2 Hz, C(17)), 176.2 (t, 3JC(7)-P = 

1.2 Hz, C(7)), 167.2 (s, C(9)), 158.4 (t, 2JC(1)-P = 12.0 Hz, C(1)), 147.8 (s, C(3)), 143.3 (t, 3JC(11)-P 

= 1.3 Hz, C(11)), 137.1 (s, C(13)), 134.3 (t, 3JC(2)-P = 1.6 Hz, C(2)), 133.9 (s, C(6)), 129.1 (s, C(16)), 

128.5 (s, C(14)), 128.1 (s, C(15)), 125.1 (s, C(4)), 115.7 (s, C(5)), 101.9 (s, C(10)), 94.6 (s, C(8)), 

70.0 (s, C(12)), 25.2 (t, 2JC-P = 9.3 Hz, CH(CH3)2), 20.3 and 19.6 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.50 (s, PiPr3) ppm. 

 Minor isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 8.29 (dt, 1H, 3JH(1)-H(2)  = 15.8 Hz, 3JH(1)-P  = 1.5 Hz, H(1)), 

7.97 (d, 1H, 3JH(11)-H(10) = 6.2 Hz, H(11)), 7.34-7.28 (m, 5H, H(14)-H(16)), 6.92 (d, 2H, 3JH(4)-H(5)  

= 8.7 Hz, H(4)), 6.62 (d, 2H, 3JH(5)-H(4) = 8.7 Hz, H(4)), 6.16 (dt, virtual, 1H, 3JH(2)-H(1)  = 15.8 

Hz, 4JH(2)-P = 1.2 Hz, H(2)), 6.10 (dd, virtual, 1H, 3JH(10)-H(11) = 6.2 Hz, 4JH(10)-H(8) = 2.3 Hz, 

H(6)), 5.54 (d, 1H, 4JH(8)-H(10) = 2.3 Hz, H(5)), 4.95 (s, 2H, OCH2), 3.45 (s, 2H, NH2), 2.15-2.05 

(m, 6H, PCHCH3), 1.44 – 1.29 (m, 36H, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 34.90 (s, PiPr3) ppm. 
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7.6.13. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)(2-pyridinethiolate)], 4b 

 
Yield: 66.0 mg (0.09 mmol, 82%). Elemental analysis for C33H53F3NOP2RuS: C: 54.16; H: 

7.30; N: 1.91; S: 4.38. Found: C: 53.25%; H: 6.85%. N: 1.81% S: 4.05%. IR (ATR, υ in cm-

1): 1895 (C≡O); 1600 (C=N); 1323 (C-S); 1540, 1480, 1460 (C=C aryl, vinyl); 1105, 1060, 

1010 (C-F); 2875, 2960 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 219 (2.8·104), 

264 (1.5·104), 353 (1.1·104). 

 Major isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 9.24 (dt, 1H, 3JH(1)-H(2)  = 16.2 Hz, 2JH(1)-P  = 1.7 Hz, H(1)), 

8.60 (d, 1H, 3JH(12)-H(11) = 5.4 Hz, H(12)), 7.45 (d, 2H, 3JH(5)-H(4)  = 8.2 Hz, H(5)), 7.27 (dd, 

virtual, 1H, 3JH(10)-H(11) = 6.8 Hz, 3JH(10)-H(9) = 8.2 Hz, H(10)), 7.26 (d, 2H, 3JH(4)-H(5) = 8.2 Hz, 

H(4)), 6.81 (ddd, 1H, 3JH(11)-H(10)  = 6.8 Hz, 3JH(11)-H(12) = 5.5 Hz, 4JH(11)-H(9) = 1.0 Hz, H(11)), 

6.71 (d, 1H, 3JH(9)-H(10) = 8.2 Hz, H(9)), 6.60 (dt, 1H, 3JH(2)-H(1) = 16.2 Hz, 4JH(2)-P  = 2.0 Hz, 

H(2)), 2.61-2.50 (m, 6H, PCHCH3), 1.15 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 210.8 (t, 2JC(13)-P = 15.1 Hz, C(13)), 182.6 (t, 3JC(8)-P = 

2.2 Hz, C(8)), 170.3 (t, 2JC(1)-P = 11.4 Hz, C(1)), 147.0 (s, C(12)), 145.1 (s, C(3)), 136.2 (s, C(10)), 

134.6 (t, 3JC(2)-P = 2.5 Hz, C(2)), 127.9 (s, C(9)), 125. 8 (q, 3JC(5)-F = 3.7 Hz, C(5)), 124.2 (q, 
1JC(7)-F = 272 Hz, C(7)), 123.4 (q, 2JC(6)-F = 33.8 Hz, C(6)), 115.2 (s, C(11)), 25.6 (t, 2JC-P = 9.5 

Hz, CH(CH3)2), 20.4 and 19.3 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 30.63 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -62.92 (s, CF3) ppm.  

 Minor isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 9.04 (dt, 1H, 3JH(1)-H(2)  = 15.6 Hz, 3JH(1)-P = 2.1 Hz, H(1)), 

8.05 (d, 1H, 3JH(12)-H(11) = 7.4 Hz, H(12)), 7.41 (d, 2H, 3JH(4)-H(5)  = 8.0 Hz, H(4)), 7.19 (dd, 1H, 
3JH(10)-H(9) = 7.6 Hz, 3JH(10)-H(11) = 5.4 Hz, H(10)), 7.17 (d, 2H, 3JH(5)-H(4) = 8.0 Hz, H(5)), 6.77 

(dd, 1H, 3JH(11)-H(12)  = 7.4 Hz, 3JH(11)- H(10)  = 5.4 Hz, H(11)), 6.68 (d, 1H, 3JH(9)-H(10) = 7.6 Hz, 

H(9)), 6.53 (dt, 1H, 3JH(2)-H(1) = 15.6 Hz, 4JH(2)-P = 2.7 Hz, H(2)), 2.45-2.36 (m, 6H, PCHCH3), 

1.01-0.83 (m, 36H, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 31.57 (s, PiPr3) ppm. 
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19F NMR (376 MHz, CD2Cl2): δ -62.97 (s, CF3) ppm. 

 

7.6.14. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)(2-pyridinethiolate)], 4c 

 
Yield: 62.6 mg (0.9 mmol, 82%). Elemental analysis for C33H56NO2P2RuS: C: 57.12; H: 

8.13; N: 2.02; S: 4.62. Found: C: 56.18%; H: 7.95%. N: 1.95% S: 4.15%. IR (ATR, υ in cm-

1): 1890 (C≡O); 1600 (C=N); 1245 (C-S); 1545, 1505, 1450 (C=C aryl, vinyl); 2880, 2960 (C-

H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 219 (2.3·104), 263 (1.7·104), 309 (1.5·104). 

 Major isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 8.58 (d, 1H, 3JH(12)-H(11) = 5.4 Hz, H(12)), 8.49 (dt, 1H, 3JH(1)-

H(2)  = 16.3 Hz, 3JH(1)-P  = 1.5 Hz, H(1)), 7.25 (t, 1H, 3JH(10)-H(11) = 7.7 Hz, H(10)), 7.11 (d, 1H, 
3JH(4)-H(5)  = 8.6 Hz, H(4)), 6.80 (d, virtual, 2H, 3JH(5)-H(4) = 8.6 Hz, H(5)), 6.76 (dd, virtual, 1H, 
3JH(11)-H(10)  = 7.7 Hz, 3JH(11)- H(12)  = 5.4 Hz, H(11)), 6.69 (d, 1H, 3JH(9)-H(10) = 8.2 Hz, H(9)), 6.41 

(dt, 1H, 3JH(2)-H(1) = 16.3 Hz, 4JH(2)-P  = 1.7 Hz, H(2)), 3.76 (s, 3H, OMe), 2.63-2.53 (m, 6H, 

PCHCH3), 1.15 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 211.2 (t, 2JC(13)-P = 15.4 Hz, C(13)), 182.7 (t, 3JC(8)-P = 

2.2 Hz, C(8)), 158.2 (t, 2JC(1)-P = 11.8 Hz, C(1)), 156.9 (s, C(12)), 147.1 (s, C(3)), 136.3 (s, C(10)), 

136.0 (s, C(5)), 134.9 (t, 3JC(2)-P = 2.9 Hz, C(2)), 127.9 (s, C(9)), 125.1 (s, C(4)), 115.0 (s, C(6)), 

114.3 (s, C(11)), 55. 8 (s, C(7)), 25.6 (t, 2JC-P = 9.4 Hz, CH(CH3)2), 20.4 and 19.3 (s, (CH3)2CH) 

ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 30.08 (s, PiPr3) ppm. 

 Minor isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 8.28 (dt, 3JH(1)-H(2)  = 17.3 Hz, 3JH(1)-P  = 2.1 Hz, H(1)), 8.05 

(d, 1H, 3JH(12)-H(11) = 6.1 Hz, H(12)), 7.03 (d, 2H, 3JH(3)-H(4) = 8.3 Hz, H(3)), 6.23 (d, 1H, 3JH(2)-

H(1) = 16.3 Hz, H(2)), 3.74 (s, 3H, OMe) ppm, other signals could not be identified. 
31P-NMR (162 MHz, CD2Cl2): δ 31.20 (s, PiPr3) ppm. 
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7.6.15. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NH2)(2-pyridinethiolate)], 4d 

 
Yield: 59.7 mg (0.8 mmol, 73%). Elemental analysis for C32H55N2OP2RuS: C: 56.61; H: 

8.17; N: 4.13; S: 4.72. Found: C: 56.01%; H: 7.85%. N: 3.95% S: 4.45. IR (ATR, υ in cm-1): 

1900 (C≡O); 1600 (C=N); 1245 (C-S); 1580, 1545, 1510 (C=C aryl, vinyl); 3330, 34000 (N-

H), 2875, 2965 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 220 (2.4·104), 268 

(1.2·104), 312 (1.2·104). 

 Major isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 8.58 (d, 1H, 3JH(11)-H(10) = 5.5 Hz, H(11)), 8.34 (dt, 1H, 3JH(1)-

H(2)  = 16.0 Hz, 3JH(1)-P  = 1.3 Hz, H(1)), 7.24 (t, 1H, 3JH(9)-H(10)  = 7.7 Hz, H(9)), 6.99 (d, 2H, 
3JH(4)-H(5)  = 8.4 Hz, H(4)), 6.76 (ddd, 1H, 3JH(10)-H(9) = 7.7 Hz, 3JH(10)-H(11) = 5.6 Hz, 4JH(10)-H(8) = 

1.3 Hz, H(10)), 6.69 (d, 1H, 3JH(8)-H(9)  = 8.2 Hz, H(8)), 6.57 (d, 2H, 3JH(5)-H(4) = 8.4 Hz, H(5)), 

6.36 (dt, 1H, 3JH(2)-H(1) = 16.4 Hz, 4JH(2)-P  = 2.3 Hz, H(2)), 3.50 (s, 2H, NH2), 2.64-2.53 (m, 6H, 

PCHCH3), 1.15 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 211.3 (t, 2JC(12)-P = 15.4 Hz, C(12)), 182.7 (t, 3JC(7)-P = 

2.2 Hz, C(7)), 155.6 (t, 2JC(1)-P = 11.9 Hz, C(1)), 147.2 (s, C(11)), 143.4 (s, C(3)), 135.9 (s, C(9)), 

135.3 (t, 2JC(2)-P = 3.0 Hz, C(2)), 134.6 (t, 4JC(8)-P = 1.6 Hz, C(8)), 127.8 (s, C(6)), 125.2 (s, C(4)), 

115.7 (s, C(5)), 114.9 (s, C(10)), 25.6 (t, 2JC-P = 9.4 Hz, CH(CH3)2), 20.4 and 19.3 (s, 

(CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 29.98 (s, PiPr3) ppm. 

 Minor isomer: 
1H-NMR (400 MHz, CD2Cl2): δ 8.13 (d, 1H, 3JH(11)-H(10) = 4.9 Hz, H(11)), 7.95 (d, 1H, 3JH(1)-

H(2)  = 15.1 Hz, H(1)), 7.02 (t, 1H, 3JH(9)-H(10)  = 7.7 Hz, H(9)), 6.83 (d, 2H, 3JH(4)-H(5)  = 8.4 Hz, 

H(4)), 6.18 (dt, 1H, 3JH(2)-H(1) = 15.1 Hz, 4JH(2)-P  = 2.4 Hz, H(2)) ppm, other signals could not be 

identified. 
31P-NMR (162 MHz, CD2Cl2): δ 31.13 (s, PiPr3) ppm. 
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7.6.16. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CN)(2-hydroxyquinolate)], 5a 

 
Yield: 71.6 mg (0.1 mmol, 91%). Elemental analysis for C37H55N2O2P2Ru: C: 61.48; H: 

7.67; N: 3.88. Found: C: 59.25%; H: 6.65%. N: 3.01%. IR (ATR, υ in cm-1): 1900 (C≡O); 

2220 (C≡N); 1600 (C=N); 1535, 1505, 1430 (C=C aryl, vinyl); 2875, 2960 (C-H aryl, vinyl). 

UV-Vis (λmax (nm), ε (M-1·cm-1)): 235 (7.4·104), 362 (4.1·104), 386 (4.4·104). 
1H-NMR (400 MHz, CD2Cl2): δ 9.56 (dt, 1H, 3JH(1)-H(2) = 16.5 Hz, 3JH(1)-P = 1.8 Hz, H(1)), 

7.76 (d, 1H, 3JH(10)-H(9) = 9.0 Hz, H(10)), 7.57 (dd, 1H, 3JH(12)-H(13) = 8.0 Hz, 4JH(12)-H(14) = 1.4 Hz, 

H(12)), 7.50 (ddd, 1H, 3JH(14)-H(15) = 8.1 Hz, 3JH(14)-H(13) = 6.7 Hz, 4JH(14)-H(12) = 1.4 Hz, H(14)), 

7.48 (dd, virtual, 1H, 3JH(15)-H(14) = 8.1 Hz, 4JH(15)-H(13) = 1.4 Hz, H(15)), 7.45 (d, 2H, 3JH(5)-H(4) = 

8.3 Hz, H(5)), 7.21 (d, 2H, 3JH(4)-H(5) = 8.3 Hz, H(4)), 7.15 (ddd, 1H, 3JH(13)-H(12) = 8.0 Hz, 3JH(13)-

H(14) = 6.7 Hz, 4JH(13)-H(15) = 1.3 Hz, H(13)), 6.58 (d, 1H, 3JH(2)-H(1) = 16.5 Hz, H(2)), 6.34 (d, 1H, 
3JH(9)-H(10) = 9.0 Hz, H(9)), 2.24-2.10 (m, 6H, PCHCH3), 1.17 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 210.5 (t, 2JC(17)-P = 12.5 Hz, C(17)), 177.1 (t, 2JC(1)-P = 

7.2 Hz, C(1)), 173.8 (t, 3JC(8)-P = 1.6 Hz, C(8)), 148.0 (s, C(16)), 145.1 (s, C(3)), 138.5 (s, C(10)), 

134.2 (t, 3JC(2)-P = 2.3 Hz, C(2)), 132.9 (s, C(14)), 129.4 (s, C(12)), 128. 8 (s, C(5)), 123.8 (s, C(11)), 

123.0 (s, C(4)), 124.3 (s, C(15)), 123.5 (s, C(13)), 123.0 (s, C(7)), 121.5 (s, C(6)), 115.8 (s, C(9)), 

25.4 (t, 2JC-P = 9.5 Hz, CH(CH3)2), 20.0 and 19.7 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.19 (s, PiPr3) ppm. 
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7.6.17. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)(2-hydroxyquinolate)], 5b 

 
Yield: 64.9 mg (0.08 mmol, 73%). Elemental analysis for C37H55F3NO2P2Ru: C: 58.03; H: 

7.24; N: 1.83. Found: C: 56.36%; H: 6.53%. N: 1.48%. IR (ATR, υ in cm-1): 1900 (C≡O); 

1600 (C=N); 1545, 1516, 1475 (C=C vinyl, aryl); 1115, 1065, 1110 (C-F); 2875, 2960 (C-H 

aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 230 (2.1·104); 345 (9.6·103). 
1H-NMR (400 MHz, CD2Cl2): δ 9.34 (dt, 1H, 3JH(1)-H(2) = 16.3 Hz, 3JH(1)-P = 1.8 Hz, H(1)), 

7.75 (d, 1H, 3JH(10)-H(9) = 9.0 Hz, H(10)), 7.57 (dd, 1H, 3JH(12)-H(13) = 8.0 Hz, 4JH(12)-H(14) = 1.3 Hz, 
H(12)), 7.50 (ddd, 1H, 3JH(14)-H(15) = 8.1 Hz, 3JH(14)-H(13) = 6.7 Hz, 4JH(14)-H(12) = 1.3 Hz, H(14)), 

7.46 (dd, virtual, 1H, 3JH(15)-H(14) = 8.2 Hz, 4JH(15)-H(13) = 1.4 Hz, H(15)), 7.45 (d, 2H, 3JH(4)-H(5) = 

8.2 Hz, H(4)), 7.25 (d, 2H, 3JH(5)-H(4) = 8.2 Hz, H(5)), 7.15 (ddd, 1H, 3JH(13)-H(12) = 8.0 Hz, 3JH(13)-

H(14) = 6.7 Hz, 4JH(13)-H(15) = 1.4 Hz, H(13)), 6.57 (dt, 1H, 3JH(2)-H(1) = 16.3 Hz, 4JH(2)-P = 1.8 Hz, 

H(2)), 6.34 (d, 1H, 3JH(9)-H(10) = 9.0 Hz, H(9)), 2.23-2.15 (m, 6H, PCHCH3), 1.20-1.15 (m, 36H, 

PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 210.6 (t, 2JC(17)-P = 13.4 Hz, C(17)), 173.7 (t, 3JC(8)-P = 

1.6 Hz, C(8)), 172.3 (t, 2JC(1)-P = 12.6 Hz, C(1)), 147. 7 (s, C(16)), 144.8 (s, C(3)), 138.4 (s, C(10)), 

134.0 (t, 3JC(2)-P = 2.7 C(2)), 129.3 (s, C(14)), 128.7 (s, C(12)), 125.8 (q, 3JC(5)-F = 3.8 Hz, C(5)), 

124.8 (q, 1JC(7)-F = 272 Hz, C(7)), 123.4 (q, 2JC(6)-F = 33.8 Hz, C(6)), 123.0 (s, C(4)), 123.5 (s, 

C(11)), 123.0 (s, C(15)), 121.4 (s, C(13)), 115.8 (s, C(9)), 25.3 (t, 2JC-P = 9.4 Hz, CH(CH3)2), 20.00 

and 19.7 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 35.07 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -61.94 (s, CF3) ppm.  
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7.6.18. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)(2-hydroxyquinolate)], 5c 

 
Yield: 65.7 mg (0.9 mmol, 82%). Elemental analysis for C37H58NO3P2Ru: C: 61.05; H: 8.03; 

N: 1.92. Found: C: 60.12%; H: 7.67%; N: 1.79%. IR (ATR, υ in cm-1): 1890 (C≡O); 1600 

(C=N); 1550, 1505, 1430 (C=C aryl, vinyl); 2870, 2960 (C-H aryl, vinyl). UV-Vis (λmax (nm), 

ε (M-1·cm-1)): 235 (4.4·104); 304 (2.2·104); 392 (2.3·103). 
1H-NMR (400 MHz, CD2Cl2): δ 8.59 (dt, 1H, 3JH(1)-H(2) = 16.4 Hz, 3JH(1)-P = 1.9 Hz, H(1)), 

7.74 (d, 1H, 3JH(10)-H(9) = 9.0 Hz, H(10)), 7.56 (d, 1H, 3JH(12)-H(13) = 7.9 Hz, H(12)), 7.50 (dd, 

virtual, 1H, 3JH(14)-H(15) = 7.7 Hz, 3JH(14)-H(13) = 6.6 Hz, H(14)), 7.47 (dd, virtual, 1H, 3JH(15)-H(14) 

= 7.7 Hz, 4JH(15)-H(13) = 2.3 Hz,  H(15)), 7.14 (ddd, 1H, 3JH(13)-H(14) = 6.6 Hz, 3JH(13)-H(12) = 7.9 Hz, 
4JH(13)-H(15) = 2.3 Hz, H(13)), 7.11 (d, 2H, 3JH(4)-H(5) = 8.7 Hz, H(4)), 6.78 (d, 2H, 3JH(5)-H(4) = 8.7 

Hz, H(5)), 6.38 (dt, 1H, 3JH(2)-H(1) = 16.4 Hz, 4JH(2)-P = 1.8 Hz, H(2)), 6.33 (d, 1H, 3JH(9)-H(10) = 

8.9 Hz, H(9)), 3.76 (s, 3H, OMe), 2.27-2.16 (m, 6H, PCHCH3), 1.18 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 211.0 (t, 2JC(17)-P = 13.6 Hz, C(17)), 173.7 (t, 3JC(8)-P = 

1.6 Hz, C(8)), 160.2 (t, 2JC(1)-P = 12.8 Hz, C(1)), 156. 9 (s, C(14)), 147.9 (s, C(3)), 138.2 (s, C(10)), 

136.0 (t, 3JC(16)-P = 1.8 Hz, C(16)), 134.3 (t, 3JC(2)-P = 3.1 Hz, C(2)), 129.2 (s, C(12)), 128.7 (s, 

C(5)), 125.05 (s, C(11)), 123.46 (s, C(15)), 123.16 (s, C(13)), 121.27 (s, C(4)), 115.79 (s, C(9)), 

114.3 (s, C(6)), 55.8 (s. C(7)), 25.3 (t, 2JC-P = 9.3 Hz, CH(CH3)2), 20.0 and 19. 8 (s, (CH3)2CH) 

ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 34.80 (s, PiPr3) ppm. 
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7.6.19. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NH2)(2-hydroxyquinolate)], 5d 

 
Yield: 69.8 mg (0.1 mmol, 91%). Elemental analysis for C36H57N2O2P2Ru: C: 60.65; H: 

8.06; N: 3.93. Found: 58.18%; H: 7.09%; N: 3.28%. IR (ATR, υ in cm-1): 1880 (C≡O); 1600 

(C=N); 1550, 1505, 1470 (C=C aryl, vinyl); 3360, 3450 (N-H); 2960, 2870 (C-H aryl, vinyl). 

UV-Vis (λmax (nm), ε (M-1·cm-1)): 234 (7.6·104), 312 (3.9·104), 399 (3.7·103). 
1H-NMR (400 MHz, CD2Cl2): δ 8.43 (dt, 1H, 3JH(1)-H(2) = 16.6 Hz, 3JH(1)-P = 1.9 Hz, H(1)), 

7.73 (d, 1H, 3JH(9)-H(8) = 8.8 Hz, H(9)), 7.55 (dd, 1H, 3JH(11)-H(12) = 7.9 Hz, 4JH(11)-H(13) = 1.7 Hz, 

H(11)), 7.48 (dd, 1H, 3JH(13)-H(14) = 3JH(13)-H(12) = 8.1 Hz, 4JH(13)-H(11) = 1.7 Hz, H(13)), 7.46 (d, 1H, 
3JH(14)-H(13) = 8.1 Hz, H(14)), 7.13 (ddd, 1H, 3JH(12)-H(13) = 8.1 Hz, 3JH(12)-H(11) = 7.9 Hz, 4JH(12)-

H(14) = 2.1 Hz, H(12)), 6.98 (d, 2H, 3JH(4)-H(5) = 8.3 Hz, H(4)), 6.56 (d, 2H, 3JH(5)-H(4) = 8.3 Hz, 

H(5)), 6.33 (dt, virtual, 1H, 3JH(2)-H(1) = 16.6 Hz, 4JH(1)-P = 1.8 Hz, H(2)), 6.31 (d, 1H, 3JH(8)-H(9)  = 

8.8 Hz, H(8)), 3.49 (s, 2H, NH2), 2.21 (m, 6H, PCHCH3), 1.18 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 211.1 (t, 2JC(16)-P = 14.1 Hz, C(16)), 173.7 (t, 3JC(7)-P = 

1.6 Hz, C(7)), 157.8 (t, 2JC(1)-P = 11.8 Hz, C(1)), 147.8 (s, C(15)), 143.4 (s, C(3)), 141.3 (s, C(9)), 

138.1 (s, C(13)), 134.7 (t, 3JC(2)-P = 2.9 C(2)), 129.2 (s, C(11)), 125.2 (s, C(4)), 123.4 (s, C(5)), 

123.1 (s, C(6)), 121.2 (s, C(10)), 120.4 (s, C(14)), 116.1 (s, C(12)), 115.8 (s, C(8)), 25.3 (t, 2JC-P = 

9.2 Hz, CH(CH3)2), 20.0 and 19. 8 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 34.72 (s, PiPr3) ppm. 
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7.6.20. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)(8-hydroxyquinolate)], 6b 

 
Yield: 64.9 mg (0.08 mmol, 73%). Elemental analysis for C37H55F3NO2P2Ru: C: 58.03; H: 

7.24; N: 1.83. Found: C: 57.47%; H: 6.86%. N: 1.48%. IR (ATR, υ in cm-1): 1890 (C≡O); 

1605 (C=N); 1565, 1540, 1495 (C=C vinyl, aryl); 1115, 1065, 1110 (C-F); 2995, 2965 (C-H 

aryl, vinyl). 

 Kinetic isomer: 

UV-Vis (λmax (nm), ε (M-1·cm-1)): 269 (2.3·104), 364 (1.6·104), 478 (2.6·103). 
1H-NMR (400 MHz, CD2Cl2): δ 9.28 (d, 1H, 3JH(1)-H(2) = 16.7 Hz, H(1)), 9.23 (dd, 1H,  3JH(15)-

H(14) = 5.1 Hz, 4JH(15)-P  = 0.6 Hz, H(15)), 8.12 (d, 1H, 3JH(13)-H(14) = 8.1 Hz, H(13)), 7.47 (t, 4H, 
3JH(5)-H(4)  = 8.6 Hz, H(5), H(4)), 7.33 (d, 2H, 3JH(10)-H(11) = 8.0 Hz, H(10), H(11)), 6.74 – 6.70 (m, 

3H, H(14), H(12), H(9)), 6.67 (d, 1H, 3JH(2)-H(1) = 16.7 Hz, H(2)), 2.12 (m, 6H, PCHCH3), 1.02 (m, 

36, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 30.64 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -61.85 (s, CF3) ppm. 

 Thermodynamic isomer: 

UV-Vis (λmax (nm), ε (M-1·cm-1)): 270 (1.7·104), 340 (1.4·104), 432 (6.9·103). 
1H-NMR (400 MHz, CD2Cl2): δ 9.64 (dt, 1H, 3JH(1)-H(2) = 17.0 Hz, 3JH(1)-P = 1.9 Hz, H(1)), 

8.82 (dd, 1H,  3JH(15)-H(14) = 4.7 Hz, 4JH(15)-P  = 1.1 Hz, H(15)), 7.96 (d, 1H, 3JH(13)-H(14) = 8.3 Hz, 

H(13)), 7.45 (d, 2H, 3JH(5)-H(4)  = 8.2 Hz, H(5)), 7.34 (d, 2H, 3JH(4)-H(5)  = 8.2 Hz, H(4)), 7.31 (dd, 

virtual, 1H, 3JH(10)-H(11) = 8.2 Hz, 3JH(10)-H(9) = 7.8 Hz, H(10)), 7.21 (dd, 1H, 3JH(14)-H(13) = 8.3 Hz, 
3JH(14)-H(15) = 4.7 Hz, H(14)), 6.79 (d, 1H, 3JH(9)-H(10)  = 7.8 Hz, H(9)), 6.75 (dt, virtual, 1H, 3JH(2)-

H(1) = 17.0 Hz, 4JH(2)-P = 1.9 Hz, H(2)), 6.72 (d, virtual, 1H, 3JH(11)-H(10) = 8.2 Hz, H(11)), 2.14-

2.03 (m, 6H, PCHCH3), 1.05 (m, 36, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 208.8 (t, 1H, 2JC(17)-P = 13.6 Hz, C(17)), 171.9 (t, 2JC(1)- 

P = 13.2 Hz, C(1)), 170.7 (s, C(8)), 149.0 (s, C(15)), 146.5 (s, C(16)), 145.2 (s, C(3)), 136.5 (s, 

C(13)), 135.1 (t, 3JC(2)-P = 2.5 Hz, C(2)), 131.3 (s, C(12)), 130.6 (s, C(10)), 125.7 (q, 3JC(5)-F = 3.8 

Hz, C(5)), 124.7 (q, 1JC(7)-F = 272 Hz, C(7)), 123.6 (q, 2JC(6)-F = 33.81 Hz, C(6)), 124.1 (s, C(4)), 
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121.9 (s, C(14)), 115.7 (s, C(9)), 108.9 (s, C(11)), 24.7 (t, 2JC-P = 8.9 Hz, CH(CH3)2), 19.7 and 

19.4 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 31.59 (s, PiPr3) ppm. 
19F-NMR (376 MHz, CD2Cl2): δ -61.87 (s, CF3) ppm. 

 
7.6.21. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-OMe)(8-hydroxyquinolate)], 6c 

 
Yield: 65.7 mg (0.09 mmol, 82%). Elemental analysis for C37H58NO3P2Ru: C: 61.05; H: 

8.03; N: 1.92. Found: C: 60.68%; H: 7.82%; N: 1.82%. IR (ATR, υ in cm-1): 1880 (C≡O); 

1605 (C=N); 1565, 1505, 1460 (C=C aryl, vinyl); 2915, 2965 (C-H aryl, vinyl). UV-Vis (λmax 

(nm), ε (M-1·cm-1)): 239 (1.9·104), 269 (1.7·104), 298 (1.4·104), 359 (3.6·103), 443 (5.4·103). 

 Thermodynamic isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 8.87 (dt, 1H, 3JH(1)-H(2) = 17.1 Hz, 3JH(1)-P = 2.1 Hz, H(1)), 

8.82 (dd, 1H, 3JH(15)-H(14) = 4.7 Hz, 4JH(15)-P  = 1.0 Hz, H(15)), 7.93 (d, 1H, 3JH(13)-H(14) = 8.3 Hz, 

H(13)), 7.32 (t, 1H, 3JH(10)-H(11) = 7.9 Hz, H(10)), 7.19 (dd, 1H, 3JH(14)-H(13) = 8.3 Hz, 3JH(14)-H(15) = 

4.7 Hz, H(14)), 7.15 (d, 2H, 3JH(4)-H(5) = 8.6 Hz, H(4)), 6.78 (d, 2H, 3JH(5)-H(4) = 8.6 Hz, H(5)), 6.77 

(d, 1H, 3JH(9)-H(10) = 4.6 Hz, H(9)), 6.69 (d, 1H, 3JH(11)-H(10) = 7.9 Hz, H(11)), 6.55 (dt, 3JH(2)-H(1) = 

17.1 Hz, 4JH(2)-P = 1.9 Hz, H(2)), 3.76 (s, 3H, OMe), 2.16-2.06 (m, 6H, PCHCH3), 1.05 (m, 36, 

PCHCH3) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 209.2 (t, 2JC(17)-P = 13.8 Hz, C(17)), 170.8 (s, C(8)), 

159.4 (t, 2JC(1)-P = 13.6 Hz, C(1)), 156.8 (s, C(16)), 148.8 (s, C(13)), 146. 7 (s, C(3)), 136.4 (t, 
3JC(15)-P = 1.8 Hz, C(15)), 136.2 (s, C(5)), 135.4 (t, 3JC(2)-P = 3.1 Hz, C(2)), 131.4 (s, C(12)), 130.6 

(s, C(10)), 125.1 (s, C(4)), 121. 9 (s, C(14)), 115.6 (s, C(6)), 114.2 (s, C(9)), 108.6 (s, C(11)), 55.76 

(s, C(7)), 24.7 (t, 2JC-P = 8.8 Hz, CH(CH3)2), 19.8 and 19.5 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 31.33 (s, PiPr3) ppm. 
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7.6.22. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NH2)(8-hydroxyquinolate)], 6d 

 
Yield: 61.9 mg (0.09 mmol, 82%). Elemental analysis for C36H57N2O2P2Ru: C: 60.65; H: 

8.06; N: 3.93. Found: C: 59.95%; H: 7.80%; N: 3.76%. IR (ATR, υ in cm-1): 1888 (C≡O); 

1660 (C=N); 1565, 1495, 1455 (C=C aryl. vinyl); 2945, 2865 (C-H aryl, vinyl); 3410, 3330 

(N-H). UV-Vis (λmax (nm), ε (M-1·cm-1)): 243 (1.2·104); 272 (1.3·104); 303 (8.5·104); 358 

(2.6·103); 445 (broad) (4.2·103). 

 Thermodynamic isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 8.82 (dd, 1H, 3JH(14)-H(13) = 4.6 Hz, 4JH(14)-P  = 0.8 Hz, H(14)), 

8.73 (dt, 1H, 3JH(1)-H(2) = 17.0 Hz, 3JH(1)-P = 2.0 Hz, H(1)), 7.93 (d, 1H, 3JH(12)-H(13) = 8.2 Hz, 

H(12)), 7.32 (t, 1H, 3JH(9)-H(10) = 7.9 Hz, H(9)), 7.19 (dd, 1H, 3JH(13)-H(12) = 8.2 Hz, 3JH(13)-H(14) = 

4.6 Hz, H(13)), 7.03 (d, 2H, 3JH(4)-H(5) = 8.4 Hz, H(4)), 6.77 (d, 1H, 3JH(8)-H(9) = 7.9 Hz, H(8)), 6.69 

(d, 1H, 3JH(10)-H(9) = 7.8 Hz, H(10)), 6.57 (d, 2H, 3JH(5)-H(4) = 8.4 Hz, H(5)), 6.49 (dt, 3JH(2)-H(1) = 

17.0 Hz, 4JH(2)-P = 1.9 Hz, H(2)), 3.50 (s, 2H, NH2), 2.18-2.07 (m, 6H, PCHCH3), 1.06 (m, 36, 

PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 209.3 (t, 2JC(16)-P = 14.1 Hz, C(16)), 170.9 (s, C(7)), 

156.7 (t, 2JC(1)-P = 13.4 Hz, C(1)), 148.7 (s, C(14)), 146.7 (s, C(15)), 143.2 (s, C(3)), 136.1 (s, 

C(12)), 135.8 (t, 3JC(2)-P = 2.8 Hz, C(2)), 134.8 (s, C(11)), 131.4 (s, C(9)), 130.5 (s, C(6)), 125.2 (s, 

C(4)), 121.9 (s, C(13)), 115. 8 (s, C(8)), 115.6 (s, C(5)), 108.6 (s, C(10)), 24.7 (t, 2JC-P = 8.8 Hz, 

CH(CH3)2), 19.8 and 19.4 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 31.40 (s, PiPr3). 
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7.6.23. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-NMe2)(8-hydroxyquinolate)], 6e 

 
Yield: 72.5 mg (0.01 mmol, 91%). Elemental analysis for C38H61N2O2P2Ru: C: 61.60; H: 

8.30; N: 3.78. Found: 60.56%; H: 7.52%; N: 3.63%. IR (ATR, υ in cm-1): 1887 (C≡O); 1604 

(C=N); 1563, 1514, 1490 (C=C aryl, vinyl); 2885, 2997 (C-H aryl, vinyl). 

 Kinetically isomer: 

1H-NMR (400 MHz, CD2Cl2): δ 9.22 (dd, 1H, 3JH(15)-H(14) = 4.8 Hz, 4JH(15)-P  = 1.0 Hz, H(15)), 

8.32 (d, 1H, 3JH(1)-H(2) = 16.3 Hz, H(1)), 8.09 (d, 1H, 3JH(13)-H(14) = 8.1 Hz, H(13)), 7.41 (dd, 1H, 
3JH(14)-H(13) = 8.2 Hz, 3JH(14)-H(15) = 4.8 Hz, H(14)), 7.29 (t, 1H, 3JH(10)-H(11) =  7.9 Hz, H(10)), 7.14 

(d, 2H, 3JH(5)-H(4) = 8.7 Hz, H(5)), 6.70 (d, 1H, 3JH(9)-H(10) = 7.9 Hz, H(9)), 6.68 (d, 1H, 3JH(11)-H(10) 

= 7.9 Hz, H(11)), 6.67 (d, virtual, 2H, 3JH(4)-H(5) = 8.6 Hz, H(4)), 6.42 (d, 3JH(2)-H(1) = 16.3 Hz, 

H(2)), 2.90 (s, 6H, NMe2), 2.19-2.07 (m, 6H, PCHCH3), 1.07 (m, 36, PCHCH3) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 30.13 (s, PiPr3). 

 Thermodynamic isomer: 

UV-Vis (λmax (nm), ε (M-1·cm-1)): 219 (4.1·104), 271 (2.8·104), 309 (2.7·104), 357 (8.4·103), 

447 (broad) (9.5·103). 
1H-NMR (400 MHz, CD2Cl2): δ 8.83 (dd, 1H, 3JH(15)-H(14) = 4.7 Hz, 4JH(15)-P  = 1.0 Hz, H(15)), 

8.73 (dt, 1H, 3JH(1)-H(2) = 17.0 Hz, 3JH(1)-P = 2.0 Hz, H(1)), 7.93 (d, 1H, 3JH(13)-H(14) = 8.3 Hz, 

H(13)), 7.32 (t, 1H, 3JH(10)-H(11) =  7.9 Hz, H(10)), 7.19 (dd, 1H, 3JH(14)-H(13) = 8.3 Hz, 3JH(14)-H(15) = 

4.7 Hz, H(14)), 7.12 (d, 2H, 3JH(5)-H(4) = 8.6 Hz, H(5)), 6.77 (d, 1H, 3JH(9)-H(10) = 7.9 Hz, H(9)), 

6.68 (d, 1H, 3JH(11)-H(10) = 7.9 Hz, H(11)), 6.67 (d, virtual, 2H, 3JH(4)-H(5) = 8.6 Hz, H(4)), 6.51 (dt, 
3JH(2)-H(1) = 17.0 Hz, 4JH(2)-P = 1.9 Hz, H(2)), 2.89 (s, 6H, NMe2), 2.19-2.07 (m, 6H, PCHCH3), 

1.06 (m, 36, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 209.4 (t, 2JC(17)-P = 13.6 Hz, C(17)), 170.8 (s, C(8)), 

156.4 (t, 2JC(1)- P = 13.8 Hz, C(1)), 148.7 (s, C(15)), 148.3 (s, C(16)), 146.7 (s, C(3)), 136.1 (s, 

C(13)), 135.8 (s, C(12)), 133.3 (t, 2JC(2)-P = 1.9 Hz, C(2)), 131.3 (s, C(10)), 130.5 (s, C(6)), 125.0 (s, 

C(4)), 121.9 (s, C(14)), 115.5 (s, C(9)), 113.9 (s, C(5)), 108.5 (s, C(11)), 41.5(s, C(7)), 24.7 (t, 2JC-P 

= 8.8 Hz, CH(CH3)2), 19.8 and 19.5 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 31.42 (s, PiPr3). 
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7.6.24. [Ru(CO)(PiPr3)2(CH=CH-4-C6H4-CF3)(2-hydroxyquinolate)], 7b 

 
Yield: 60.2 mg (0.08 mmol, 73%). Elemental analysis for C37H55F3NOP2RuS: C: 56.83; H: 

7.09; N: 1.79; S: 4.10. Found: C: 55.96%; H: 6.60%; N: 1.61%; S: 3.95%. IR (ATR, υ in cm-

1): 1899 (C≡O); 1609 (C=N); 1589, 1575, 1541 (C=C vinyl, aryl); 1115, 1065, 1110 (C-F); 

2874, 2963 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 282 (7.8·103), 318 (1.5·104), 

349 (1.3·104). 
1H-NMR (400 MHz, CD2Cl2): δ 9.07 (dt, 1H, 3JH(1)-H(2) = 16.8 Hz, 3JH(1)-P = 1.7 Hz, H(1)), 

7.99 (d, 1H, 3JH(10)-H(9) = 8.8 Hz, H(10)), 7.63 (m, 3H, H(12), H(14), H(15)), 7.44 (d, 2H, 3JH(5)-H(4) = 

8.2 Hz, H(4)), 7.31 (dt, 1H, 3JH(13)-H(12) = 3JH(13)-H(14)  = 7.2 Hz, 4JH(13)-H(15) = 0.8 Hz, H(13)), 7.21 

(d, 2H, 3JH(4)-H(5) = 8.2 Hz, H(4)), 6.82 (d, 1H, 3JH(9)-H(10) = 8.8 Hz, H(9)), 6.63 (dt, 1H, 3JH(2)-H(1) 

= 16.8 Hz, 4JH(2)-P = 1.7 Hz, H(2)), 2.40-2.28 (m, 6H, PCHCH3), 1.13 (m, 36H, PCHCH3) ppm. 
13C {H1}-NMR (151 MHz, CD2Cl2): δ 208.3 (t, 2JC(17)-P = 12.7 Hz, C(17)), 180.4 (t, 3JC(8)- P = 

2.0 Hz, C(8)), 167.7 (t, 2JC(1)-P = 13.3 Hz, C(1)), 148.6 (s, C(16)), 144.8 (s, C(3)), 137.0 (t, 3JC(2)-P 

= 3.3 Hz, C(2)), 134.6 (s, C(11)), 129.6 (s, C(10)), 128.9 (s, C(12)), 127.0 (s, C(9)), 125. 8 (q, 3JC(5)-

F = 3.8 Hz, C(5)), 124.7 (q, 1JC(7)-F = 272 Hz, C(7)), 124.2 (s, C(15)), 124.3 (s, C(13)), 124.2 (s, 

C(14)), 124.0 (s, C(4)), 123.7 (q, 2JC(6)-F = 33.81 Hz, C(6)), 25.8 (t, 2JC-P = 9.3 Hz, CH(CH3)2), 

20.2 and 20.2 (s, (CH3)2CH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 30.12 (s, PiPr3). 
19F-NMR (376 MHz, CD2Cl2): δ -61.91 (s, CF3). 

 

General procedure for the synthesis of the dinuclear complexes [1] - [6]: To a stirred solution 

of HRu(CO)Cl(PiPr3)2 (100 mg, 0.21 mmol) in 5 mL of CH2Cl2 was slowly added a solution 

of respective diethynylbiphenyl (0.16 mmol, 0.75 eq.) in 5 mL of CH2Cl2. Upon addition, the 

color of the solution immediately changed from orange to deep red. The reaction mixture was 

stirred for an additional hour and the solvent was removed under reduced pressure. The crude 

product was washed with 20 ml of n-hexane and 20 ml of MeOH, then filtered and dried in 

vacuo to give the product as a red solid. 
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7.6.25. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-fluorene(C(EtHex))2-CH=CH-2,7)],  [1] 

 
Yield: 123 mg (0.09 mmol, 86%). Elemental analysis for C71H130Cl2O2P4Ru2: C: 60.36; H: 

9.28. Found: C: 59.86%; H: 9.08%. IR (ATR, υ in cm-1): 1910 (C≡O); 1575, 1551, 1463 

(C=C aryl, vinyl); 2957, 2872 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 222 

(5.1·104), 274 (1.6·104), 383 (5.3·104), 397 (5.3·104), 534 (1.7·103). 
1H-NMR (400 MHz, CD2Cl2): δ 8.48 (d, 2H, 3JH(1)-H(2) = 13.2 Hz, H(1)), 7.37 (d, 2H, 4JH(8)-H(4) 

= 7.8 Hz, H(8)), 7.03 (t, 2H, 3JH(5)-H(4) = 14.0 Hz, H(5)), 6.91 (dd, 2H, 3JH(4)-H(5) = 15.7 Hz, 4JH(4)-

H(8) = 7.8 Hz, H(4)), 6.03 (dt, 2H, 3JH(2)-H(1) = 13.2 Hz, 4JH(2)-P = 2.1 Hz, H(2)), 2.75 (m, 12H, 

CHP(CH3)2), 1.86 (m, 4H, 2CH2, EtHex), 1.35 – 1.23 (m, 72H, (CH3)2PCH), 0.91 – 0.61 (m, 

30H, HexEt) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.8 (t, 2JC(10)-P = 13.0 Hz, C(10)), 151.0 (t, 2JC(1)-P = 

10.0 Hz, C(1)), 149.2 (t, 4JC(3)-P = 11.1 Hz, C(3)), 138.6 (s, C(6)), 137.1 (t, 3JC(2)-P = 14.5 Hz, 

C(2)), 135.8 (s, C(7)), 123.5 (t, 6JC(5)-P = 7.0 Hz, C(5)), 120.0 (t, 5JC(8)-P = 20.7 Hz, C(8)), 119.1 (t, 
5JC(4)-P = 12.5 Hz, C(4)), 55.0 (s, C(9)), 45.6 (s), 34.7 (s), 34.4 (s), 28.9 (d, J = 4.3 Hz), 26.9 (d, 

J = 6.3 Hz), 25.1 (t, 2JC-P = 9.4 Hz, CHP(CH3)2), 23.2 (s), 20.4 (s), 20.1 (d, 2JC- P = 2.6 Hz, 

(CH3)2CHP), 14.4 (s) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.86 (s, PiPr3) ppm. 

 

7.6.26. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-fluorene-CH=CH-2,7)], [1´] 

 
Yield: 109 mg (0.09 mmol, 86%). Elemental analysis for C55H98Cl2O2P4Ru2: C: 55.59; H: 

8.31. Found: C: 54.98%; H: 8.09%. IR (ATR, υ in cm-1): 1900 (C≡O); 1574, 1547, 1464 

(C=C aryl, vinyl); 2955, 2920 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 247 

(2.0·104), 269 (1.9·104), 380 (4.9·104), 395 (4.9·104), 514 (2.2·103). 
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1H-NMR (400 MHz, CD2Cl2): δ 8.57 (d, 2H, 3JH(1)-H(2) = 13.1 Hz, H(1)), 7.46 (d, 2H, 3JH(5)-H(4) 

= 7.9 Hz, H(5)), 7.17 (s, 2H, H(8)), 6.99 (d, 2H, 3JH(4)-H(5) = 7.9 Hz, H(4)), 6.04 (dt, 2H, 3JH(2)-H(1) 

= 13.1 Hz, 3JH(2)-P  = 1.9 Hz, H(2)), 3.72 (s, 2H, CH2), 2.73 (m, 12H, CHP(CH3)2), 1.28 (m, 

72H, (CH3)2PCH) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.6 (t, 2JC(10)-P = 13.2 Hz, C(10)), 150.4 (t, 2JC(1)-P = 

10.8 Hz, C(1)), 144.2 (s, C(3)), 138.5 (s, C(6)), 137.5 (s, C(7)), 135.1 (t, 3JC(2)-P = 3.4 Hz, C(2)), 

123.4 (s, C(8)), 120.8 (s, C(5)), 119.5 (s, C(4)), 37.3 (s, C(9)), 25.0 (t, 2JC- P = 9.6 Hz, 

CHP(CH3)2), 20.3 (s), 20.0 (s, (CH3)2CHP) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.65 (s, PiPr3) ppm. 

 

7.6.27. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-phenanthrene-CH=CH-1,4)], [2] 
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Yield: 112 mg (0.09 mmol, 86%). Elemental analysis for C56H98Cl2O2P4Ru2: C: 56.04; H: 

8.23. Found: C: 56.32%; H: 8.02%. IR (ATR, υ in cm-1): 1903 (C≡O); 1554, 1549, 1458 

(C=C aryl, vinyl); 2960, 2873 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 261 

(3.5·104), 286 (3.3·104), 299 (3.2·104), 378 (3.4·104), 524 (5.6·103). 
1H-NMR (400 MHz, CD2Cl2): δ 8.80 (d, 2H, 3JH(1)-H(2) = 13.1 Hz, H(1)), 8.35 (d, 2H, 3JH(5)-H(4) 

= 8.6 Hz, H(5)), 7.52 (s, 2H, H(6)), 7.41 (dd, 2H, 3JH(4)-H(5) = 8.6 Hz, 4JH(4)-H(3) = 1.1 Hz, H(4)), 

7.33 (d, 2H, 4JH(3)-H(4) = 1.1 Hz, H(3)), 6.18 (dt, 2H, 3JH(2)-H(1) = 13.1 Hz, 3JH(2)-P = 2.4 Hz, H(2)), 

2.77 (m, 12H, CHP(CH3)2), 1.41 – 1.22 (72H, (CH3)2PCH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 38.18 (s, PiPr3) ppm. 

 No 13C {H1}-NMR data could be obtained because of the extremely poor solubility in all 
common solvents. 
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7.6.28. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-9,10-Dihydrophenanthrene-CH=CH-1,4)], [3] 

 
Yield: 109 mg (0.09 mmol, 86%). Elemental analysis for C56H100Cl2O2P4Ru2: C: 55.94; H: 

8.38. Found: C: 55.02%; H: 8.09%. IR (ATR, υ in cm-1): 1900 (C≡O); 1564, 1529, 1455 

(C=C aryl, vinyl); 2961, 2873 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 270 

(2.3·104), 381 (4.1·104), 396 (4.0·104), 515 (1.7·103).  
1H-NMR (400 MHz, CD2Cl2): δ 8.61 (d, 2H, 3JH(1)-H(2) = 13.4 Hz, H(1)), 7.47 (d, 2H, 3JH(5)-H(4) 

= 8.4 Hz, H(5)), 6.94 (dd, 2H, 3JH(4)-H(5) = 8.4 Hz, 4JH(4)-H(8) = 1.1 Hz, H(4)), 6.85 (d, 2H, 4JH(8)-

H(4) = 1.1 Hz, H(3)), 5.99 (dt, 2H, 3JH(2)-H(1) = 13.4 Hz, 3JH(2)-P = 1.8 Hz, H(2)), 2.81 - 2.74 (m, 

12H, CHP(CH3)2), 2.73 (s, 4H, H(6)), 1.30 (m, 72H, (CH3)2PCH) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.5 (t, 2JC(10)-P = 13.2 Hz, C(10)), 151.4 (t, 2JC(1)-P = 

10.8 Hz, C(1)), 137.8 (s, C(3)), 137.5 (s, C(6)), 134.7 (t, 3JC(2)-P = 3.4 Hz, C(2)), 131.0 (s, C(7)), 

124.0 (s, C(8)), 123.6 (s, C(5)), 123.0 (s, C(4)), 29.9 (s, C(9)), 25.0 (t, 2JC- P = 9.8 Hz, 

CHP(CH3)2), 20.3 (s), 20.0 (s, (CH3)2CHP) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 38.13 (s, PiPr3) ppm. 

 
7.6.29. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-1,1'-biphenyl-CH=CH-1,4)], [4] 
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Yield: 112 mg (0.10 mmol, 95%). Elemental analysis for C54H98Cl2O2P4Ru2: C: 55.14; H: 

8.40. Found: C: 54.20%; H: 8.15%. IR (ATR, υ in cm-1): 1900 (C≡O); 1570, 1530, 1460 

(C=C aryl, vinyl); 2960, 2872 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 218 

(4.3·104), 271 (1.6·104), 370 (4.0·104), 518 (6.2·102). 
1H-NMR (400 MHz, CD2Cl2): δ 8.64 (d, 2H, 3JH(1)-H(2) = 13.4 Hz, H(1)), 7.38 (d, 4H, 3JH(3)-H(4) 

= 8.2 Hz, H(3)), 7.06 (d, 4H, 3JH(4)-H(3) = 8.2 Hz, H(4)), 6.02 (dt, 2H, 3JH(2)-H(1) = 13.4 Hz, 3JH(2)-P 

= 2.1 Hz, H(2)), 2.75 (m, 12H, CHP(CH3)2), 1.29 (m, 72H, (CH3)2PCH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 38.14 (s, PiPr3) ppm. 
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 No 13C {H1}-NMR data could be obtained because of the extremely poor solubility in all 
common solvents. 

 

7.6.30. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-(2,2´-dimethyl)1,1'-biphenyl-CH=CH-1,4)], [5] 

 
Yield: 93 mg (0.08 mmol, 76%). Elemental analysis for C56H102Cl2O2P4Ru2: C: 55.85; H: 

8.54. Found: C: 60.54%; H: 8.47%. IR (ATR, υ in cm-1): 1902 (C≡O); 1570, 1539, 1453 

(C=C aryl, vinyl); 2957, 2921 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 242 

(3.3·104), 333 (3.5·104), 511 (8.3·102). 
1H-NMR (400 MHz, CD2Cl2): δ 8.53 (d, 2H, 3JH(1)-H(2) = 13.4 Hz, H(1)), 6.90 (s, 2H, H(8)), 

6.87 (s, 4H, H(4), H(5)), 5.99 (dt, 2H, 3JH(2)-H(1) = 13.4 Hz, 3JH(2)-(P) = 1.9 Hz, H(2)), 2.77 (m, 

12H, CHP(CH3)2)), 2.00 (s, 6H, H(9)), 1.31 (m, 72, (CH3)2PCH)) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.6 (t, 2JC(10)-P = 13.2 Hz, C(10)), 150.1 (t, 2JC(1)-P = 

10.8 Hz, C(1)), 138.1 (t, 2JC(3)-P = 1.9 Hz, C(3)), 138.0 (s, C(6)), 136.3 (s, C(7)), 134.7 (t, 3JC(2)-P = 

3.2 Hz, C(2)), 130.2 (s, C(8)), 126.0 (s, C(5)), 121.6 (s, C(4)), 30.3 (s, C(9)), 25.0 (t, 2JC-P = 9.8 

Hz, , CHP(CH3)2), 20.4 and 20.1 (s, (CH3)2PCH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 38.08 (s, PiPr3) ppm. 

 
7.6.31. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-(2,2´,6,6´-tetramethyl)1,1'-biphenyl-CH=CH-

1,4)], [6] 

 
Yield: 110 mg (0.09 mmol, 86%). Elemental analysis for C58H106Cl2O2P4Ru2: C: 56.53; H: 

8.67. Found: C: 55.86%; H: 8.25%. IR (ATR, υ in cm-1): 1905 (C≡O); 1574, 1549, 1457 

(C=C aryl, vinyl); 2960, 2875 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-1)): 255 

(2.3·104), 319 (3.9·104), 384 (5.2·103), 517 (7.2·102). 
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1H-NMR (400 MHz, CD2Cl2): δ 8.41 (d, 2H, 3JH(1)-H(2) = 13.3 Hz, H(1)), 6.76 (s, 4H, H(4)), 

5.93 (dt, 2H, 3JH(2)-H(1) = 13.3 Hz, 3JH(2)-(P) = 2.0 Hz, H(2)), 2.76 (m, 12H, CHP(CH3)2)), 1.79 (s, 

12H, H(7)), 1.30 (m, 72, (CH3)2PCH)). 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.7 (t, 2JC(8)-P = 13.2 Hz, C(8)), 148. 9 (t, 2JC(1)-P = 

10.9 Hz, C(1)), 138.0 (t, 4JC(3)-P = 1.9 Hz, C(3)), 136. 7 (s, C(6)), 135.9 (s, C(5)), 135.0 (t, 3JC(2)-P 

= 3.5 Hz, C(2)), 123.7 (d, 5JC(4)-P = 2.8 Hz, C(4)), 24.7 (t, 2JC-P = 9.3 Hz, CHP(CH3)2), 20.3 (s, 

C(7)), 20.06 and 20.09 (s, (CH3)2PCH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.88 (s, PiPr3) ppm. 

 
7.6.32. [{Ru(CO)Cl(PiPr3)2}(CH=CH-N-ethylcarbazole-3)], [Ia] 

 
To a stirred solution of HRu(CO)Cl(PiPr3)2 (100 mg, 0.21 mmol) in 5 mL of CH2Cl2 was 

slowly added a solution of the N-ethyl-3,6-diethynylcarbazole (54 mg, 0.23 mmol, 1.1 eq.) in 

5 mL of CH2Cl2. Upon addition, the color of the solution immediately changed from pale 

orange to red. The reaction mixture was stirred for an additional hour and the solvent was 

removed under reduced pressure. The crude product was washed with 20 ml of n-hexane, then 

filtered and dried in vacuum to give the product as a red solid. 

Yield: 130 mg (0.18 mmol, 88%). Elemental analysis for C35H57ClNOP2Ru: C: 59.52; H: 

8.13; N: 1.98. Found: C: 58.95; H: 7.96; N: 1.83%. IR (ATR, υ in cm-1): 1910, 1899 (C≡O); 

1555, 1590, 1474 (C=C aryl, vinyl); 2960, 2871 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-

1·cm-1)): 253 (3.4·104), 279 (2.4·104), 313 (3.9·104), 380 (5.5·103), 472 (1.0·103). 
1H-NMR (400 MHz, CD2Cl2): δ 8.39 (d, 1H, 3JH(1)-H(2) = 13.3 Hz, 3JH(1)-P = 1.0 Hz, H(1)), 8.04 

(d, 1H, 3JH(10)-H(11) = 7.9 Hz, H(10)), 7.71 (s, 1H, H(8)), 7.42 (ddd, 1H, 3JH(12)-H(13) = 7.9 Hz, 
3JH(12)-H(11) = 7.0 Hz, 4JH(12)-H(10) = 1.0 Hz, H(12)), 7.37 (d, 1H,  3JH(13)-H(12) = 8.0 Hz, H(13)), 7.27 

(d, 2H, 3JH(5)-H(4) = 0.7 Hz, H(4), H(5)), 7.17 (ddd, 1H, 3JH(11)-H(10) = 7.9 Hz, 3JH(11)-H(12) = 7.0 Hz, 
4JH(11)-H(13) = 1.2 Hz, H(11)), 6.15 (d, 1H, 3JH(2)-H(1) = 13.2 Hz, 4JH(2)-P = 2.0 Hz, H(2)), 4.31 (q, 

2H, 3JH(15)-H(16) =  7.2 Hz, H(15)), 2.79 (m, 6H, CHP(CH3)2), 1.39 (t, 3H, 3JH(16)-H(15) =  7.3 Hz, 

H(16)), 1.38 – 1.32 (m, 36H, (CH3)2PCH) ppm. 
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13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.8 (t, 2JC(17)-P = 13.2 Hz, C(17)), 145.7 (t, 2JC(1)-P = 

10.9 Hz, C(1)), 140.8 (s, C(14)), 138.2 (s, C(6)), 135.2 (t, 3JC(2)-P = 3.4 Hz, C(2)), 131.7 (t, 6JC(7)-P 

= 2.0 Hz, C(7)), 125.8 (s, C(3)), 123.6 (s, C(9)), 123.5 (s, C(4)), 123.3 (s, C(14)), 120.8 (s, C(11)), 

118.9 (s, C(10)), 115.7 (s, C(8)), 108.99 (s, C(5)), 108.95 (s, C(13)), 38.1 (s, C(15)), 25.1 (t, 2JC-P = 

9.8 Hz, CHP(CH3)2), 20.46 and 20.1 (s, (CH3)2PCH), 14.2 (s, C(16)) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.73 (s, PiPr3) ppm. 

7.6.33. [{Ru(CO)Cl(PiPr3)2}(μ-CH=CH-N-(4-phenylcarbazole)-9)], [Ib] 

 
To a stirred solution of HRu(CO)Cl(PiPr3)2 (100 mg, 0.21 mmol) in 5 mL of CH2Cl2 was 

slowly added a solution of the N-(4-ethynylphenyl)-carbazole  (61 mg, 0.23 mmol, 1.10 eq.) 

in 5 mL of CH2Cl2. Upon addition, the color of the solution immediately changed from pale 

orange to red. The reaction mixture was stirred for an additional hour and the solvent was 

removed under reduced pressure. The crude product was washed with 20 ml n-hexane, then 

filtered and dried in vacuum to give the product as a red solid. 

Yield: 130 mg (0.17 mmol, 81%). Elemental analysis for C39H57ClNOP2Ru: C: 62.10; H: 

7.62; N: 1.86. Found: C: 62.65; H: 7.52; N: 1.78%. IR (ATR, υ in cm-1): 1896 (C≡O); 1569, 

1544, 1509 (C=C aryl, vinyl); 2963, 2871 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-

1)): 258 (2.8·104), 301 (2.8·104), 340 (2.0·104), 422 (4.4·103) 
1H-NMR (400 MHz, CD2Cl2): δ 8.79 (d, 2H, 3JH(1)-H(2) = 13.5 Hz, H(1)), 8.13 (d, 2H, 3JH(4)-H(5) 

=  8.5 Hz, H(4)), 7.41 (dd, 4H, 3JH(8)-H(9) = 13.2 Hz, 3JH(9)-H(10) = 4.2 Hz, C(8), C(9)), 7.36 (d, 2H, 
3JH(5)-H(4) = 8.4 Hz, H(5)), 7.26 (dd, 4H, 3JH(11)-H(10) = 9.8 Hz, 3JH(10)-H(9) = 4.7 Hz, H(10), H(11)), 

6.14 (dt, 3JH(2)-H(1) = 13.7 Hz, 4JH(2)-P = 1.9 Hz, H(2)), 2.79 (m, 6H, CHP(CH3)2), 1.31 (m, 36H, 

(CH3)2PCH) ppm. 
13C {H1}-NMR (101 MHz, C6D6): δ 203.6 (t, 2JC(13)-P = 13.0 Hz, C(13)), 152.9 (t, 2JC(1)-P = 

11.0 Hz, C(1)), 141.8 (s, C(6)), 138.3 (t, 4JC(3)-P = 2.0 Hz, C(3)), 133.0 (t, 3JC(2)-P = 3.3 Hz, C(2)), 

134.1 (s, C(7)), 127.9 (s, C(5)), 126.1 (s, C(12)), 125.3 (s, C(4)), 123.8 (s, C(10)), 120.5 (s, C(9)), 

120.0 (s, C(11)), 110.5 (s ,C(8)), 24.8 (t, 2JC-P = 9.8 Hz, CHP(CH3)2), 20.1 and 19.8 (s, 

(CH3)2PCH) ppm. 
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31P-NMR (162 MHz, CD2Cl2): δ 38.62 (s, PiPr3) ppm. 

General procedure for the synthesis of the dinuclear complexes [IIa] - [IIg]: To a stirred 

solution of HRu(CO)Cl(PiPr3)2 (100 mg, 0.21 mmol) in 5 mL of CH2Cl2 was slowly added a 

solution of respective N-ethyl-3,6-diethynylcarbazole  (0.13 mmol, 0.6 eq.) in 5 mL of 

CH2Cl2. Upon addition, the color of the solution immediately changed from orange to deep 

red. The reaction mixture was stirred for an additional hour and the solvent was removed 

under reduced pressure. The crude product was washed with 20 ml of n-hexane and 20 ml of 

MeOH, then filtered and dried in vacuo to give the product as a red solid. 

7.6.34. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-N-ethylcarbazole-3,6)], [IIa] 

 
Yield: 117 mg (0.1 mmol, 91%). Elemental analysis for C56H101Cl2NO2P4Ru2: C: 55.25; H: 

8.36; N: 1.15. Found: C: 55.05; H: 8.28; N: 1.03%. IR (ATR, υ in cm-1): 1895 (C≡O); 1559, 

1475, 1453 (C=C aryl, vinyl); 2966, 2872 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-

1)): 251 (4.1·104), 282 (3.5·104), 324 (4.1·104), 387 (9.7·103), 466 (3.9·103). 
1H-NMR (400 MHz, C6D6): δ 8.78 (d, 2H, 3JH(1)-H(2) = 13.2 Hz, H(1)), 7.98 (d, 2H, 4JH(8)-H(4) = 

1.1 Hz, H(8)), 7.61 (dd, 2H, 3JH(4)-H(5) = 8.5 Hz, 4JH(4)-H(8) = 1.1 Hz, H(4)), 7.02 (d, 2H, 3JH(5)-H(4) 

= 8.5 Hz, H(5)), 6.62 (dt, 2H, 3JH(2)-H(1) = 13.4 Hz, 4JH(2)-P = 2.1 Hz, H(2)), 3.64 (q, 2H, 3JH(9)-

H(10) = 7.0 Hz, H(9)), 2.70 (m, 12H, CHP(CH3)2), 1.25 (m, 78H, (CH3)2PCH), 0.84 (t, 3H,  
3JH(10)-H(9) = 7.0 Hz, H(10)) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.8 (t, 2JC(11)-P = 13.1 Hz, C(11)), 145.3 (t, 2JC(1)-P = 

10.9 Hz, C(1)), 138.5 (s, C(6)), 135.3 (t, 3JC(2)-P = 4.0 Hz, C(2)), 131.4 (s, C(7)), 123.7 (s, C(3)), 

123.0 (s, C(4)), 115.8 (s, C(8)), 108.8 (s, C(5)), 32.2 (s, C(9)), 25.1 (t, 2JC-P = 9.8 Hz, 

CHP(CH3)2), 23.2 (s, C(10)), 20.4 and 20.1 (s, (CH3)2PCH) ppm. 
31P-NMR (162 MHz, C6D6): δ 38.08 (s, PiPr3) ppm. 
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7.6.35. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-N-4-methoxyphenylcarbazole)-CH=CH-3,6)], 
[IIb] 

 
Yield: 125 mg (0.1 mmol, 95%). Elemental analysis for C61H103Cl2NO3P4Ru2: C: 56.56; H: 

8.01; N: 1.08. Found: C: 56.17; H: 7.74; N: 1.16%. IR (ATR, υ in cm-1): 1905 (C≡O); 1555, 

1510, 1469 (C=C aryl, vinyl); 2962, 2872 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-

1)): 253 (4.4·104), 283 (3.7·104), 324 (5.2·104), 388 (9.5·103), 525 (8.0·103). 
1H-NMR (400 MHz, CD2Cl2) δ: 8.37 (d, 2H, 3JH(1)-H(2) = 13.2 Hz, H(1)), 7.65 (d, 2H, 4JH(8)-H(4) 

= 1.0 Hz, H(8)), 7.39 (d, 2H, 3JH(11)-H(10) = 8.8 Hz, H(11)), 7.15 (dd, 2H, 3JH(4)-H(5) = 8.5 Hz, 
4JH(4)-H(8) = 1.0 Hz, H(4)), 7.11 (d, 2H, 3JH(5)-H(4) = 8.5 Hz, H(5)), 7.08 (d, 2H, 3JH(10)-H(11) = 8.8 

Hz, H(10)), 6.13 (dt, 3JH(2)-H(1) = 13.3 Hz, 4JH(2)-P = 2.4 Hz, H(2)), 3.88 (s, OMe), 2.83 – 2.73 (m, 

12H, CHP(CH3)2), 1.32 (m, 72H, (CH3)2PCH) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.8 (t, 2JC(14)-P = 13.1 Hz, C(14)), 159.1 (s, C(9)), 

146.1 (t, 2JC(1)-P = 11.0 Hz, C(1)), 139.7 (s, C(6)), 135.2 (t, 3JC(2)-P = 3.1 Hz, C(2)), 132.3 (t, 
6JC(7)-P = 1.9 Hz, C(7)), 131.3 (s, C(11)), 128.7 (s, C(3)), 124.0 (s, C(4)), 123.2 (s, C(10)), 115.5 (s, 

C(8)), 115.4 (s, C(12)), 110.0 (s, C(5)), 56.1 (s, C(13)), 25.0 (t, 2JC-P = 9.8 Hz, CHP(CH3)2), 20.4 

and 20.1 (s, (CH3)2PCH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.72 (s, PiPr3) ppm. 
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7.6.36. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-N-4-methylphenylcarbazole)-CH=CH-3,6)], 
[IIc] 

 
Yield: 119 mg (0.09 mmol, 86%). Elemental analysis for C61H103Cl2NO2P4Ru2: C: 57.26; H: 

8.11; N: 1.09. Found: C: 56.77; H: 7.78; N: 1.12%. IR (ATR, υ in cm-1): 1905 (C≡O); 1555, 

1515, 1470 (C=C aryl, vinyl); 2961, 2873 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-

1)): 252 (4.2·104), 268 (3.9·104), 283 (3.6·104), 326 (5.3·104), 386 (1.0·104), 502 (1.6·103). 
1H-NMR (400 MHz, C6D6) δ: 8.81 (d, 2H, 3JH(1)-H(2) = 13.2 Hz, H(1)), 8.02 (d, 2H, 4JH(8)-H(4) = 

0.8 Hz, H(8)), 7.52 (dd, 2H, 3JH(4)-H(5) = 8.6 Hz, 4JH(4)-H(8) = 0.8 Hz, H(4)), 7.26 (d, 2H, 3JH(5)-H(4) 

= 8.6 Hz, H(5)), 7.04 (d, 2H, 3JH(11)-H(10) = 8.2 Hz, H(11)), 6.92 (d, 2H, 3JH(10)-H(11) = 8.2 Hz, 

H(10)), 6.63 (dt, 3JH(2)-H(1) = 13.3 Hz, 4JH(2)-P = 1.8 Hz, H(2)), 2.70 (m, 12H, CHP(CH3)2), 2.09 

(s, Me), 1.25 (m, 72H, (CH3)2PCH) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.8 (t, 2JC(14)-P = 13.2 Hz, C(14)), 146.2 (t, 2JC(1)-P = 

11.1 Hz, C(1)), 139.4 (s, C(9)), 137.4 (s, C(6)), 136.0 (s, C(11)), 135.1 (t, 3JC(2)-P = 3.2 Hz, C(2)), 

132.3 (t, 5JC(7)-P = 1.9 Hz, C(7)), 130.8 (s, C(10)), 127.1 (s, C(12)), 124.2 (s, C(3)), 123.2 (s, C(4)), 

115.5 (s, C(8)), 110.1 (s, C(5)), 25.05 (t, 2JC- P = 9.8 Hz, CHP(CH3)2), 21.5 (s, C(13)), 20.4 and 

20.1 (s, (CH3)2PCH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.72 (s, PiPr3) ppm.  

7.6.37. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-N-4-phenyl-carbazole)-CH=CH-3,6)], [IId] 

 
Yield: 115 mg (0.09 mmol, 86%). Elemental analysis for C60H101Cl2NO2P4Ru2: C: 56.95; H: 

8.05; N: 1.11. Found: C: 56.14; H: 7.82; N: 1.21%. IR (ATR, υ in cm-1): 1905 (C≡O); 1560, 
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1500, 1470 (C=C aryl, vinyl); 2962, 2872 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-

1)): 253 (4.2·104), 270 (3.8·104), 282 (3.6·104), 327 (5.2·104), 392 (9.1·104), 473 (2.3·103). 
1H-NMR (400 MHz, CD2Cl2): δ 8.40 (d, 2H, 3JH(1)-H(2) = 13.2 Hz, H(1)), 7.66 (d, 2H, 4JH(8)-H(4) 

= 0.8 Hz, H(8)), 7.57 (t, 3JH(11)-H(10) = 7.7 Hz, H(11)), 7.51 (d, 2H, 3JH(10)-H(11) = 7.7 Hz, H(10)), 

7.41 (t, 3JH(12)-H(11) = 7.1 Hz, H(12)), 7.21 (d, 2H, 3JH(4)-H(5) =  8.5 Hz, H(4)), 7.15 (d, 2H, 3JH(5)-

H(4) = 8.5 Hz, H(5)), 6.13 (dt, 3JH(2)-H(1) = 13.2 Hz, 4JH(2)-P = 2.4 Hz, H(2)), 2.78 (m, 12H, 

CHP(CH3)2), 1.31 (m, 72H, (CH3)2PCH) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.7 (t, 2JC(13)-P = 13.0 Hz, C(13)), 146.4 (t, 2JC(1)-P = 

10.8 Hz, C(1)), 139.1 (s, C(9)), 138.7 (s, C(6)), 135.1 (t, 3JC(2)-P = 4.2 Hz, C(2)), 132.5 (t, 6JC(7)-P = 

1.8 Hz, C(7)), 130.2 (s, C(11)), 127.3 (s, C(10)), 127.2 (s, C(3)), 124.3 (s, C(12)), 123.2 (s, C(4)), 

115.5 (s, C(8)), 110.0 (s, C(5)), 25.0 (t, 2JC- P = 9.8 Hz, CHP(CH3)2), 20.3 and 20.1 (s, 

(CH3)2PCH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.69 (s, PiPr3) ppm. 

7.6.38. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-N-(4-trifloromethylphenylcarbazole)-CH=CH-
3,6)], [IIe] 

 
Yield: 125 mg (0.09 mmol, 86%). Elemental analysis for C61H100Cl2F3NO2P4Ru2: C: 54.95; 

H: 7.56; N: 1.05. Found: C: 53.56; H: 7.25; N: 1.03%. IR (ATR, υ in cm-1): 1905 (C≡O); 

1555, 1519, 1469 (C=C aryl, vinyl); 2960, 2874 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-

1·cm-1)): 259 (4.1·104), 282 (3.3·104), 333 (4.2·104), 503 (1.1·103). 
1H-NMR (400 MHz, CD2Cl2) δ: 8.46 (d, 2H, 3JH(1)-H(2) = 13.3 Hz, H(1)), 7.84 (d, 2H, 3JH(11)-

H(10) =  8.4 Hz, H(11)), 7.70 (d, 2H, 3JH(10)-H(11) = 8.4 Hz, H(10)), 7.67 (d, 2H, 4JH(8)-H(4) =  1.2 Hz, 

H(8)), 7.27 (d, 2H, 3JH(5)-H(4) =  8.6 Hz, H(5)), 7.17 (dd, 2H, 3JH(4)-H(5) =  8.6 Hz, 4JH(4)-H(8) =  1.4 

Hz, H(4)), 6.15 (dt, 3JH(2)-H(1) = 13.3 Hz, 4JH(2)-P  = 2.0 Hz, H(2)), 2.78 (m, 12H, CHP(CH3)2), 

1.32 (m, 72H, (CH3)2PCH) ppm. 
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.7 (t, 2JC(14)-P = 13.1 Hz, C(14)), 147.3 (t, 2JC(1)-P = 

11.0 Hz, C(1)), 142.3 (d, 5JC(9)-F = 0.9 Hz, C(9)), 138.5 (s, C(6)), 134.9 (t, 3JC(2)-P = 3.3 Hz, C(2)), 
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133.1 (t, 6JC(7)-P = 1.9 Hz, C(7)), 128.5 (q, 2JC(12)-F = 33.1 Hz, C(12)), 127.5 (q, 3JC(11)-F = 3.7 Hz, 

C(11)), 127.0 (s, C(10)), 124.68 (q, 1JC(13)-F = 271.0 Hz, C(13)), 124.9 (s, C(3)), 123.4 (s, C(4)), 

115.6 (s, C(8)), 110.0 (s, C(5)), 25.1 (t, 2JC-P = 9.8 Hz, CHP(CH3)2), 20.4 and 20.1 (s, 

(CH3)2PCH) ppm. 
19F-NMR (376 MHz, CDCl3): δ -62.56 (s, CF3) ppm.  
31P-NMR (162 MHz, CD2Cl2): δ 37.80 (s, 2PiPr3) ppm. 

 

7.6.39. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-N-4-nitrophenylcarbazole)-CH=CH-3,6)], [IIf] 

 
Yield: 123 mg (0.09 mmol, 86%). Elemental analysis for C60H100Cl2N2O4P4Ru2: C: 54.99; 

H: 7.69; N: 2.14. Found: C: 53.76; H: 7.43; N: 2.34%. IR (ATR, υ in cm-1): 1905 (C≡O); 

1589 (NO2); 1555, 1515, 1500 (C=C aryl, vinyl); 2961, 2874 (C-H aryl, vinyl). UV-Vis (λmax 

(nm), ε (M-1·cm-1)): 256 (5.4·104), 283 (4.6·104), 322 (5.2·104), 390 (1.3·104), 468 (9.6·104). 
1H-NMR (400 MHz, CD2Cl2) δ: 8.52 (d, 2H, 3JH(1)-H(2) = 13.4 Hz, H(1)), 8.41 (d, 2H, 3JH(11)-

H(10) =  9.0 Hz, H(11)), 7.75 (d, 2H, 3JH(10)-H(11) = 9.0 Hz, H(10)), 7.66 (d, 2H, 4JH(8)-H(4) = 1.2 Hz, 

H(8)), 7.35 (d, 2H, 3JH(5)-H(4) = 8.6 Hz, H(5)), 7.19 (dd, 2H, 3JH(4)-H(5) =  8.6 Hz, 4JH(4)-H(8) = 1.2 

Hz, H(4)), 6.15 (dt, 3JH(2)-H(1) = 13.4 Hz, 4JH(2)-P = 2.0 Hz, H(2)), 2.84 - 2.73 (m, 12H, 

CHP(CH3)2), 1.32 (m, 72H, (CH3)2PCH) ppm.  
13C {H1}-NMR (101 MHz, CD2Cl2): δ 203.6 (t, 2JC(13)-P = 13.1 Hz, C(13)), 148.2 (t, 2JC(1)-P = 

10.7 Hz, C(1)), 145.6 (s, C(12)), 144.9 (s, C(9)), 138.0 (s, C(6)), 134.7 (t, 3JC(2)-P = 3.3 Hz, C(2)), 

133.7 (t, 6JC(7)-P = 1.9 Hz, C(7)), 126.5 (s, C(3)), 125.9 (s, C(11)), 125.4 (s, C(10)), 123.5 (s, C(4)), 

115.6 (s, C(8)), 110.2 (s, C(5)), 25.1 (t, 2JC-P = 9.8 Hz, CHP(CH3)2), 20.4 and 20.1 (s, 

(CH3)2PCH) ppm. 
31P-NMR (162 MHz, CD2Cl2): δ 37.87 (s, PiPr3) ppm. 
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7.6.40. [{Ru(CO)Cl(PiPr3)2}2(μ-CH=CH-N-4-phenyl-6-methoxycarbazole-CH=CH-3,9)], 
[IIg] 

 
Yield: 111 mg (0.09 mmol, 86%). Elemental analysis for C61H103Cl2NO3P4Ru2: C: 56.56; H: 

8.01; N: 1.08. Found: C: 51.23; H: 7.45; N: 1.01%. IR (ATR, υ in cm-1): 1904 (C≡O); 1574, 

1545, 1509 (C=C aryl, vinyl); 2961, 2872 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-

1)): 351 (4.6·104), 514 (1.7·103). 
1H-NMR (400 MHz, C6D6): δ 9.11 (d, 1H, 3JH(14)-H(13) = 13.5 Hz, H(14)), 8.82 (d, 1H, 3JH(1)-H(2) 

= 13.2 Hz, H(1)), 7.97 (d, 1H, 4JH(8)-H(4) = 1.4 Hz, H(8)), 7.58 (d, 1H, 4JH(22)-H(19) =  2.4 Hz, 

H(22)), 7.44 (dd, 1H, 3JH(4)-H(5) =  8.7 Hz, 4JH(4)-H(8) =  1.4 Hz, H(4)), 7.27 (d, 2H, 3JH(11)-H(10) = 

8.4 Hz, H(11)), 7.13 (d, 1H, 3JH(5)-H(4) =  8.7 Hz, H(5)), 7.09 (d, 2H, 3JH(10)-H(11) = 8.4 Hz, H(10)), 

7.03 (d, 1H, 3JH(19)-H(18) =  2.4 Hz, H(19)), 7.01 (d, 1H, 3JH(18)-H(19) =  2.4 Hz, H(18)), 6.63 (dt, 1H, 
3JH(2)-H(1) = 13.2 Hz, 4JH(2)-P  = 2.2 Hz, H(2)), 6.44 (dt, 1H, 3JH(13)-H(14) = 13.3 Hz, 4JH(13)-P  = 1.8 

Hz, H(13)), 3.51 (s, 3H, OMe), 2.74 - 2.62 (m, 12H, CHP(CH3)2), 1.23 (m, 78H, (CH3)2PCH) 

ppm. 
13C {H1}-NMR (151 MHz, C6D6): δ 204.1 (t, 2JC(15)-P = 13.1 Hz, C(15)), 203.7 (t, 2JC(16)-P = 

13.0 Hz, C(16)), 154.7 (s, C(9)), 152.2 (t, 2JC(14)-P = 11.1 Hz, C(14)), 145.5 (t, 2JC(1)-P = 11.0 Hz, 

C(1)), 140.1 (s, C(6)), 137.8 (t, 4JC(12)-P = 1.8 Hz, C(12)), 136.8 (s, C(7)), 135.8 (t, 3JC(2)-P = 3.1 

Hz, C(2)), 134.7 (s, C(17)), 134.3 (t, 3JC(13)-P = 3.4 Hz, C(13)), 132.4 (s, C(23)), 132.0 (t, 4JC(3)-P = 

1.5 Hz, C(3)), 131.6 (s, C(20)), 127.5 (s, C(11)), 125.2 (s, C(10)), 125.1 (s, C(11)), 123.0 (s, C(10)), 

115.6 (s, C(4)), 115.4 (s, C(19)), 111.2 (s, C(18)), 111.0 (s, C(5)), 103.1 (s, C(22)), 55.5 (s, C(21)) 

24.84 (t, 2JC-P = 9.7 Hz, 2CHP(CH3)2), 24.77 (t, 2JC-P = 9.8 Hz, 2CHP(CH3)2), 20.14 and 

19.92 (s, 4(2H3)2PCH), 20.08 and 19.85 (s, 2(CH3)2PCH) ppm.. 
31P-NMR (162 MHz, C6D6): δ 38.58 (s, PiPr3), 38.15 (s, PiPr3) ppm. 
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7.6.41. [{Ru(CO)Cl(PiPr3)2}3((μ-CH=CH)3-N-(4-phenyl-carbazole)-3,6,9)], [III] 
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To a stirred solution of HRu(CO)Cl(PiPr3)2 (100 mg, 0.21 mmol) in 5 mL of CH2Cl2 was 

slowly added a solution of the N-(4-ethynylphenyl)-3,6-diethynylcarbazole  (23 mg, 0.07 

mmol, 0.35 eq.) in 5 mL of CH2Cl2. Upon addition, the color of the solution immediately 

changed from pale orange to red. The reaction mixture was stirred for an additional hour and 

the solvent was removed under reduced pressure. The crude product was washed with 20 ml 

of n-hexane, then filtered and dried in vacuum to give the product as a red solid. 

Yield: 115 mg (0.06 mmol, 92%). Elemental analysis for C81H145Cl3NO3P6Ru3: C: 54.77; H: 

8.23; N: 0.97. Found: C: 55.02; H: 8.18; N: 0.70%. IR (ATR, υ in cm-1): 1904 (C≡O); 1548, 

1510, 1457 (C=C aryl, vinyl); 2960, 2872 (C-H aryl, vinyl). UV-Vis (λmax (nm), ε (M-1·cm-

1)): 252 (5.2·104), 269 (4.5·104), 283 (4.3·104), 333 (6.5·104), 500 (2.1·103). 
1H-NMR (400 MHz, C6D6): δ 9.07 (d, 1H, 3JH(14)-H(13) = 13.5 Hz, H(14)), 8.73 (d, 2H, 3JH(1)-H(2) 

= 13.2 Hz, H(1)), 7.92 (d, 2H, 4JH(8)-H(4) =  0.6 Hz, H(8)), 7.38 (dd, 2H, 3JH(4)-H(5) =  8.5 Hz, 
4JH(4)-H(8) =  0.6 Hz, H(4)), 7.24 (d, 2H, 3JH(11)-H(10) =  8.5 Hz, H(11)), 7.11 (d, 2H, 3JH(10)-H(11) =  

8.5 Hz, H(10)), 7.09 (d, 2H, 3JH(5)-H(4) = 8.4 Hz, H(5)), 6.57 (dt, 2H, 3JH(2)-H(1) = 13.6 Hz, 4JH(2)-P  

= 1.9 Hz, H(2)), 6.42 (dt, 1H, 3JH(13)-H(14) = 13.1 Hz, 4JH(13)-P  = 1.8 Hz, H(13)), 2.67 (m, 18H, 

CHP(CH3)2), 1.31 - 1.17 (m, 108H, (CH3)2PCH) ppm. 
13C {H1}-NMR (151 MHz, C6D6): δ 204.2 (t, 2JC(15)-P = 13.2 Hz, C(15)), 203.7 (t, 2JC(16)-P = 

13.2 Hz, C(16)), 151.9 (t, 2JC(14)-P = 11.1 Hz, C(14)), 145.2 (t, 2JC(1)-P = 11.0 Hz, C(1)), 139.8 (s, 

C(9)), 137.7 (t, 4JC(12)-P = 1.8 Hz, C12)), 135.9 (t, 3JC(2)-P = 3.5 Hz, C(2)), 134.7 (s, C(6)), 134.4 (t, 
3JC(13)-P = 3.4 Hz, C(13)), 132.1 (t, 6JC(7)-P = 2.0 Hz, C(7)), 127.5 (s, C(3)), 125.1 (s, C(10)), 124.5 

(s, (C(11)), 122.6 (s, C(4)), 115.9 (s, C(8)), 110.7 (s, C(5)), 24.84 (t, 2JC-P = 9.7 Hz, 4CHP(CH3)2), 

24.80 (t, 2JC-P = 9.8 Hz, 2CHP(CH3)2), 20.15 and 19.94 (s, 4(CH3)2PCH), 20.10 and 19.86 (s, 

2(CH3)2PCH) ppm. 
31P-NMR (162 MHz, C6D6): δ 38.15 (s, 4PiPr3), 38.56 (s, 2PiPr3) ppm. 
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8.1. Appendix I: ATR spectra 

 
 

Figure 8.1#1. IR(ATR)-spectra of complexes 1a (left) and 1b (right). 

 
 

Figure 8.1#2. IR(ATR)-spectra of complexes 1c (left) and 1d (right). 

 
 

Figure 8.1#3. IR(ATR)-spectra of complexes 1e (left) and 2a (right). 
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Figure 8.1#4. IR(ATR)-spectra of complexes 2b (left) and 2c (right). 
 

 
 

Figure 8.1#5. IR(ATR)-spectra of complexes 2d (left) and 3a (right). 
 

 
 

Figure 8.1#6. IR(ATR)-spectra of complexes 3b (left) and 3c (right). 
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Figure 8.1#7. IR(ATR)-spectra of complexes 3d (left) and 4b (right). 

 
 

Figure 8.1#8. IR(ATR)-spectra of complexes 4c (left) and 4d (right). 
 

 
 

Figure 8.1#9. IR(ATR)-spectra of complexes 5a (left) and 5b (right). 
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Figure 8.1#10. IR(ATR)-spectra of complexes 5c (left) and 5d (right). 
 

 
 

Figure 8.1#11. IR(ATR)-spectra of kinetically stable isomers of 6b (left) and 6c (right). 
 

 
 

Figure 8.1#12. IR(ATR)-spectra of kinetically stable isomers of 6d (left) and 6e (right). 
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Figure 8.1#13. IR(ATR)-spectra of complexes 7b (left) and [1] (right). 
 
 

 
 

Figure 8.1#14. IR(ATR)-spectra of complexes [1]´ (left) and [2] (right). 
 

 
 

Figure 8.1#15. IR(ATR)-spectra of complexes [3] (left) and [4] (right). 
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Figure 8.1#16. IR(ATR)-spectra of complexes [5] (left) and [6] (right). 
 

 
 

Figure 8.1#17. IR(ATR)-spectra of complexes [Ia] (left) and [Ib] (right). 
 
 

 
 

Figure 8.1#18. IR(ATR)-spectra of complexes [IIa] (left) and [IIb] (right). 
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Figure 8.1#19. IR(ATR)-spectra of complexes [IIc] (left) and [IId] (right). 
 
 

 
 

Figure 8.1#20. IR(ATR)-spectra of complexes [IIe] (left) and [IIf] (right). 
 

 
 

Figure 8.1#21. IR(ATR)-spectra of complexes [IIg] (left) and [III]  (right).
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8.2. Appendix II: UV/Vis spectra 

 
 

Figure 8.2#1. UV/Vis spectra of complexes 1a (left) and 1b (right). 
 
 

 
 

Figure 8.2#2. UV/Vis spectra of complexes 1c (left) and 1d (right). 
 
 

 
 

Figure 8.2#3. UV/Vis spectra of complexes 1e (left) and 2a (right). 
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Figure 8.2#4. UV/Vis spectra of complexes 2b (left) and 2c (right). 
 

 
 

Figure 8.2#5. UV/Vis spectrum of complexes 2d (left) and 3a (right). 
 

 
 

Figure 8.2#6. UV/Vis spectrum of complexes 3b (left) and 3c (right). 
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Figure 8.2#7. UV/Vis spectra of complexes 3d (left) and 4b (right). 
 

 
 

Figure 8.2#8. UV/Vis spectra of complexes 4c (left) and 4d (right). 
 

 
 

Figure 8.2#9. UV-Vis spectra of complexes 5a (left) and 5b (right). 
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Figure 8.2#10. UV-Vis spectra of complexes 5c (left) and 5d (right). 
 

 
 

Figure 8.2#11. UV/Vis spectra of complexes 6b (left) and 6c (right). 
 

 
 

Figure 8.2#12. UV/Vis spectra of complexes 6d (left) and 6e (right). 
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Figure 8.2#13. UV/Vis spectra of complexes 7b (left) and [1] (right). 
 

 
 

Figure 8.2#14. UV/Vis spectra of complexes [1]´ (left) and [2] (right). 
 

 
 

Figure 8.2#15. UV/Vis spectra of complexes [3] (left) and [4] (right). 
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Figure 8.2#16. UV/Vis spectra of complexes [5] (left) and [6] (right). 
 

 
 

Figure 8.2#17. UV/Vis spectra of complexes [Ia] (left) and [Ib] (right). 
 

 
 

Figure 8.2#18. UV/Vis spectra of complexes [IIa] (left) and [IIb] (right). 
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Figure 8.2#19. UV/Vis spectra of complexes [IIc] (left) and [IId] (right). 
 

 
 

Figure 8.2#20. UV/Vis spectra of complexes [IIe] (left) and [IIf] (right). 
 

 
 

Figure 8.2#21. UV/Vis spectra of complexes [IIg] (left) and [III] (right). 
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8.3. Appendix III: Cyclic voltammograms 

 
 

. vs 1aave (right) voltammograms of complex w-quaresCyclic (left) and  .#13.8Figure 
of 4 mV  potentialstep a or  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs b1of complex voltammograms  )right(wave -and square )left(Cyclic  2.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 

 
 

. vs c1of complex voltammograms  )right(wave -and square )left(Cyclic  3.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2CH in 0/+Fe2Cp

and a frequency of 15 Hz. 
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. vs d1of complex voltammograms  )right(wave -and square )left(Cyclic  4.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs e1of complex voltammograms  )right(wave -and square )left(Cyclic  5.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 2aof complex voltammograms  )right(wave -and square )left(Cyclic  6.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 



Chapter 8                                                                                                          Appendix III / CV 

300 
 

 
 

. vs 2bof complex voltammograms  )right(wave -and square )left(Cyclic  7.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 2cof complex voltammograms  )right(wave -and square )left(Cyclic  8.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 2dof complex voltammograms  )right(wave -and square )left(Cyclic  9.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
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. vs 3aof complex voltammograms  )right(wave -and square )left(Cyclic  10.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 3bof complex voltammograms  )right(wave -and square )left(Cyclic 11. #3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 3cof complex voltammograms  )right(wave -and square )left(Cyclic  12.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
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. vs 3dof complex voltammograms  )right(wave -and square )left(Cyclic  13.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 4bof complex voltammograms  )right(wave -and square )left(Cyclic  14.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 4cof complex voltammograms  )right(wave -and square )left(Cyclic  15.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
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. vs 4dof complex voltammograms  )right(wave -and square )left(Cyclic  16.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 5aof complex voltammograms  )right(wave -and square )left(Cyclic  17.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 5bof complex voltammograms  )right(wave -and square )left(Cyclic  18.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
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. vs 5cof complex voltammograms  )right(wave -and square )left(Cyclic  19.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

. vs 5dof complex voltammograms  )right(wave -and square )left(Cyclic  20.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

 
 

Figure 8.3#21. Cyclic (left) and square-wave (right) voltammograms of kinetically stable 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2. Cpvs 6b isomer of

potential of 4 mV and a frequency of 15 Hz. 
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Figure 8.3#22. Cyclic (left) and square-wave (right) voltammograms of kinetically stable 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2. Cpvs 6c isomer of

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

Figure 8.3#23. Cyclic (left) and square-wave (right) voltammograms of kinetically stable 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2. Cpvs 6d isomer of

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

Figure 8.3#24. Cyclic (left) and square-wave (right) voltammograms of kinetically stable 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2. Cpvs 6e isomer of

potential of 4 mV and a frequency of 15 Hz. 



Chapter 8                                                                                                          Appendix III / CV 

306 
 

 
 

. vs 7bof complex voltammograms  )right(wave -and square )left(Cyclic  25.#3.8Figure 
of 4 mV  potentialor a step  1-= 0.1 V s v(0.1 M) at a scan rate  6PF4/NBu2Cl2in CH 0/+Fe2Cp

and a frequency of 15 Hz. 
 
 

  
 

. vs [1]of complex voltammograms  )right(wave -and square )left(Cyclic  26.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs[1]´ of complex voltammograms  )right(wave -and square )left(Cyclic  27.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
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. vs [2]of complex voltammograms  )right(wave -and square )left(Cyclic  28.#3.8Figure 
 potentialor a step  1-= 0.1V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs [3]of complex voltammograms  )right(wave -and square )left(Cyclic  29.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs [4]of complex voltammograms  )right(wave -and square )left(Cyclic  30.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
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. vs [5]of complex voltammograms  )right(wave -and square )left(Cyclic  31.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs [6]of complex voltammograms  )right(wave -and square )left(Cyclic  32.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs [Ia]of complex voltammograms  )right(wave -and square )left(Cyclic  33.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
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. vs[Ib] of complex voltammograms  )right(wave -and square )left(Cyclic  34.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs[IIa] of complex voltammograms  )right(wave -and square )left(Cyclic  35.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs [IIb]of complex voltammograms  )right(wave -and square )left(Cyclic  36.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
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. vs [IIc]of complex voltammograms  )right(wave -and square )left(Cyclic  37.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

 .vs [IId]of complex voltammograms  )right(wave -and square )left(Cyclic  38.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs [IIe]of complex voltammograms  )right(wave -and square )left(Cyclic  39.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
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. vs [IIf]of complex voltammograms  )right(wave -and square )left(Cyclic  40.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs [IIg]of complex voltammograms  )right(wave -and square )left(Cyclic  41.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz. 
 
 

 
 

. vs [III]of complex voltammograms  )right(wave -and square )left(Cyclic  42.#3.8Figure 
or a step  1-= 0.1 V s v(0.1 M) at a scan rate  TFPB4NBu, 6PF4/NBu2Cl2in CH 0/+Fe2Cp

potential of 4 mV and a frequency of 15 Hz.
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8.4. Appendix IV: IR Spectroelectrochemistry 

 
 

Figure 8.4#1. IR spectroscopic changes during the oxidation of complex 1a (left) and 1b 
(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 

 
 

Figure 8.4#2. IR spectroscopic changes during the oxidation of complex 1d (left) and 1e 
(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 
 

 
Figure 8.4#3. IR spectroscopic changes during the oxidation of complex 2a (left) and 2b 

(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.).
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Figure 8.4#4. IR spectroscopic changes during the oxidation of complex 2c (left) and 2d 

(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 
 

 
Figure 8.4#5. IR spectroscopic changes during the oxidation of complex 3a (left) and 3b 

(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 
 

 
Figure 8.4#6. IR spectroscopic changes during the oxidation of complex 3c (left) and 3d 

(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 
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Figure 8.4#7. IR spectroscopic changes during the oxidation of complex 4b (left) and 4c 

(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 
 

 
 

Figure 8.4#8. IR spectroscopic changes during the oxidation of complex 4d (left) and 5a 
(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 

 
Figure 8.4#9. IR spectroscopic changes during the oxidation of complex 5b (left) and 5c 

(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.).
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Figure 8.4#10. IR spectroscopic changes during the oxidation of complex 5d (left) and 7b 

(right) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 
Figure 8.4#11. IR spectroscopic changes during the oxidation of kinetically unstable (left) 

and kinetically stable (right) isomers of 6b (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 
Figure 8.4#12. IR spectroscopic changes during the oxidation of kinetically stable isomer of 

6c (right) and 6d (left) (NBu4PF6, 0.1M, CH2Cl2, r.t.). 
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Figure 8.4#13. IR spectroscopic changes during the oxidation of kinetically unstable (left) 
Inserted is the  , r.t.).2Cl2, 0.1M, CH6PF4(NBu 6estable (right) isomers of  kineticallyand 

v(CO) back-reduction. 
 
 

 
 

Figure 8.4#14. IR spectroscopic changes during the first (left) and the second (right) 
oxidation of complex [1] (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 

 
Figure 8.4#15. IR spectroscopic changes during the first (left) and the second (right) 

oxidation of complex [1]´ (NBu4PF6, 0.1M, CH2Cl2, r.t.). 
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Figure 8.4#16. IR spectroscopic changes during the first (left) and the second (right) 
oxidation of complex [2] (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 

 
 

Figure 8.4#17. IR spectroscopic changes during the first (left) and the second (right) 
oxidation of complex [3] (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 

 
 

Figure 8.4#18. IR spectroscopic changes during the first (left) and the second (right) 
oxidation of complex [4] (NBu4PF6, 0.1M, CH2Cl2, r.t.). 
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Figure 8.4#19. IR spectroscopic changes during the first (left) and the second (right) 
oxidation of complex [5] (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 
Figure 8.4#20. IR spectroscopic changes during the first (left) and the second (right) 

oxidation of complex [6] (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 

 
 

Figure 8.4#21. IR spectroscopic changes during the first (left) and the second (right) 
., r.t.)2Cl2, 0.1M, CH6PF4(NBu [Ia]oxidation of complex  
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Figure 8.4#22. IR spectroscopic changes during the first (left) and the second (right) 
.r.t.), 2Cl2, 0.1M, CH6PF4(NBu ]b[Ioxidation of complex  

 
 

 
 

Figure 8.4#23. IR spectroscopic changes during the first (left), second (middle) and the third 
., r.t.)2Cl2, 0.1M, CH6PF4(NBu ]Ia[I(right) oxidation of complex  

 
 

 
 

Figure 8.4#24. IR spectroscopic changes during the first (left), second (middle) and the third 
., r.t.)2Cl2, 0.1M, CH6PF4(NBu ]Ib[I(right) oxidation of complex  
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Figure 8.4#25. IR spectroscopic changes during the first (left), second (middle) and the third 
., r.t.)2Cl2, 0.1M, CH6PF4(NBu ]Ic[I(right) oxidation of complex  

 
 

 
 

Figure 8.4#26. IR spectroscopic changes during the first (left), second (middle) and the third 
., r.t.)2Cl2, 0.1M, CH6PF4(NBu ]Id[I(right) oxidation of complex  

 
 

 
 

Figure 8.4#27. IR spectroscopic changes during the first (left), second (middle) and the third 
.r.t.), 2Cl2, 0.1M, CH6PF4(NBu ]Ie[I(right) oxidation of complex  
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Figure 8.4#28. IR spectroscopic changes during the first (left), second (middle) and the third 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ]If[I(right) oxidation of complex  

 

 
 

Figure 8.4#29. IR spectroscopic changes during the first (left), second (middle) and the third 
., r.t.)2Cl2, 0.1M, CH6PF4(NBu ]Ig[I(right) oxidation of complex  

 

 
 

Figure 8.4#30. IR spectroscopic changes during the first (upper left), second (upper right), 
third (bottom left) and the fourth (bottom right) oxidation of complex [III] (NBu4PF6, 0.1M, 

CH2Cl2, r.t.). 
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8.5. Appendix V: UV/Vis/NIR Spectroelectrochemistry 

 
 

Figure 8.5#1. UV/Vis/NIR changes during the oxidation of complex 1b (NBu4PF6, 0.1M, 
CH2Cl2, r.t.). 

 
 

 
 

Figure 8.5#2. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
complex 1d (NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 
 

 
 

Figure 8.5#3. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
complex 1e (NBu4PF6, 0.1M, CH2Cl2, r.t.). 
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Figure 8.5#4. UV/Vis/NIR changes during the oxidation of 2a (left) and 2b (right) complexes 
(NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 

 
 

Figure 8.5#5. UV/Vis/NIR changes during the oxidation of 2c (left) and 3a (right) complexes 
(NBu4PF6, 0.1M, CH2Cl2, r.t.). 

 
 

 
 

Figure 8.5#6. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
complex 2d (NBu4PF6, 0.1M, CH2Cl2, r.t.).
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 es(right) complex 3cand  (left) 3bIR changes during the oxidation of NUV/Vis/ 7.#5.8Figure 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu 

 

 
 

Figure 8.5#8. UV/Vis/near-IR changes during the first (left) and the second (right) oxidation 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu 3dof complex  

 

 
 

 es(right) complex 4cand  (left) 4bIR changes during the oxidation of NUV/Vis/ 9.#5.8Figure 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu 
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Figure 8.5#10. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu 4dcomplex  

 

 
 

(right)  5band  (left) 5aIR changes during the oxidation of NUV/Vis/ 11.#5.8Figure 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu escomplex 

 

 
 

(right)  6band  (left) 5cIR changes during the oxidation of NUV/Vis/ 12.#5.8Figure 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu escomplex 
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Figure 8.5#13. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu 5dcomplex  

 

 
 

(right)  6dand  (left) 6coxidation of NIR changes during the UV/Vis/ 14.#5.8Figure 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu escomplex 

 

 
 

, 0.1M, 6PF4(NBu 6eoxidation of complex the IR changes during NUV/Vis/ 15.#5.8Figure 
, r.t.).2Cl2CH 
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Figure 8.5#16. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu [1]complex  

 
 

 
 

Figure 8.5#17. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ´[1]complex  

 

 
 

Figure 8.5#18. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu [2]complex  



Chapter 8                                                                                   Appendix V / UV-Vis-NIR SEC 

328 
 

 
 

Figure 8.5#19. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu [3]complex  

 
 

 
 

Figure 8.5#20. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu [4]complex  

 

 
 

Figure 8.5#21. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu [5]complex  
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Figure 8.5#22. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu [6]complex  

 

 
 

Figure 8.5#23. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu a]I[complex  

 

 
 

Figure 8.5#24. UV/Vis/NIR changes during the first (left) and the second (right) oxidation of 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ]Ib[complex  
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Figure 8.5#25. UV/Vis/NIR changes during the first (left), the second (middle), and the third 
, r.t.).2Cl20.1M, CH ,6PF4(NBu a][II(right) oxidation of complex  

 
 

 
 

Figure 8.5#26. UV/Vis/NIR changes during the first (left), the second (middle), and the third 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ]IIb[(right) oxidation of complex  

 
 

 
 

Figure 8.5#27. UV/Vis/NIR changes during the first (left), the second (middle), and the third 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ]IIc[(right) oxidation of complex  
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Figure 8.5#28. UV/Vis/NIR changes during the first (left), the second (middle), and the third 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ]IId[complex (right) oxidation of  

 
 

 
 

Figure 8.5#29. UV/Vis/NIR changes during the first (left), the second (middle), and the third 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ]IIe[(right) oxidation of complex  

 
 

 
 

Figure 8.5#30. UV/Vis/NIR changes during the first (left), the second (middle), and the third 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ]IIf[(right) oxidation of complex  
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Figure 8.5#31. UV/Vis/NIR changes during the first (left), the second (middle), and the third 
, r.t.).2Cl2, 0.1M, CH6PF4(NBu ]IIg[complex  (right) oxidation of 

 

 
 

Figure 8.5#32. UV/Vis/NIR changes during the first (upper left), the second (upper right), 
0.1M, , 6PF4(NBu  ]III[third (bottom left), and the fourth (bottom right) oxidation of complex 

, r.t.).2Cl2CH



Chapter 8                                                                                                       Appendix VI / EPR 

333 
 

8.6. Appendix VI: EPR spectra 

 
 
Figure 8.6#1. EPR spectra of complex 1d+ at 20 °C (left: isotropic signal; giso = 2.001; A(31P) 
= 5.6 G (2xP), A(99/101Ru) = 3.8 G (1xRu), A(1H) = 0.8 G (2xH), A(14N) = 0.9 G (1xN)) and at 

-170 °C (right: isotropic signal; giso = 2.002). 
 

 
 
Figure 8.6#2. EPR spectra of complex 2d+ at 20 °C (left: isotropic signal; giso = 2.002; A(31P) 

= 7.5 G (2xP), A(99/101Ru) = 7.6 G (1xRu), A(1H) = 3.6 G (6xH), A(14N) = 10.4 G (1xN), 
A(14N) = 7.2 G (1xN)) and at -170 °C (right: isotropic signal; giso = 2.003). 

 

 
 
Figure 8.6#3. EPR spectra of complex 3d+ at 20 °C (left: isotropic signal; giso = 2.003) and at 

-170 °C (right: isotropic signal; giso = 2.004). 
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Figure 8.6#4. EPR spectra of complex 5d+ at 20 °C (left: isotropic signal; giso = 2.002) and at 
-170 °C (right: nearly isotropic signal; giso = 2.003). 
 

 
Figure 8.6#5. EPR spectrum of complex 6b+ at 20 °C (isotropic signal; giso = 2.002; A(31P) = 
6.7 G (2xP), A(99/101Ru) = 3.8 G (1xRu), A(14N) = 2.2 G (1xN)). 
 

 
 
Figure 8.6#6. EPR spectrum of complex 6e+ at 20 °C (isotropic signal; giso = 2.0171; A(31P) = 
6.4 G (2xP), A(99/101Ru) = 3.8 G (1xRu), A(14N) = 4.1 G (1xN), A(14N) = 1.1 G (1xN)). 
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Figure 8.6#7. EPR spectra of complex [1]+ at 20 °C (left: isotropic signal; giso = 2.0365; 
A(31P) = 7.5 G (4xP), A(99/101Ru) = 3.8 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0346, gII = 2.0520,  Δg = 0.017, ‹gav› = 2.0462). 
 

 
 

Figure 8.6#8. EPR spectra of complex [1]´+ at 20 °C (left: isotropic signal; giso = 2.0364; 
A(31P) = 7.5 G (4xP), A(99/101Ru) = 3.8 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0346, gII = 2.0520,  Δg = 0.017, ‹gav› = 2.0462). 
 

 
 

Figure 8.6#9. EPR spectra of complex [2]+ at 20 °C (left: isotropic signal; giso = 2.0423; 
A(31P) = 6.4 G (4xP), A(99/101Ru) = 4.5 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0367, gII = 2.0490,  Δg = 0.012, ‹gav› = 2.0449). 
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Figure 8.6#10. EPR spectra of complex [3]+ at 20 °C (left: isotropic signal; giso = 2.0370; 
A(31P) = 7.1 G (4xP), A(99/101Ru) = 5.0 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0387, gII = 2.0430,  Δg = 0.004, ‹gav› = 2.0416). 
 

 
 

Figure 8.6#11. EPR spectra of complex [4]+ at 20 °C (left: isotropic signal; giso = 2.0416; 
A(31P) = 6.4 G (4xP), A(99/101Ru) = 5.2 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0371, gII = 2.0570,  Δg = 0.020, ‹gav› = 2.0504). 
 

 
 

Figure 8.6#12. EPR spectra of complex [5]+ at 20 °C (left: isotropic signal; giso = 2.0451; 
A(31P) = 4.9 G (2xP), A(31P) = 6.4 G (2xP), A(99/101Ru) = 3.6 G (1xRu), A(99/101Ru) = 5.4 G 
(1xRu)) and at -170 °C (right: slightly axial; g = 2.0315, gII = 2.0580,  Δg = 0.027, ‹gav› = 

2.0492). 
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Figure 8.6#13. EPR spectra of complex [6]+ at 20 °C (left: isotropic signal; giso = 2.0491; 
A(31P) = 5.0 G (2xP), A(31P) = 4.3 G (2xP), A(99/101Ru) = 5.8 G (1xRu), A(99/101Ru) = 4.3 G 
(1xRu)) and at -170 °C (right: slightly axial; g = 2.0350, gII = 2.0505,  Δg = 0.015, ‹gav› = 

2.0457). 
 

 
 

Figure 8.6#14. EPR spectra of complex [Ia]+ at 20 °C (left: isotropic signal; giso = 2.0245; 
A(31P) = 11.8 G (2xP), A(99/101Ru) = 7.4 G (1xRu), A(14N) = 1.9 G (1xN)) and at -170 °C 

(right: nearly isotropic signal; giso = 2.0290). 
 

 
 

Figure 8.6#15. EPR spectra of complex [IIa]+ at 20 °C (left: isotropic signal; giso = 2.0205; 
A(31P) = 4.3 G (4xP), A(99/101Ru) = 4.9 G (2xRu)) and at -170 °C (right: nearly isotropic 

signal; giso = 2.0205). 
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Figure 8.6#16. EPR spectra of complex [IIb]+ at 20 °C (left: isotropic signal; giso = 2.0365; 
A(31P) = 5.3 G (4xP), A(99/101Ru) = 5.1 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0362, g II = 2.0540,  Δg = 0.018, ‹gav› = 2.0481). 
 

 
 

Figure 8.6#17. EPR spectra of complex [IIc]+ at 20 °C (left: isotropic signal; giso = 2.0345; 
A(31P) = 5.3 G (4xP), A(99/101Ru) = 5.1 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0352, g II = 2.0450,  Δg = 0.010, ‹gav› = 2.0417). 
 

 
 

Figure 8.6#18. EPR spectra of complex [IId]+ at 20 °C (left: isotropic signal; giso = 2.0225; 
A(31P) = 5.2 G (4xP), A(99/101Ru) = 4.9 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0302, g II = 2.0390,  Δg = 0.009, ‹gav› = 2.0361). 
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Figure 8.6#19. EPR spectra of complex [IIe]+ at 20 °C (left: isotropic signal; giso = 2.0248; 
A(31P) = 5.2 G (4xP), A(99/101Ru) = 5.0 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0303, gII = 2.0420,  Δg = 0.012, ‹gav› = 2.0381). 
 

 
 

Figure 8.6#20. EPR spectra of complex [IIf]+ at 20 °C (left: isotropic signal; giso = 2.0257; 
A(31P) = 5.3 G (4xP), A(99/101Ru) = 5.0 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0290, g II = 2.0352,  Δg = 0.006, ‹gav› = 2.0331). 
 

 
 

Figure 8.6#21. EPR spectra of complex [IIg]+ at 20 °C (left: isotropic signal; giso = 2.0233; 
A(31P) = 11.8 G (2xP), A(99/101Ru) = 7.4 G (1xRu), A(14N) = 1.9 G (1xN)) and at -170 °C 

(right: slightly axial; g = 2.0313, g II = 2.0473,  Δg = 0.016, ‹gav› = 2.0420). 



Chapter 8                                                                                                       Appendix VI / EPR 

340 
 

 
 

Figure 8.6#22.  EPR spectra of complex [III]+ at 20 °C (left: isotropic signal; giso = 2.0218; 
A(31P) = 5.1 G (4xP), A(99/101Ru) = 5.2 G (2xRu)) and at -170 °C (right: slightly axial; g = 

2.0252, g II = 2.0460,  Δg = 0.021, ‹gav› = 2.0391). 
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8.7. Appendix VII: X-ray Crystallography. Table 8.7#1. Data collection and structure refinement for complexes 1d, 5b, and 3c. 

Complex 1d 5b 3c 
)1-mol·Empirical formula, (g Ru (603.14)2ClNOP50H27C Ru (764.82)2P2NO3F54H37C (782.91)Ru 2P4NO61H40C 

Temperature (K) 100(2) 100(2) 100(2)  
Wavelength (Å) 0.71073  0.71073 0,71073 
Crystal system, Space group Monoclinic, P21/c Monoclinic, C2/c Triclinic, P-1 
Unit cell dimensions a = 17.119(3) Å, α= 90° a = 44.471(9) Å, α= 90° a = 10.538(2) Å, α= 63.61(3)°   
  b = 14.860(3) Å, β= 95.00(3)° b = 9.0287(18) Å, β= 99.18(3)° b = 14.021(3) Å, β= 81.98(3)° 
  c = 11.625(2) Å, γ = 90° c = 18.372(4) Å, γ = 90° c = 15.444(3) Å, γ = 75.88(3)°    

3Volume Å 2946.0(10) 7282(3) 1981.1(7) 
)3Density (calculated) (mg/m Z, 4, 1.360 8, 1.395 2, 1.312 

)1-Absorption coefficient (mm 0.751  0.567 0.516 
F(000) 1272 3200 828 

), color, habit plate3Crystal size (mm 0.300 x 0.183 x 0.050 mm, colourless  0.4 x 0.3 x 0.1 mm, yellow plate 0.05 x 0.3 x 0.4 mm, colourless 
Theta range for data collection (θ) 1.82° to 26.84°. 1.86° to 26.90° 1.66° to 26.93° 

Index ranges -21<=h<=21, -18<=k<=18, -
14<=l<=14 -56<=h<=56, -11<=k<=11, -23<=l<=23  

-13<=h<=12, -17<=k<=17, -
19<=l<=19 

Reflections collected / unique 40503 / 6267 [R(int) = 0.0701] 47906 / 7732 [R(int) = 0.0636]  26621 / 8396 [R(int) = 0.1687] 
Completeness to θ = 26.84° 99.0 %  98.3 %  97.7 %  
Absorption correction Integration Integration Integration 
Max. and min. transmission 0.9702 and 0.8787 0.8494 and 0.6703  0.9135 and 0.6620 
Refinement method 2squares on F-matrix least-Full  2squares on F-matrix least-Full  2squares on F-matrix least-Full 
Data / restraints / parameters 6267 / 0 / 298 7732 / 0 / 415  8396 / 0 / 433  
Goodness-of-fit on F2 1.096 1.062 1.126 
Final R indices [I>2sigma(I)] = 0.0727 2wR= 0.0436,  1R = 0.0802 2wR= 0.0408,  1R = 0.2106 2wR= 0.1129,  1R 
R indices (all data) = 0.0767 2wR= 0.0630,  1R = 0.0841  2wR= 0.0562,  1R = 0.2322 2wR= 0.1734,  1R 

)3-A·(e Largest diff. peak and hole 0.877 and -0.818  0.695 and -0.661 1.455 and -1.657 
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Table 8.7#2. Data collection and structure refinement for complexes 2a, 7b, and 6b. 

Complex 2a 7b 6b 
)1-mol·Empirical formula, (g Ru (701.8)2P3O2N54H34C SRu  (865.81)2NOP3F2Cl56H 38C Ru (849.75)2P2NO3F2Cl56H38C 

Temperature (K) 100(2) 100(2) 100(2) 
Wavelength (Å) 0,71073 0,71073 0,71073 
Crystal system, Space group Monoclinic, P 21/c Triclinic, P-1 Monoclinic,  P 21/c  
Unit cell dimensions a = 16.720(3) Å, α= 90°   a = 9.5181(19) Å, α= 83.19(3)°   a = 12.050(2) Å, α= 90°   
  b = 20.513(4) Å, β= 120.08(2)° b = 12.048(2) Å, β= 85.91(3)° b = 8.8342(18) Å, β= 96.24(3)° 
  c = 23.998(8) Å, γ = 90°    c = 17.701(4) Å, γ = 86.66(3)°    c = 37.464(8) Å, γ = 90°    

3Volume Å 7122(3) 2007.8(7) 3964.4(14) 
)3Z, Density (calculated) (mg/m 8, 1.309 2, 1.432 4,  1.424 

)1-Absorption coefficient (mm 0.564 0.7 0.659 
F(000) 2960 900 1768 

), color, habit plate3Crystal size (mm 0.4 x 0.3 x 0.2 mm, colorless block 0.4 x 0.3 x 0.1 mm, yellow block  0.2 x 0.2 x 0.1 mm, yellow needle 
Theta range for data collection (θ) 1.60° to 26.88° 1.70° to 26.86° 1.70° to 26.80° 

Index ranges -21<=h<=21, -26<=k<=25, -
30<=l<=30  

11<=h<=12, -15<=k<=15, -
22<=l<=22  -15<=h<=15, -11<=k<=11, -47<=l<=47 

Reflections collected / unique 101856 / 15174 [R(int) = 0.1837] 28542 / 8492 [R(int) = 0.0659] 56720 / 8389 [R(int) = 0.0885] 
Completeness to θ = 26.84° 98.8 %  98.5 %  99.0 %  
Absorption correction Integration Integration Integration 
Max. and min. transmission 0.9898 and 0.8736  0.9255 and 0.8014  0.9764 and 0.8637  
Refinement method  2squares on F-matrix least-Full  2squares on F-matrix least-Full  2squares on F-matrix least-Full 
Data / restraints / parameters 15174 / 0 / 757  8492 / 0 / 454  8389 / 0 / 442 
Goodness-of-fit on F2 1.074 1.032 0.99 
Final R indices [I>2sigma(I)] = 0.1317  2wR= 0.0771,  1R = 0.0650 2wR= 0.0340,  1R = 0.0941 2wR= 0.0455,  1R 
R indices (all data) = 0.1471  2wR= 0.1292,  1R = 0.0687 2wR= 0.0519,  1R = 0.1019 2wR= 0.0736,  1R 

)3-A·Largest diff. peak and hole (e 1.418 and -0.723 1.464 and -0.670 0.812 and -1.102 
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Table 8.7#3. Data collection and structure refinement for complexes 6e, N-tolylcarbazole, and [1a]. 

Complex 6e N-tolylcarbazole [1a] 
)1-mol·Empirical formula, (g Ru (739.89)2P2O2N60H38C N (257.32) 15H19C 705.27)(Ru 2ClNOP56H35C 

Temperature (K) 100(2) 99(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 0.71073 
Crystal system, Space group Triclinic,  P-1 Monoclinic,  P 2(1)/c Monoclinic, P2(1)/c 
Unit cell dimensions a = 8.7651(18) Å, α = 92.00(3)°   a = 8.3168(17) Å, α  = 90° a = 15.507(3)  Å,  α  = 90° 
  b = 10.543(2) Å, β = 101.25(3)° b = 20.596(4) Å,  β =  107.16(3)° b = 16.730(3)  Å,  β = 109.66(3)° 
  c = 21.208(4) Å, γ = 106.62(3)°    c = 8.4696(17) Å,  γ  = 90° c = 14.446(3)  Å,   γ  = 90° 

3Volume Å 1833.3(6)  1386.2(5) 3529.2(12) 
)3Z, Density (calculated) (mg/m 2,  1.340 4,  1.233 4,  2.291 

)1-Absorption coefficient (mm 0.55 0.071 1.254 
F(000) 784 544 2568 

), color, habit plate3Crystal size (mm 0.3 x 0.2 x 0.1 mm, orange needle 0.4 x 0.3 x 0.2 mm, colorless block 0.5 x 0.4 x 0.3 mm, dark red block 
Theta range for data collection (θ) 1.97° to 26.88° 1.98° to 26.94° 1.85° to 26.88° 
Index ranges 11<=h<=11, -13<=k<=13, -26<=l<=26  -10<=h<=10, -26<=k<=26, -10<=l<=10 19<=h<=19, -21<=k<=21, -17<=l<=18 
Reflections collected / unique 26264 / 7760 [R(int) = 0.0559] 20514 / 2961 [R(int) = 0.0567] 52828 / 7491 [R(int) = 0.0445] 
Completeness to θ = 26.84° 98.1 %  98.1 % 98.5 % 
Absorption correction Integration Integration Integration 
Max. and min. transmission 0.9590 and 0.8177 0.9844 and 0.9202 0.8200 and 0.7556 
Refinement method  2squares on F-leastmatrix -Full 2squares on F-matrix least-Full 2squares on F-matrix least-Full 
Data / restraints / parameters 7760 / 0 / 408  2961 / 0 / 182 7491 / 0 / 370 
Goodness-of-fit on F2 1.019 1.037 1.033 
Final R indices [I>2sigma(I)] = 0.0856  2wR= 0.0411,  1R = 0.0879  2wR= 0.0449,  1R = 0.1416  2wR= 0.0583,  1R 
R indices (all data) = 0.0906   2wR= 0.0589,  1R = 0.0942  2wR= 0.0684,  1R = 0.1473  2wR= 0.0686,  1R 

)3-A·Largest diff. peak and hole (e 0.961 and -0.573 0.182 and -0.190 2.962 and -1.532 
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Figure 8.7#1. Packing of molecules of complex 1d. Intermolecular C−H⋅⋅⋅X contacts are 

indicated by broken lines. 
 

 
Figure 8.7#2. Packing of molecules of complex 5b. Intermolecular C−H⋅⋅⋅X contacts are 

indicated by broken lines. 
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Figure 8.7#3. Packing of molecules of complex 3c. Intermolecular C−H⋅⋅⋅X contacts are 

indicated by broken lines. 
 

 
Figure 8.7#4. Packing of molecules of complex 2a. Intermolecular C−H⋅⋅⋅X contacts are 

indicated by broken lines. 
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Figure 8.7#5. Packing of molecules of complex 7b. Intermolecular C−H⋅⋅⋅X contacts are 

indicated by broken lines. 

 
Figure 8.7#6. Packing of molecules of complex 6b. Intermolecular C−H⋅⋅⋅X contacts are 

indicated by broken lines. 
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Figure 8.7#7. Packing of molecules of complex 6e. Intermolecular C−H⋅⋅⋅X contacts are 

indicated by broken lines. 
 

 
Figure 8.7#8. Packing of molecules of complex N-tolylcarbazole. Intermolecular C−H⋅⋅⋅X 

contacts are indicated by broken lines. 
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Figure 8.7#9.  Packing of molecules of complex [Ia]. Intermolecular C−H⋅⋅⋅X contacts are 

indicated by broken lines.
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