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Kurzzusammenfassung 
 

Metallocene sind metallorganische Verbindungen, die elektrochemisch aktiv und deren 
Zusammensetzungsmöglichkeiten vielfältig sind. Ihre Elektrochemie ist geprägt von ihrer 
überwiegenden Redoxstabilität und -reversibilität. Ferrocen und Cobaltocenium sind stabile 
Vertreter dieser Stoffklasse, die reversibel oxidiert bzw. reduziert werden können. Aufgrund ihrer 
genau definierten elektrochemischen Potentiale und ihrer Redoxstabilität können sie als 
Bestandteile in den verschiedensten Reaktionen verwendet werden. 

In dieser Arbeit werden verschiedene Ferrocen- und Cobaltoceniumderivate hinsichtlich ihrer 
Elektrochemie und den daraus folgenden Eigenschaften untersucht. Dazu werden verschiedene 
Komplexe entwickelt und analysiert, in denen Metallocene die unterschiedlichsten Eigenschaften 
aufweisen und die verschiedenste Chemie ermöglicht. Die Metallocene werden als Mediator, Teile 
von Carbenkomplexen und als stickstoffverbrückte Komplexe untersucht.  

Ein vergleichbares Set von Ferrocenderivaten wird hinsichtlich ihrer Tauglichkeit als 
Redoxmediator analysiert. In dieser Position nimmt das Metallocen nicht als Katalysator an der 
Reaktion teil, sondern leitet vielmehr Elektronen von/zu den Elektroden zum/vom Substrat und 
soll somit Überpotentiale und daraus resultierende Nebenreaktionen vermeiden. Hierfür muss es 
redoxstabil sein und einen schnellen Elektronentransfer gewährleisten. Die Erfüllung der 
Anforderungen werden durch UV/Vis-, Infrarot (IR)- sowie 1H Kernspinresonanz (NMR)-
spektroskopische Untersuchungen überprüft. 

Die Einführung substituierter, redoxaktiver Ferrocene in Diaminocarbenkomplexe soll die 
Eigenschaften der Komplexe mittels Redoxchemie variabel machen. Der Komplex 
Chlorido(isocyanoferrocen)gold(I) wird als Präkursor für die Synthese von Carbenkomplexen 
hergestellt. Durch nucleophile Angriffe von sekundären Aminen am Präkursor lassen sich zwei 
redoxaktive, acyclische und ferocenylsubstituerte Diaminocarbengold(I)-komplexe synthetisieren. 
Die Carbenkomplexe zeigen in der Festkörperstruktur die Bildung von aurophilen 
Wechselwirkungen sowie Wasserstoffbrückenbindungen zu Chlor und Eisen auf. 
Cyclovoltammetrie (CV), Square Wave Voltammetrie (SWV), UV/Vis- sowie Elektronenspin-
resonanz (EPR)-Spektroskopie wurden verwendet um die Redoxchemie und die darauf folgenden 
Prozesse zu verstehen. Dabei wurde sowohl die temporäre in situ Bildung von Ferrocenium als 
auch der Elektronentransfer von Gold(I) zu Eisen(III) nachgewiesen. 

Zwei stickstoffverbrückte Cobaltoceniumkomplexe, N,N-Dicobaltoceniumamin und N,N-
Dicobaltoceniumamid werden hinsichtlich ihrer elektrochemischen Eigenschaften untersucht. 
Neben der Optimierung der Synthese erfolgte insbesondere eine Betrachtung der Säure-Base- 
Chemie in Abhängigkeit der Redoxpotentiale, da das Amin und das Amid im Säure-Base- 
Gleichgewicht zueinander stehen. Durch die zentrale Protonenquelle (Aminbrücke) und durch die 
Eignung der beiden Komplexe, je Metallocen ein Elektron aufnehmen zu können, besitzen diese 
Verbindungen zentrale Eigenschaften für die elektrochemische Darstellung von Wasserstoff. Die 
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Reduktion von N,N-Dicobaltoceniumamin zu N,N-Dicobaltoceniumamid führt zur Freisetzung 
von Wasserstoffgas, während die Oxidation von N,N-Dicobaltoceniumamid zur Bildung eines 
Aminyl Radikals führt, dass ein Wasserstoffatom aus Acetontiril aufnimmt. Damit ist das Paar aus 
Amin und Amid in der Lage Wasserstoffentwicklung durchzuführen (hydrogen evolving reaction; 
HER), wobei die Reaktion am Stickstoff erfolgt. 
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Abstract 
 

Metallocenes are organometallic compounds that are electrochemically active with a variety of 
composition options. Their electrochemistry is characterized by its redox stability and reversibility. 
Ferrocene and cobaltocenium are stable representatives of this class which can be reversibly 
oxidized or reduced. Due to their well defined potentials and their redox stability, they can be used 
as parts in different reactions. 

In this work, different ferrocene and cobaltocenium derivatives are investigated in regard to their 
electrochemistry and the resulting properties. Therefore, several complexes are developed and 
analyzed in which metallocenes show the most different properties and allow various chemistry. 
The metallocenes take the role of redox mediator, part of carbene complexes and nitrogen bridged 
complexes.  

A comparable set of ferrocene derivatives is analyzed regarding its suitability for redox mediation. 
In this position, the metallocene does not participate in the reaction as a catalyst. It shall conduct 
electrons from/towards the electrodes towards/from the substrate and thus avoid overpotentials 
and side reactions resulting therefrom. For this reason, it must be redox stable and ensure rapid 
electron transfer. The fulfillment of this requirements are verified by UV/Vis, infrared (IR) and 1H 
nuclear magnetic resonance (NMR) spectroscopic measurements. 

The introduction of substituted, redoxactive ferrocenyl moieties into diaminocarbene complexes 
should make the properties of the complexes variable electrochemically. The complex 
chlorido(isocyanoferrocene)gold(I) is synthesized as a precursor for carbene complexes. By 
nucleophilic attack of secondary amines on the precursor, two redox active, acyclic and ferrocenyl 
substituted diamino carbene gold(I) complexes are synthesized. The solid-state structures of the 
carbene complexes shows the formation of aurophilic interactions and hydrogen bonds towards 
chlorine and iron. Cyclic voltammetry (CV), square wave voltammetry (SWV), UV/Vis and 
electron paramagnetic resonance (EPR) spectroscopy were used to understand the redox chemistry 
and the subsequent processes. Both, the temporary in situ formation of ferrocenium and the 
electron transfer from gold(I) to iron(III) were detected.  

Two nitrogen-bridged cobaltocenium complexes, N,N-dicobaltoceniumamine and N,N-
dicobaltoceniumamide will be analyzed regarding their electronic properties. In addition to the 
optimization of the synthesis, the acid-base chemistry was examined as a function of the redox 
potential, since the amine and the amide are within an acid-base equilibrium. Due to the central 
proton source (amine bridge) and the suitability of the two complexes to be able to accept one 
electron per metallocene, these compounds have central properties for the electrochemical 
production of hydrogen. Reduction of N,N-dicobaltoceniumamine to N,N-dicobaltoceniumamide 
results in the evolution, of hydrogen gas while the oxidation of N,N-dicobaltoceniumamide results 
in the formation of an aminyl radical that accepts a hydrogen atom from acetonitrile. Thus, the 
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amine-amide pair is able to perform hydrogen evolution reaction (HER), where the reaction occurs 
at the nitrogen. 
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1 Introduction 
1.1 Electron Transfer 
 

One of the fundamental chemical reactions is the redox reaction which is based on an electron 
transfer (ET) from one center to another center. While redox reactions are known since the 
beginning of modern chemistry, the principles of electron transfer stayed unclear until the  
1940s.[1–5] First experiments regarding the electron self-exchange became possible with the 
development of nuclear chemistry.[4,5] The availability of radionuclides enabled labeling of metal 
centers as well as ligands. Besides, new analytical methods were able to characterize the kinetics of 
fast chemical reactions such as electron transfer cross reactions (Equation 1). 

 

Fe2+ + *Fe3+  Fe3+ + *Fe2+ Equation 1 
 

Self-exchange electron transfers have several advantages compared to ET between different 
substrates: Firstly, the products are identical to the reactants which makes the reaction unaffected 
towards changes of the thermodynamic stability of the reactants and products. Secondly, the 
electron transfer occurs without bond breaking or formation. In 1956 Marcus described redox 
reactions as fluctuations of coordinates on a potential energy surface without breaking a chemical 
bond.  

 

1.1.1 Marcus Theory 
 

Marcus discovered, that self-exchange reactions between metal ions with nearly no electronic 
communication (diabatic system) can occur only via thermal excitation, optical charge transfer or 
quantum tunneling (Figure 1).[6] 
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Figure 1: Plot of the diabatic free energy G of the reactants (R) and the products (P) vs. the reaction coordinate q. 
Additionally, optical ET (red), thermal ET (green) and quantum tunneling (orange) are displayed as well as the 
activation energy ΔG* (blue). 

Two rules can be applied for a diabatic ET: To perform thermal ET, the reactants have to approach 
each other on the potential surface but during the thermal or optical electron transfer, the 
coordinates of the atoms do not change relatively to the electron. Therefore the Franck-Condon 
principle is satisfied.[7–9] That means, that the thermal and the optical electron transfer have to be 
significantly faster than the motion of the atoms. Besides, ET can only occur under energy 
conservation.[10] This is the reason for the ET being possible only on the saddle point of the energy 
surface. The activation energy has to be absorbed by the system prior to the electron transfer. This 
can occur by optical excitation or by thermal vibration to higher vibrational modes. The standard 
free energy ΔG0 equals zero in self-exchange reactions which makes the optical excitation energy 
identical with the reorganisation energy. The reorganisation energy λ considers solvational (λo) and 
vibrational (λi) components (Equation 2). 

 

𝜆𝜆 = 𝜆𝜆𝑜𝑜 + 𝜆𝜆𝑖𝑖 Equation 2 
 

The rate constant kET for thermal ET depends on the energy barrier ΔG* and the reorganization 
energy λ (Equation 3).[10,11] The A term depends on the nature of the ET, for example whether it 
is bimolecular or intramolecular. 

 

𝑘𝑘ET = 𝐴𝐴 exp �
−Δ𝐺𝐺∗

𝑘𝑘B𝑇𝑇
� Equation 3 

 

The energy barrier ΔG* itself is related to the change of the standard free energy ΔG0 and the 
reorganization energy λ (Equation 4).[6,11] Since the standard free energy ΔG0 is zero in self-
exchange reactions, the energy barrier ΔG* simplifies (Equation 5).[11] 
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Δ𝐺𝐺∗ =
𝜆𝜆
4
�1 +

Δ𝐺𝐺0

𝜆𝜆
�
2

 Equation 4 

Δ𝐺𝐺∗ =
𝜆𝜆
4

 Equation 5 

 

That is why the correlation between the rate constant of the electron transfer kET and the change 
of the standard free energy ΔG0 can be formulated as followed (Equation 6). 

 

𝑘𝑘ET = 𝐴𝐴 exp

⎝

⎜
⎛−𝜆𝜆 �1 + Δ𝐺𝐺0

𝜆𝜆 �
2

𝑘𝑘B𝑇𝑇

⎠

⎟
⎞

 Equation 6 

 

ET between two different states can occur in three possible cases (Figure 2a). In the Marcus normal 
region (0 < –ΔG0 < λ) the rate constant kET rises up (Figure 2a) black P, Figure 2b) left half). For 
the maximum rate –ΔG0 equals λ (Figure 2a) red P, Figure 2b) maximum). Since there is no energy 
barrier, the ET occurs directly at contact of the redox centers and is therefore only diffusion limited. 
The Marcus inverted region is reached when –ΔG exceeds λ (Figure 2a) blue P). Therefore, the 
reaction rate decreases again while becoming a more exergonic reaction (Figure 2b) right half).  

Figure 2: a) Plot of the free energy G vs. the reaction coordinate q for reactants (R) and products (P) for different 
values of –ΔG0. b) Plot of ln(kET) vs. –ΔG0. 
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1.1.2 Marcus-Hush Theory 
 

Hush expanded the Marcus theory by adiabatic systems.[12] Adiabatic systems show electronic 
communication between the redox centers enabled by a bridging ligand. Specifically, the 
communication has to exceed the thermal energy kBT to become an adiabatic system. In the 
adiabatic system the diabatic free energy surfaces are coupling to adiabatic free energy surfaces 
where the ground state (GS) and the excited state (ES) are separated from each other (Figure 3). 
This separation is formulated by the electron coupling matrix element HAB.[13] While the adiabatic 
ground state has a double minimum, the exited state has a single minimum. Both states are 
separated by an energy gap of 2 HAB. The electronic coupling results in a decrease of the energy 
barrier which is depending on HAB and two more stabilized minima, while the energy of the excited 
state increases depending on HAB (Equation 7). 

 

Figure 3: Plot of the adiabatic free energy curves of the ground state (GS) and the excited state (ES) vs. the reaction 
coordinate q. Additionally, optical ET (red), thermal ET (green) and quantum tunneling (orange) are displayed as well 
as the activation energy ΔG* (blue). 

 

Δ𝐺𝐺∗ =
(𝜆𝜆 − 2𝐻𝐻AB)2

4𝜆𝜆
 Equation 7 

 
1.1.3 Robin-Day classification 
 

Depending on the electronic coupling of the redox centers, three classes of mixed-valence systems 
can be defined.[14,15] In the Robin-Day Class I no electronical communication (HAB = 0) exists 
between both redox centers. Therefore, optical or thermal ET between the redox centers is not 
possible (Figure 4).[14]  
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Figure 4: a) Plot of the degenerated free energy surfaces of Robin-Day Class I (HAB = 0). b) Cyclic voltammogram of 
Robin-Day Class I: Due to inexistent electronic coupling the redox event takes place at the same potential leading to a 
two electron ET. 

If the electronic coupling is smaller than the reorganisation energy λ (0 < 2 HAB < λ), it is called a 
Robin-Day Class II system. These interactions are observable by intervalence charge transfer 
(IVCT) bands in the electronic absorption spectrum or by shifted (lower or higher) redox 
potentials compared to independent redox centers (Figure 5).  

 

Figure 5: a) Plot of the degenerated free energy surfaces of Robin-Day Class II (0 < 2 HAB < λ). b) Cyclic 
voltammogram of Robin-Day Class II: Separated redox potentials due to electronic coupling of both redox centers. 

HAB can be calculated via shape analysis of the IVCT band by using the absorption maximum 
ν�max, the extinction coefficient εmax of the absorption maximum, the full width at half maximum 
(fwhm) of the band ∆ν�max and the distance between both redox centers rAB (Equation 8).[14] 

 

𝐻𝐻AB = 0.0206
�εmax∆ν�maxν�max

𝑟𝑟AB
 Equation 8 
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Robin-Day Class III redox centers have no individual properties since they depend on each other (2 
HAB > λ). Optical excitation does not initiate electron transfer between both redox centers. Instead, 
the excitation to an electronically excited state with a charge resonance band occurs. Due to the 
large coupling, the separate minima change into one single well. This can be described as a fully 
delocalization of the electrons over the system (Figure 6).  

 

Figure 6: a) Plot of the degenerated free energy surfaces of Robin-Day Class III (2 HAB > λ). b) Cyclic voltammogram 
of Robin-Day Class III: Completely separated redox potential due to the high electronic communication of the two 
redox centers. 

For strongly coupled systems, half the energy of the maximum of the absorption band is defined 
as HAB (Equation 9).[14] 

 

𝐻𝐻AB =  
ν�max

2
 Equation 9 

 

1.1.4 Proton-coupled electron transfer (PCET) 
 

Next to sole electron transfers, there are also proton associated electron transfers. The proton 
coupled electron transfer (PCET) include multiple electrons and multiple protons transfer and 
covers a big part of redox reactions. An example is the reduction of dioxygen O2 to water which 
requires four electrons and four protons. It was found that [FeIII(H2O)5(OH)]2+ is less reactive in 
the oxidation toward [RuII(NH3)6]2+ than [FeIII(H2O)6]3+ by a factor of 6 comparing the reaction 
rates. Toward [RuII(NH3)5(H2O)]2+ the reactivity is opposite with the same factor of 6 (Figure 7). 
The kinetic isotope difference for [RuII(NH3)5(H2O)]2+ in H2O and D2O was determined as 
k(H2O)/k(D2O) ~36. Due to this accelerated reaction rate with H2O in the inner coordination 
sphere, a proton transfer from [RuII(NH3)5(H2O)]2+ to [FeIII(H2O)5(OH)]2+ attending the electron 
transfer was postulated. 
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Figure 7: Different oxidation reactivity of Fe(III) compounds toward Ru(III) complexes even though exhibiting a 
similar driving force.[16] 

Actually, the proton associated electron transfer is an omnipresent event in reactions of substrates 
with acidic protons. This is due to an electron loss leading to increased acidity. While [FeIII(H2O)6]3+ 
has a pKa value of 2.2, the reduced species has a pKa value of 9.5.[16] Originally, the PCET only 
referred to reactions where one proton and one electron were transferred in a single and concerted 
step. Since also reactions containing multiple proton and electron transfers are now called PCET, 
another term was established for the special case in which only one proton and one electron are 
transferred. This is the concerted proton-electron transfer (CPET)(Scheme 1).[17] It is to be 
mentioned, that the difference between concerted and stepwise reaction depends mainly on the 
temporal resolution of the analysis method. A slow method on the one hand is not able to resolve 
different processes in a fast reaction and therefore classify it as a concerted reaction. A fast method 
on the other hand may resolve different processes and classify the same reaction as stepwise 
reaction. 

 

Scheme 1: Stepwise processes versus the CPET pathway from the educt (X-H; left top corner) to the product (Y-H; 
right bottom corner). 

The thermochemistry of a CPET can be explained by a square scheme diagram and five parameters 
which are all free energies (Scheme 2).[17] While the horizontal reactions relates to the acidity of 
the oxidized and reduced species in the form of the pKa value, the vertical reactions can be 
described by the redox potential of the protonated and deprotonated substrate E°. Determining 
the pKa value can be done by acid base titration applying the Henderson-Hasselbalch equation.[18] For 
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the redox potential this can be done electrochemically by using the E1/2 obtained via cyclic 
voltammetry (CV) as the value for the thermodynamic potential of E°.[19]  

 

Scheme 2: Thermodynamical square scheme for a PCET reagent. 

Using the pKa values and the E0 values the corresponding parameters can be calculated (Equation 
10, Equation 11). 

 

∆𝐺𝐺°𝑃𝑃𝑃𝑃 = −𝑅𝑅𝑇𝑇 ln(𝐾𝐾a) = 2.303𝑅𝑅𝑇𝑇(p𝐾𝐾a) =  −�1.37 kcal mol−1�p𝐾𝐾a Equation 10 

∆𝐺𝐺°𝐸𝐸𝑃𝑃 = −𝐹𝐹𝐹𝐹° = −�23.06 kcal mol−1 V−1�𝐹𝐹° Equation 11 
 

Since this theory about PT, ET and CPET uses free energies, it is necessary to use bond dissociation 
free energies BDFEs to analyze the reaction instead of bond dissociation enthalpies (BDEs). It was 
also shown that the CPET reactivity correlates with the BDFE and not the BDE in transition metal 
complexes due to them affording big entropic contributions to the reaction.[20–22] The diagonal 
reaction in the square scheme diagram (Scheme 2) refers to the BDFE. It can be calculated using 
the pKa value and the redox potential adding a solvent-dependent thermodynamic constant CG 
(Equation 12).[23] For a given solvent, CG is equivalent to the standard reduction potential of the 
H+/H· pair in this solvent.  

 

BDFEsol(X–H) = 1.37 p𝐾𝐾a + 23.06 𝐹𝐹° + 𝐶𝐶G,sol Equation 12 
 

One reagent that can perform CPET is cobaltocene. It can be used as CPET reagents to increase 
the efficiency of catalysts for example in the conversion of nitrogen to ammonia. This reaction is 
a crucial part for life and is also done on a massive scale industrially. Due to the thermodynamic 
stability of the N≡N triple bond, catalysts and much energy is required to break this bond. P3

BFe+ 
(P3

B = tris(ortho-diisopropylphosphinophenyl)-borane) is a catalyst which can perform the 
conversion in the presence of the strong reductant KC8 and Brookhart’s acid [H(OET2)2][BArF

4] at 
–78 °C. The efficiency and the turnover number of this catalyst can be improved with the use of 
the weaker reductant decamethylcobaltocene (CoCp*2) and an acid like diphenylammonium 
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triflate.[24] The decamethylcobaltocene gets protonated at the Cp* ring forming a reactive PCET 
reagent. This is due to the weak C-H bond that is formed with a BDFE of less than  
29 kcal mol–1.[25] 

The CPET is a competitive reaction for the hydrogen evolution reaction (HER) which is the 
preferred reaction pathway (ΔGHER = –20 to –60 kcal mol–1).[26] Cobaltocene was tested in regard 
of its ability to redox mediate the electrocatalytic reductive protonation of N2 and CO2. It was 
shown that a protonation at the Cp ring was necessary to generate the CPET reagent. This also 
changed the σ and the π donor ability into a π acceptor ability due to the formation of the diene 
ligand. Consequently, the reduction potential also shifts anodically increasing the electron transfer 
rate and therefore prefer the HER.[25,27] Cyclic voltammetry and density functional theory (DFT) 
calculation show that the HER is no bimolecular reaction but rather a reduction followed by a 
subsequent protonation, releasing hydrogen gas (H2) and cobaltocenium (Scheme 3).  

 

Scheme 3: Electrocatalytic pathway of cobaltocenium. The protonated [(Cp)Co(η4-C5H6)] gets reduced at a potential 
of E° = –0.33 V vs. FcH/FcH+, followed by a protonation and hydrogen release. The CPET pathway (diagonal arrow) 
is not observed.  

This is due to a big reorganization of the cobaltocene to form the η4 coordinated (see Chapter 1.2) 
intermediate as well as to reform the aromatic structure. A combination of a Brønsted acid with a 
redox mediator lead to the CPET regeant [(Cp)Co(CpNH)]+ (Scheme 4) which enables a controlled 
reductive CPET by an increased protonation. In contrast to cobaltocene, in the anilinium 
substituted derivative, the protonation takes place at the nitrogen and therefore does not afford a 
high reorganization comparable to cobaltocene.  
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Scheme 4: Proposed mechanism of bimolecular HER. 

The BDFE of [(Cp)Co(CpNH)]+ (Scheme 5) shows interesting behavior. While the BDFE of 
[(Cp)Co(CpNH)]2+ with 79 kcal mol–1 correlates well with the thermochemical equivalent, the 
reduction of the CoIII to CoII decreases the BDFE to 39 kcal mol–1.[26] This is a strong weakening 
of the BDFE compared to previous studies where the change of oxidations state only resulted in 
the lowering of the X–H bond strenght by 10 to 15 kcal mol–1.[28,29] 

 

Scheme 5: Thermochemical properties of [(Cp)Co(CpNH)]+ and [(Cp)Co(CpN)]+. 

Further electron transfer and proton transfer is unfeasible for [(Cp)Co(CpNH)]+, so it reacts in a 
bimolecular reaction forming [(Cp)Co(CpN)]+ and hydrogen gas (See Chapter 1.5.4) (Scheme 4). 
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Since a bimolecular reaction depends on the concentration of a substrate, decreasing it is supposed 
to inhibit the hydrogen formation. 

 

1.2 Metallocenes  
 
In 1951, ferrocene was discovered by Kealy/Pauson[30,31] and Tebboth/Tremaine[32] independently of 
each other. This marked the beginning of a new chapter in the field of organometallic chemistry – 
the metallocenes were discovered. Today more than 80% of metal organic complexes are bi 
cyclopentadienyl (Cp) complexes.[33] Metallocenes typically consist of two Cp anions and one metal 
center in between.[34] There are two possible conformations for this “sandwich-like” metallocenes. 
Due to the rotation of the Cp rings, there can be a staggered and an eclipsed rotamer  
(Figure 8). 

 

Figure 8: The two different rotamers of ferrocene.  

In 1973, E. O Fischer and G. Wilkinson won the Nobel Prize in Chemistry “for their pioneering 
work, performed independently, on the chemistry of the organometallic, so-called “sandwich 
compounds”.[35] They revealed the structure of ferrocene and determined the five carbon atoms of 
each Cp ligand to contribute equally to the bonding.[36,37] Some years later, that was proven by X-
ray diffraction (XRD) of ferrocene.[34] That is why the need for a new nomenclature in 
organometallic chemistry was forced, in order to describe this different types of bonding. 
Therefore, the use of hapticity and the greek letter η was created by the proposal of Cotton.[38] The 
new nomenclature describes the equal bonding of all atoms of the Cp ligand to the metal center as 
pentahapto (η5) bonding. This is the most common bonding type for Cp containing metallocenes. A 
η3 coordination would be a coordination between metal atom and three of the Cp carbon atoms. 
Despite, there are also some other examples like uranocene, which is surrounded by two 
cyclooctatetraene rings with a octahapto (η8) bonding.[39,40]  

With the two Cp anions, each containing six valence electrons and the Fe2+-ion with a d6 electron 
configuration, ferrocene fulfills the 18-electron rule.[41–43] Therefore, it is a quite stable metal organic 
complex. At a potential of E0 = 0.4 V vs. SHE[44,45], ferrocene (FcH) is reversibly oxidized to the 
ferrocenium ion (FcH+). The oxidation is a reversible process, so following re-reduction leads to 
the neutral complex (Figure 9). The redox reaction involves a reliable single electron transfer. 
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Reduction of ferrocene comes with the effect of bond weakening which is bigger than the increase 
of charge at the metal center. That results in an increasing Fe(III)-Cp distance. The increased 
distance occurs at the z axis and lowers the energy of the dz² orbital, which leads to an inversion of 
the e2g and a1g orbitals (Figure 9).[46] Both components are stable in different nonaqueous solvents 
and their redox potential just slightly changes in different solvents. Therefore, the 
ferrocene/ferrocenium couple is frequently employed as an internal redox standard to report redox 
potentials in nonaqueous solvents.[47,48]  

 

Figure 9: Electron configuration regarding the metal d-orbitals of the ferrocenium cation (left) and ferrocene (right).  

Ferrocene and ferrocenium can be distinguished by UV/Vis spectroscopy due to their different 
electronic configurations. Ferrocene shows an absorption band at 440 nm (≈ 22.700 cm–1) at room 
temperature in acetonitrile, methanol and tetrahydrofuran (THF).[49,50] This is the commonly 
observable absorption band, which is responsible for the typical color. It can be assigned as Laporte 
forbidden d-d transition of the ferrocene ligand field, which is the reason for the relatively weak 
absorption (ε = 91.5 M–1 cm–1).[50] Derivatization of ferrocene may result in a shift of the absorption 
band (λ = 440–490) but does not change the nature of the electron transitions of the ferrocene 
complexes.[49–52] Since oxidation changes the electronic configuration, the corresponding 
ferrocenium ion owns different electronic transitions. Ferrocenium itself shows a set of up to four 
absorption bands at around λ = 485 nm, 560 nm, 600 nm and 640 nm. The energetically lowest 
transition was proven of being a ligand to metal charge transfer (LMCT).[46,49,53,54] The LMCT is not 
Laporte forbidden which is the reason of the higher absorption intensity compared to its neutral 
equivalent (ε ≈ 8.000 M–1 cm–1). On the other hand, the first three absorption bands are assigned 
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to d-d transitions and thus explain the lower intensity compared to the absorption at λ = 640 nm. 
Other metallocenes show similar behavior. Cobaltocenium complexes as the 18 electrons 
equivalent of cobalt metallocenes show absorption bands at λ ≈ 420 nm.[55] 

In a mixture of ferrocene and ferrocenium, this couple undergoes electron self exchange with an 
electron transfer from ferrocene to ferrocenium.[56,57] The self exchange is not much affected by 
the dielectric properties of the solvent, which is opposing the Marcus theoretical model for electron 
exchange. Even different substitution patterns with different substituents do not have a big effect 
on the electron exchange.[56] The rate constants kex for the ferrocene ferrocenium couple can be 
determined as a function of electrolyte concentration in different solvents like acetonitrile, acetone, 
nitrobenzene and methanol by 1H NMR line broadening technique.[57] Depending on the solvent 
and the electrolyte concentration the rate constant for the ferrocene ferrocenium couple lies 
between kex = 5 106 – 2 107 M–1s–1.[56,57] The electron self exchange can also be seen in the 
absorption spectra in the NIR region between λmax = 1150–1400 nm. This absorption band can be 
assigned as the intervalence charge transfer transition from a ferrocene to a ferrocenium.[52,58,59] 

Further metallocenes-analogues of ferrocene with two Cp anions like chromocene and cobaltocene 
were discovered a few years later[60–68] as well as other “sandwich” type metalorganic compounds 
with different cyclic ligands, as cyclooctatetraene in uranocene.[39] In a broader sense, also “half 
sandwich complexes”, with only one cyclic ligand,[69–71] can be called metallocenes. Despite, 
generally only the “sandwich” compounds with two Cp anions are considered to be metallocenes.  

Similar to the iron metallocene, all group 8 metal metallocenes are particularly stable due to the 18-
electron rule. Electron rich metallocenes from the group 9 to group 12 elements try to reduce their 
electron richness by oxidation or by lowering the ligand coordination (hapticity). Cobaltocene with 
its d7 ion Co2+ is a 19 valence electrons compound. Oxidation of cobaltocene leads to the formation 
of the cobaltocenium ion (18 valence electrons), which is a stable compound (Figure 10). 
Nickelocene with d8-Ni2+ metal center and therefore 20 valence electrons is reacting similar by 
getting oxidized twice. Both metallocenes are extremely air sensitive because of “extra” electron(s) 
located in antibonding orbitals (Figure 10). Most of the nickelocene chemistry is characterized by 
its tendency to donate electrons.[72] 
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Figure 10: Electronic configuration of cobaltocene/cobaltocenium and nickelocene/nickelocenium. 

 

1.2.1 Ferrocene derivatization  
 
Chemical reactivity of ferrocene shares similarities with the chemical reactivity of aromatic 
compounds. This is caused by the aromatic caracter of the Cp ligands. Both systems allow to 
exchange substituents by electrophilic aromatic substitution. Monolithioferrocene and 1,1’-
dilithioferrocene can be synthesized selectively by the use of different butyllithium derivatives. 
Using n-butyllithium results in the formation of 1,1’-dilithioferrocene (Scheme 6 right)[73] because 
the n-butyllithium reacts not selective and therefore lithiates both Cp rings. Otherwise, using t-
butyllithium results in the formation of monolithioferrocene (Scheme 6 left).[74]  

 

Scheme 6: Regulation of the amount of substitution of Cp rings by the use of different substituted lithium compounds. 

Commonly used reactions for the derivatization of ferrocene are the Friedel-Crafts reactions to 
alkylate or acylate the Cp rings by activation with Lewis acids like aluminium chloride or iron(III)-
chloride. Executing the Mannich reaction with ferrocene, formaldehyde and the secondary amine 
1,1-dimethyl amine, lead to the formation of N,N-dimethylaminomethylferrocene (Scheme 7a).[75] 
To circumvent the low C-H acidity, it is necessary to use Brønsted acids to activate the ferrocene by 
protonation of the iron center (Scheme 7b).[76] In a non Mannich type reaction milieu, the usage of 
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acetic anhydride or acetyl chloride with the catalyst phosphoric acid gives acetylferrocene or 1,1’-
diacetylferrocene (Scheme 7c) in a straightforward synthesis.[77–81] Changing the acetic anhydride 
with another, preferably symmetric organic compound, leads to the formation of different 
derivatives of alkanoyl ferrocenes.[78] Tributyl borate reacts with monolithioferrocene and 1,1’-
lithioferrocene to the ferrocenyl boric acid respective ferrocenyl diboric acid (Scheme 7d).[82] 
Similar to alkyl boric acids, in the presence of basic Ag2O, the ferrocenyl boric acids 
“disproportionate” forming ferrocene and biferrocene. The reaction of ferrocenyl boric acid with 
mercury(II)-chloride leads to the formation of ferrocenylmercurychloride while the reaction with 
CuCl2 and CuBr2 results in halogen ferrocenes (Scheme 7d).[82]  

 

Scheme 7: Reactions of ferrocenes with electrophiles. a) Mannich reaction of ferrocene. b) Protonated ferrocene with 
a metal hydrogen bond at the iron center. c) Acylation of ferrocene with acetic anhydride or acetyl chloride. d) Reaction 
of lithioferrocene with boric acid and with metalchlorides. 

Because of this reactivity, ferrocene has the advantage, that introducing functional groups is straight 
forward. Introducing one formyl group to synthesize formyl-ferrocene can be achieved in different 
ways. The formation of formyl-ferrocene by the Sommelet method out of 
ferrocenylmethyltrimethylammonium iodide or the synthesis starting with ferrocene and N-
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methylformanilide was reported in the 1950s.[83] Despite this, it is also possible to produce formyl-
ferrocene from monolithioferrocene and 1,1’-dilithioferrocene by using N,N-dimethylformamide 
to introduce the formyl group (Scheme 8a).[84–87] With the Wittig reaction and the Horner-Wadsworth-
Emmons reaction the formyl group can be converted to vinyl groups (Scheme 8b),[88–91] Glycol as 
protective group for the formyl-ferrocene can be introduced forming an acetal (Scheme 8c).[92,93] 
If the formyl group is protected, it is possible to synthesize a tri- and tetra- formylated ferrocene 
derivative. This can be done by using the direct ortho metalation with an aliphatic organolithium 
reagent and subsequent formylation with N,N-dimethylformamide. Following deprotection leads 
to the tri- and tetra- substituted ferrocene (Scheme 8d).[92,93] Another possibility to substitute 
ferrocene with increasing number of the same substituent is the use of the Lochmann-Schlosser 
superbase LiR + 4 KOCMe2Et with R being either neopentyl or n-butyl.[94,95] It is possible to 
deprotonate the ferrocene up to four times, twice per Cp ring in 1 and 3 position. Following 
functionalization with a carboxy group by the use of carbondioxide and following protonation 
leads to carboxylic acids. These acid groups can be methylated to methyl esters (Scheme 8e).[94,95] 
Ferrocene shows to be a versatile compound that can be conjugated to a vast amount of different 
building blocks.[96–123] 

 

Scheme 8: Functionalization reactions for ferrocene. a) Sommelet reaction to synthesize formyl-ferrocene. b) 
Substitution of monolithioferrocene with formyl group by using DMF. c) Convertion of the formyl group to vinyl 
group by Wittig reaction. d) Introduction of protecting group into formyl group and following formylation. e) 
Deprotonating ferrocene for times with Lochmann-Schlosser superbase and following functionalization.  
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1.2.2 Cobaltocenium chemistry 
 

Cobaltocene is a 19 valence electrons compound with an electronic configuration of (e2g)4(a1g)2(e1g)1 
and therefore not stable towards oxidation.[49,124,125] In most cases, to carry out chemical reaction it 
is necessary to oxidize cobaltocene to the cobaltocenium cation. In case of cobaltocene/ 
cobaltocenium (CcH/CcH+) redox couple, the redox potential lies at E0 = –1.33 V (vs. 
FcH/FcH+).[126] The cobaltocenium cation is an 18 valence electrons compound, isolobal to 
ferrocene with an electronic configuration of (e2g)4(a1g)2 and an 1Ag ground state and therefore stable 
against further oxidation.[49,124,125] But due to the positive charge, which attracts nucleophiles to 
attack the CoIII center and its high reduction potential, typical ferrocene chemistry does not work 
with cobaltocenium. This leads to an overall lower number of obtainable substitution patterns for 
cobaltocenium as well as challenging synthetic routes.[127,128] Hence, there exist just a few 
applications of the Cc/Cc+ couple.[55,129–138] In the past decade, the group of Bildstein published new 
possibilities for the synthesis of monosubstituted cobaltocenium compounds (Scheme 9). 
Cobaltocenium derivatives with amino-, carboxy-, halogen- and alkylgroups became 
accessible.[127,139,140] As a result, Heck developed more molecules containing cobaltocenium like 
nitrocobaltocenium and hydroxycobaltocenium,[141] which can be used for purposes such as redox 
switchable catalysts[142] or building blocks for metallomacromolecules.[143]  

 

Scheme 9: Bildstein group syntheses of a) carboxycobaltocenium hexafluoridophosphate and b) aminocobaltocenium 
hexafluoridophosphate. 

Previous work of Heinze and coworkers was focused on ferrocene chemistry, like the progress of 
redox-active foldamers,[52,58,144–147] ferrocene-based redox switchable catalysts,[148–151] ferrocene 
amide ion sensors[152,153] and amide-linked ferrocene-chromophore conjugates.[120,121,124,129] 
Therefore, the transfer of this concepts to cobaltocene due to the extended substituted cobaltocene 
portfolios is feasible and resulted in the synthesis of an amide-linked zinc(II) porphyrin-
cobaltocenium dyad.[55] Substituting the ferrocene moieties by an isoelectronic and isosteric 
cobaltocenium results in the addition of a positive charge and the adjustment of the redox potential 
towards a more negative value, which makes this building block attractive for the aformentioned 



1 Introduction 

18 
 

applications.[139,141,143,154,155] Synthesis of cobaltocenium derivatives from scratch with substituted 
cyclopentadienides and CoCl2 only leads to 1,1’ disubstituted cobaltocenium ions.[156–158] 
Alternatively, it is possible to insert an isonitrile into a cyclopentadienyl pentadienyl cobalt(III) 
complex performing a ring closure resulting into the [CpCo(η5-C5Me4NHtBu)] complex.[159] Starting 
from the nitrocobaltocene [Cc-NO2]+ with the substitution of the nitro group with n-butyl amine 
results in the formation of n-butyl amino cobaltocenium.[141] By using the optimized procedure 
from Bildstein to synthesize [Cc-NH2]+ out of [Cc-COCl]+ and NaN3,[139] the amine became 
available. Thus, it was possible to expand the portfolio of amide bridged bimetallocenes from N-
ferrocenyl substituted (Figure 11a and Figure 11b) to N-cobaltocenium substituted (Figure 11c 
and Figure 11d) bimetallocenes.[160]  

 

Figure 11: Amide bridged bimetallocenes with Fc and Cc+ units. a)[145,146,161], b)[129], c)[160], d)[160] 

Amino cobaltocenium has to be activated towards acylation due to its low basicity and 
nucleophilicity (pKb = 15.6).[128] The activated amine can react with the corresponding acid 
chlorides to form amides. Several former attempts to couple the cobaltocenium amine with strong 
electrophiles, by activation of the cobaltocenium amine due to a metal-centered reduction or by 
deprotonation of the amino group with several bases, failed. The only known pathway to 
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successfully and reliable activate the amine is deprotonation with sodium hydride.[160,162] Density 
functional theory (DFT) calculations were performed to gain insight on the structure of the 
deprotonated amine (B3LYP/def2-TZVP/PCM THF). The calculations suggest an imine structure 
with a bent Cp ring which is therefore η4 bonded to a cobalt(I) center (Scheme 10).[160] 

 

Scheme 10: Deprotonation of the amino cobaltocene forming the imine like structured η4 compound. 

  

1.3 Carbenes 
 

Carbon is a well known element which affords eight electrons and therefore four electron pair 
bonds. In difference to the “standard” electron octett carbon atoms, carbenes are neutrally charged 
carbon atoms with two substituents and two valence electrons forming an electron sextet.[163,164] 
Despite being postulated by Curtius and Staudinger between 1885 and 1912,[165,166] carbenes were first 
used in the 1950s as an in-situ C1-building block in organic synthesis (Equation 13).[167,168] 

 

CHCl3 + NaOH  :CCl2 + H2O + NaCl Equation 13 

 

Due to the electron sextet, carbenes are highly reactive and the isolation of a monomer failed. 
Promising experiments by Wanzlick in the 1960s failed, too, due to small donor substituents, which 
led to dimerization (Figure 12). 
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Figure 12: Wanzlick equilibrium with the not stable bis(dimethylamino)carbene. 

A well known class of carbene complexes are the Fischer carbene complexes[169] which reacts as a 
starting material in the Dötz reaction (Figure 13a).[170] Fischer type carbene complexes are singlet 
carbenes and contain π-donating organic groups and π-accepting metal ligands due to the weak 
back bonding metal center.[171] Another class of carbenes are Schrock carbene complexes, with the 
so-called first and second generation Grubbs catalysts as prominent examples (Figure 13b, Figure 
13c).[172] Schrock type carbenes complexes are triplet carbenes and have a strong back bonding metal 
center without π-accepting metal ligands. Due to the π-donating groups these carbenes are 
nucleophiles.[171] 

 
Figure 13: a) Dötz reaction to benzo-annulate Fischer carbenes. b) Grubbs first generation catalyst. c) Grubbs second 
generation catalyst. 
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1.3.1 Stabilization of carbenes 
 
Electronic and steric effects have a high impact on the multiplicity of the carbene carbon in the 
ground state. The instability of carbenes origins in the electron sextet, forming electron poor 
compounds. Stabilization occurs by increasing the electron density at the carbene carbon by 
inserting π-electron donating substituents in α-position to the carbene carbon. Pnictogenes are 
suitable elements for this purpose, as they donate electron density to the carbene carbon by its 
+M-effect. Hitherto, all meanwhile isolated acyclic singlet carbenes possess at least one phosphano 
or amino group to stabilize the carbene carbon.[173] The main reason for their stabilization is a bigger 
steric demand (compared to chalcogenes) due to the free electron pair and two more substituents 
at the pnictogene. A higher steric demand prevents dimerization. Chalcogenes own one additional 
substituent which leads to a decreased steric demand and are therefore less suitable for stabilization 
of the carbene carbon.  

Based on the substituents, there are two types of acyclic carbenes. The classification depends on 
the dominant π donor – amino carbenes and phosphano carbenes. A difference in the stabilization 
between these species originates from the energy needed to achieve planarity for both elements 

(nitrogen: 21–42 kJ
mol

; phosphorus: 126–147 kJ
mol

).[174] That means phosphorus is a worse π-donor 

than nitrogen and therefore offers less stabilization of the carbene carbon.[175] In the 2000s, Bertrand 
demonstrated that only one of this groups is required to isolate free carbenes. Therefore, it is 
possible to access different substitution patterns by variation of the second substituent.[173] Because 
of this variety, there is another classification of carbenes with three stabilization modes. The amino 
or the phosphano substituents always provide an electron donation effect which is the push effect. 
The second substituent can be electron withdrawing (pull), electron donating (push) or not being 
involved electronically (spectator) (Table 1).  

Table 1: Examples for stabilization modes of acyclic carbenes. 

substitution pattern carbene substituent stabilization 

phosphano-
phosphonio 

 

P push-pull 

diamino 

 

N push-push 

amino-aryl 

 

N push-spectator 
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Diamino carbenes are notable carbenes because they are stabilized by a push-push effect. They 
own two strong π-donors which stabilize the carbene, forming a neutral and strong Lewis base.[173] 
An example for this is the N-heterocyclic carbene (NHC) 1,3 diisopropyl-4,5-dimethylimidazol-2-
ylidene (Figure 14) with a pKa value of 24 in [d6]-DMSO, which makes it one of the strongest 
neutral bases known.[176] This carbene is stabilized by the two nitrogen atoms inside an imidazole 
frame through the push-push effect. 

 
Figure 14: Structure of the 1,3 diisopropyl-4,5-dimethylimidazol-2-ylidene with a pKa value of 24 in [D6]-DMSO. 

 
1.3.2 N-heterocyclic carbenes 
 
Nowadays there are a lot of applications for carbene complexes in homogeneous catalysis.[163,164] 
While the first free carbene was synthesized by Bertrand in 1988,[177] the first free and stable NHC 
was synthesized by Arduengo in 1993 (Figure 15, Figure 16a).[178]  

 

Figure 15: Synthesis of the Arduengo carbene.[178] 

Bis(diisopropylamine)carbene was not only the starting point of NHCs but also for the develop-
ment of more stable carbenes. Soon after, the cyclic alkyl amino carbenes (CAACs)[179,180] were 
synthesized (Figure 16b), both types of carbenes have a cyclic structure in common. In 1996, Alder 
published bis(diisopropylamino)carbene (Figure 16c) which belongs to the acyclic diamino 
carbene (ADC) class.[181] In the past decade, the focus of metal organic chemistry shifted to the 
ADCs as well as acyclic amino carbenes (AACs) (Figure 16d).[182–184] 
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Figure 16: Examples for a) Arduengo carbene (NHC).[178] b) Cyclic alkyl amino carbene (CAAC).[179,180] c) Acyclic 
diamino carbene (ADC).[181] d) Acyclic amino carbene (AAC) as a ligand in a gold complex.[184] 

NHCs base on an imidazolium or benzimidazolium frame.[185] The NHC is stabilized by the cycle 
and the two amino groups (push-push). Due to the steric demand of the adamantyl substituents, 
the carbene is even more stabilized.[178] On the one hand, the NHCs are established ligands in 
organometallic chemistry and homogeneous, transition metal catalyzed, organic synthesis.[186–199] 
On the other hand, the ADCs are still neglected, although the amount of related publications is 
increasing. There is big variety of NHC containing transition metal complexes known.[185] By 
modifying the NHC frame, including four to seven membered rings, the electronic donor 
properties are drastically influenced as well as the steric demands.[200–205] 

 

 
 
Scheme 11: Synthesis of a) symmetric imidazolium salts, b) unsymmetric imidazolium salts.[206]  

Imidazolium salts are common NHC precursor compounds and are synthesized out of a primary 
amine, formaldehyde and glyoxal via a Schiff base intermediate.[206,207] On one hand, this route allows 
the synthesis of symmetrically N,N’-substituted imidazolium salts (Scheme 11a).[206] It shows issues 
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with increasing steric demand of the substituents on the other hand, since the formation of the 
imidazolium salts becomes inhibited. Stepwise alkylation of the nitrogen atoms is possible to 
synthesize unsymmetrical imidazolium salts.[206] The precursor is deprotonated by bases to form 
imidazolylidenes (Scheme 11b). This procedure requires non-protic solvents and anhydrous 
conditions.[185]  

The high interest in NHCs is described by the difference between the first and the second-
generation Grubbs catalysts. The first-generation does not contain any NHC ligands (Figure 13), 
while in the second-generation catalyst, one phosphane ligand is replaced by a NHC. The reaction 
of the NHC containing catalysts is more efficient compared to a catalyst without NHC 
substituent.[208] Next to an increased efficiency, the second-generation Grubbs catalyst has a higher 
(stereo) selectivity.[172] 

 

1.3.3 Acyclic diamino carbenes 
 
The first acyclic diamino carbene was published by Alder in 1996. The deprotonation of the 
N,N,N’,N’-tetramethylformamidinium salt leads to the dimerization of the carbene.[209] Alder used 
steric more demanding substituents and deprotonated the N,N,N’,N’-
tetraisopropylformamidinium chloride with lithium diisopropylamide in THF (Figure 17).[181] 

 

Figure 17: Deprotonation of tetraisopropylformamidinium chloride to bisdiisopropylaminocarbene (Alder 
carbene).[181] 

The synthesis gives a yield of about 55%. The carbene is sublimated easily, stable under inert gas 
atmosphere. By X-ray crystal analysis the molecular structure was determined.[184] The steric 
interaction of the diisopropyl groups increases the N-C-N angle from NHC-typical 104.5° up to 
124° in the case of the acyclic carbene. The deformation leads to a downfield shift of the carbene 
signal 13C NMR spectroscopy of the Alder carbene compared to regular NHCs. The result of the 
increased angle decreases the energy gap between the singlet and triplet state of the carbene carbon, 
thus leading to a bigger paramagnetic shielding.[210]Alder proved the diamino carbene rotation 
around the C-N axis to be inhibited by an increased energy barrier resulting in a double bond 
character. Examples of other crystalline carbenes are bis(piperidino)carbene (Figure 18a),[211] bis(4-
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methylpiperidino)carbene (Figure 18b),[212] bis(pyrrolidino) carbene (Figure 18c),[213] diisopropyl- 
amino-(2,6-dimethylpiperidino)carbene (Figure 18d),[214] bis(N-(2,6-diisopropylphenyl)-N-methyl) 
carbene (Figure 18e),[215,216] and diisopropylaminodiphenylaminocarbene (Figure 18f).[217] 

 
Figure 18: Examples of stable acyclic carbenes. 

Possible benefits of ADCs in catalytic applications are, in comparison to NHCs, the increased 
basicity, nucleophilicity, σ-donating ability and C-N-C angle.[173,182,183] The broader bond angle 
forces the possibility to localize the substituents closer to the transition metal. The absence of a 
cyclic backbone adds the possibility of variation of the steric demand by conformation changes 
and a variation of the donating ability on complexes. Therefore, it is possible to adjust ADC ligands 
sterically and electronically for different catalytic steps.[215,218]  

 

1.3.4 Ferrocenyl substituted carbenes 
 
Different types of carbene complexes are used in catalysis[163,164] and ferrocene is a widely used 
redox active building block.[169,170] Combination of carbenes and ferrocenes to upgrade catalysis 
chemistry is feasible. It is possible to directly control the redox chemistry of a carbene-ferrocene 
complex by the oxidation state of the ferrocene metal center. By controlling the oxidation state of 
the ferrocene moiety there might be an option to activate catalytic properties of the carbene 
complex for homogeneous catalysis. Ferrocene forms a redox switch to activate or deactivate the 
catalyst by using the electric potential (see 1.4.2).[219] A neutral carbene with a ferrocenyl moiety is 
soluble in non-polar organic solvents, while a charged carbene containing a ferrocenyl moiety is 
soluble in aqueous solutions.[220] There are only a few ferrocene containing carbenes known,[221] 
most of them are NHCs (Figure 19).[164,222–224] 
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Figure 19: Selection of known N-heterocyclic ferrocenylcarbenes.[164,222–224] 

NHCs are stabilized by their cyclic structure. It is possible to introduce a ferrocene backbone like 
in [3]ferrocenophane N-heterocyclic carbenes, mimicing the stabilization of a cyclic structure. The 
introduced ferrocene is substituted in 1,1’ position with nitrogen substituents.[225–227] Differently to 
imidazole and benzimidazole carbenes, the N-heterocycle of ferroceneophanes shows six atoms, 
also counting the iron atom of the ferrocene (Figure 20). 

 
Figure 20: N-heterocyclic carbene with a 1,1´-ferrocenediyl backbone (ferrocenophane).[225–227] 

All mentioned ferrocene containing carbenes are cyclic carbenes. There are only two acyclic 
ferrocenyl substituted aminocarbenes (AFcC) known. α-Ferrocenyl aminocarbene was published 
by Bertrand (Figure 21).[228] 
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Figure 21: Diisopropylamino-nonamethylferrocenyl carbene.[228] 

The nonamethylated ferrocenyl substituent acts as a spectator (Fc*-substituent). Since the other 
carbene substituent is an amino group, the carbene is stabilized by the push-spectator effect. For 
stability it is necessary to use fully methylated ferrocene due to the increased electron donating 
ability. So diisopropylamino ferrocenyl carbene is not known, yet. The second known AFcC was 
not yet isolated as a free carbene but rather as a palladium coupled complex (Figure 22).[229]  

 
Figure 22: The diamino carbene complex with a ferrocenyl substituent.[229] 

Possible substitution patterns for AFcCs are shown in Figure 23. Experimental attempts to 
synthesize Type A diferrocenyl carbenes were done by Bildstein[230], Förster and Heinze (Figure 
23a).[59] Bildsteins experiments resulted in the dimerization of the carbene to 1,1,2,2-
tetraferrocenylethen (Wanzlick equilibrium) (Figure 23b). The free diferrocenyl carbene wasn’t 
isolated. The +M-effect of the substituted Cp rings is not sufficient enough to stabilize the free 
carbene. In comparison to Type A compounds, Type B compounds use nitrogen as a donor. The 
nitrogen atom stabilizes the carbene by pushing electron density to the carbene carbon.  
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Figure 23: Possible types of substitution patterns for AFcCs. a) Differocenyl carbene. b) Differeocenyl carbene 
dimerized to 1,1,2,2-tetraferrocenylethen. c) Ferrocenyl substituted acyclic amino carbene. d) Variations of 
ferrocenylsubstituted acyclic diamino carbenes. 

The synthesis of Type B complex α,β–diferrocenyl carbene pentacarbonyl tungsten(0) and α,β–
diferrocenyl carbene pentacarbonyl chromium(0) with a proton as R1 (Figure 23c) by Veit and 
Heinze was successful.[231] However, the complex decomposes by a 1,2-H shift resulting in the 
formation of an imine. To prevent the 1,2-H shift, methylation with iodomethane of the tungsten 
complex led to (N-methylaminoferrocenyl)(ferrocenyl)(pentacarbonyl)tungsten(0).[232] This 
complex is stable towards the imine decomposition pathway. It exists as a 6:1 mixture of syn/anti 
conformers (Figure 24). Theoretically ferrocenyl substituted diamino carbenes are substituted by 
ferrocene up to four times. Complexes of Type C, D, E and F (Figure 23d) are not yet reported.  

 
Figure 24: anti- and syn- confomeres of (N-methylaminoferrocenyl)(ferrocenyl)(pentacarbonyl)tungsten(0). 



1.4 Gold catalysis 

29 
 

1.4 Gold catalysis 
1.4.1 Gold carbenes 
 
The term gold carbene describes compounds that resemble a carbene like structure. This neglects 
the variety of possible bond orders for this type of complexes. “True” gold carbene complexes 
possess an Au-C bond order of two. A complex with a small Au-C bond order of one isn’t a 
carbene complex but rather a carbenium complex. Owning an even smaller Au-C bond order of 
zero describes a so-called carbenoid complex (Figure 25).[233,234] The true structure of the Au-C 
bond in gold carbene complexes is still a highly interesting matter of discussion. This is mainly due 
to the rather little structural information.[235] Therefore, the main part of this discussion is based on 
computational chemistry.[236] The most sensible way to describe the “carbene” and “carbenoid” 
relation is the dependency by the addition or elimination of a halide group.[237] 

 

Figure 25: Structure of different Au-C bond orders. 

Carbene complexes with a bond order of zero catalyze the cyclopropanation of alkenes which is 
possible due to the weak metal-carbene bond.[233,234] Due to the strong bond that “bond order two” 
carbene complexes form, metathesis reaction with alkenes is accessible.[234] 

Gold(I) complexes are sometimes stabilized by an extraordinary effect. Physically, two gold(I) 
atoms are supposed to show repulsive Coulomb interaction. Despite this, several gold(I) complexes 
were reported to show intramolecular (in case of binuclear) or intermolecular Au(I)-Au(I) distances 
between 2.5 Å and 3.5 Å. The distance is smaller than the sum of the van der Waals radii of two 
gold(I) atoms (3.80 Å), since the resulting force between both gold(I) ions is attractive instead of 
repulsive. A gold core with an atomic number of 79 accelerate the electrons of the inner orbitals 
towards the speed of light, which is why relativistic effects have to be considered. This acceleration 
causes an increase of electron mass and therefore contraction and stabilization of the s- and p-
orbitals. Due to the resulting increase in nuclear shielding, the d- and f- orbitals are expanded and 
get destabilized. With this, the energy gap between the 6s/p and the 5d/f orbitals decrease, enabling 
an effective overlap and the formation of strong metal-metal interactions get possible.[238] 
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Combination with the lanthanide contraction that is able do decrease the van der Waals radii of 
gold(I) gives an explanation for this aurophilicity called effect.[239,240] 

First gold(I) carbene complexes were described by Balch in 1973, using tetra-chloridoaurate(III) for 
α-addition of amines to isocyanides intermediates forming [AuI(C(NHMe)(CRMe))2] (Figure 
26a).[241] Balch also reported gold(III) carbene compounds, which form planar biscarbene complexes 
(Figure 26b).[242] Treating a trimeric cyclic gold(0) complex with hydrochloric acid results in the 
formation of a gold(I) carbene complex with only one carbene ligand and a chloride ligand 
stabilizing the gold(I) center (Figure 26c).[242] These mono carbene complexes are also synthesized 
by transmetallating a carbene ligand from a tungsten Fischer type carbene complex onto 
tetrachloridoaurate (Figure 26d).[243] This can also be done with chromium and molybdenum as 
metal and several halide ligands to form gold(I) and gold(III) complexes (Figure 26e).[244,245] Next 
to mononuclear complexes, there are also known binuclear gold carbene complexes. Laguna 
described mononuclear gold carbene complexes, binuclear gold carbene complexes and also 
binuclear biscarbene complexes, where two segments of the binuclear complexes are linked 
together by diamino groups (Figure 26f).[246] . 

 

Figure 26: Gold carbene complexes. a) Gold(I) carbene complex reported by Balch in 1973.[241] b) Gold(III) carbene 
complex reported by Balch in 1974.[242] c) Trimeric gold(I) carbene complex and resulting product, gold(I) carbene 
complex after dissociation, reported by Balch in 1974.[242] d) Gold(I) carbene complex formed by transmetalation from 
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tungsten Fischer type carbene complexes, reported by Aumann in 1981.[243] e) Gold(I) and gold(III) carbene complexes 
formed by transmetalation from tungsten, chromium and molybdenum Fischer type carbene complexes. All complexes 
are having different halide ligands. Reported by Aumann in 1981.[244,245] f) Binuclear gold(I) biscarbene complex 
reported by Laguna in 1984.[246] All stable gold carbene complexes are either gold(I) complexes or gold(III) complexes.  

The oxidation state of a gold center is determined by the use of 197Au Mössbauer spectroscopy.[247–

249] Today, gold complexes are used as catalysts in organic synthesis. The gold center has the ability 
to activate C-C multiple bonds. Another typical aspect in gold catalysis is the unchanged oxidation 
state of the gold metal center during catalysis[250] in contrast to other transition metals such as 
rhodium[251] or palladium.[252,253] The first step of the catalytic cycle is the activation of the π-bond 
towards nucleophilic substitution. Therefore, an electrophilic gold complex is η2-coordinated to 
the C-C π-bond. This is accompanied by an increase of the π-bond length and a change of the 
carbon configuration from trigonal planar towards pyramidal.[254] The now activated multiple bond 
is substituted nucleophilicly by the intermolecular carbonyl group leading to a ring closure. 
Tautomerisation and the abstraction of the gold complex eventually forms the oxazole and restores 
the catalytic active gold complex (Scheme 12). The reactivity of the catalysts is highly dependent 
on the steric and electronic behavior of the ligands.[255,256] Recently carbene ligands outdated 
phosphine ligands as substituents for gold(I) complex catalysis.[257,258]  

 

Scheme 12: Mechanism of the gold catalyzed cycloisomerization of N-phenyl-propargylamide to 5-methylene-2-
phenyl-4,5-dihydroxyoxazole.[250] 

The cycloisomerization of propargylamide to oxazole is a benchmark reaction for determining the 
effectivity of a gold catalyst.[256,259,260] Despite of the big variety of gold carbene complexes, there 
are nearly no gold(0) and gold(II) carbene complexes known. Bertrand was the first to report 
mononuclear and binuclear gold(0) carbene complexes. He used two strongly donating CAAC 
ligands to stabilize the paramagnetic gold(0) centers.[261]  



1 Introduction 

32 
 

1.4.2 Redox switchable catalysis (RSC) 
 
Normally, the generation of the active gold species is done using halide abstraction. Silver salts 
showed to be the most effective abstraction reagents.[194] Next to silver salts, methyl 
trifluoromethansulfonate and potassium salts are also used as abstracting agents.[262] Gold carbene 
complexes with redox active substituents are able to work in redox switchable catalysis (RSC). By 
adding an oxidant, the activity of the catalyst is increased. A reductive agent reduces the catalyst 
and deactivates it. Wrighton published several rhenium carbonyl complexes with an 1,1’-
bis(diphenylphosphino)cobaltocene (dppc) as chelating ligand. The neutral complex shows small 
carbonyl electrophilicity which results in a slow nucleophilic substitution at the carbonyl ligands. 
Oxidizing the cobaltocene moiety leads to a higher carbonyl electrophilicity and a faster 
nucleophilic carbonyl substitution (Figure 27a).[263] This is explained by the higher d to π* 
backbonding of the neutral complex. This backbonding increases the electron density at the 
carbonyl and lowers its electrophilicity. The oxidized complex has a weaker d to π* backbonding 
and hence a larger electrophilicity (Figure 27b).[263] 

 

Figure 27: a) Rhenium carbonyl complex with dppc ligand. By changing the oxidation state of the cobaltocene moiety 
in the dppc ligand the activity towards nucleophilic substitution is controlled. b) Stronger d to π* backbonding leads 
to a smaller carbonyl electrophilicity and therefore to decreased activity towards nucleophilicity.[263] 

The redox switchable catalyst is regenerated after catalysis. Plenio was able to regain the redox 
switchable catalyst in ring closing methathesis (RCM) by phase separation. The homogeneous 
catalyst was substituted by two ferrocenyl groups. With this substitution pattern it was possible to 
control the solubility of the catalyst by switching between the neutral and the double oxidized 
state.[220] Due to this different solution behavior the ferrocenyl moieties are so called phase tags. 
Separation of the catalyst from the reaction mixture is done with the oxidized species, which is 
soluble in a polar solvent like water. This second solvent is added to the reaction mixture and 
dissolves the catalyst but not the product.  

Peris used a ferrocenyl-imidazolylidene gold(I) complex for cyclization of alkynes with furanes and 
the hydroamination of terminal alkynes in a redox switchable catalysis. In the first reaction, the 
neutral complex is not catalytically active while the oxidized one does. In the later reaction, the 
difference in catalytical activity between the neutral and oxidized species was not as big as in the 
first reaction, but still observable.[219] A big advantage of this redox active gold(I) carbene complexe 
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compared to the non-redox active complexe is the independence of halide abstraction reagents. 
Due to the redox active moiety it is not necessary to abstract the halide ligand to activate the 
complex.  

Sarkar reported several mesoionic carbene (MIC) gold complexes containing ferrocenyl moieties, 
based on a 1,2,3-triazol-5ylidene (trz) scaffold. This scaffold is substituted by one to two 
metallocenes, either ferrocenyl, cobaltocenyl or both (Figure 28).[264][265] [266] [142] A possibility to 
measure the electron donating and withdrawing ability of a NHC ligand is the Tolman electronic 
parameter (TEP). This parameter is determined by IR spectroscopy in the complex cis-[LRhCl(CO)2], 
with L being the investigated ligand.[267] Electron withdrawing ligands decrease the π-backbonding 
effect of the metal to the carbonyl ligand which increase the CO vibration frequency. Electron 
donating substituents on the other hand, increase the π-backbonding from the metal to the 
carbonyl and decrease the CO vibration frequency. All of the ferrocenyl only containing MIC 
gold(I) complexes show an increased TEP value upon oxidation (around 2045 cm–1 to 2053–2057 
cm–1). The cobaltoceniumyl containing MIC gold(I) complexes show even higher TEP values of 
2078 cm–1 (monocobaltoceniumyl) and 2109 cm–1 (dicobaltoceniumyl) and are therefore even more 
electron poor. These complexes show even better catalytic activity due to the increased 
electrophilicity. 

 

Figure 28: a) 4-ferrocenyl-(1-mesityl)/(1-dipp) triazolylidene gold(I).[264] b) 1,4-diferrocenyl triazolylidene gold(I).[265] 
c) 4-ferrocenyl-1-phenyl triazolylidene gold(I).[266] d) 1-cobaltoceniumyl-4-ferrocenyl triazolylidene gold(I).[142] e) 1,4-
dicobaltoceniumyl triazolylidene gold(I).[142] 

Bezuidenhout reported gold(I) carbene complexes with a ferrocenyl substituent in α position towards 
the carbene carbon atom (Figure 29a).[268] These carbene complexes are stabilized by aurophilic 
interactions, which allows the synthesis of a ferrocenophane like biscarbene complex with two 
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gold(I) atoms (Figure 29b). Veit and Heinze reported a derivative of the gold(I) carbene complex 
from Bezuidenhout using an ethoxy substituent instead of a methoxy substituent (Figure 29c).[269] 
The ethoxy gold carbene complex shows similar behavior as the previous mentioned ferrocenyl 
substituted gold(I) carbene complexes. The neutral ethoxy carbene (Figure 29c) complex is not 
able to catalyze a cycloisomerization of N-phenyl-propargylamide to 5-methylene-2-phenyl-4,5-
dihydroxyoxazole. After oxidation with tris(4-bromophenyl)ammoniumyl hexachloridoantimonate 
(magic blue) the carbene complex is able to catalyze the reaction. It is also possible to stop the 
catalysis by reducing the complex with decamethylferrocene. It is possible to start and stop the 
catalytic reaction multiple times. Electron paramagnetic resonance (EPR) studies show the rise of 
a signal at g = 2.01, which correlates with the catalytic activity. This EPR signal has a similar g -
value as known gold(II) complexes.[270,271] By oxidation with magic blue, first the ferrocene moiety 
is oxidized. Over time, there is an intramolecular electron shift with the reduction of the 
ferroceniumyl moiety and the oxidation of the gold(I) to gold(II). Since the rise of the gold(II) and 
the conversion of the substrate is correlating, the gold(II) species is suggested to act as catalytic 
active species.[269]  

 
Figure 29: α ferrocenylsubstituted gold(I) carbene complexes. a) Chloride [(methoxy)(ferrocenyl)ylidene] 
gold(I)derivative by Bezoidenhout.[268] b) Ferrocenophane biscarbene complex by Bezoidenhout.[268] c) Chloride 
[(ethoxy)(ferrocenyl)ylidene] gold(I) by Veit and Heinze.[269] 

 

1.5 Catalyzing Hydrogen Evolution Reaction (HER) with cobalt complexes 
1.5.1 Hydrogen Evolution Reaction (HER)  
 
The electrolysis of water consists of two components which are the hydrogen evolution reaction 
(HER, Equation 14) and the oxygen evolution reaction (OER, Equation 15).[272] 

 

HER: 2 H+ + 2 e–  H2 Equation 14 
OER: 2 H2O  O2 + 4 H+ + 4 e- Equation 15 
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Due to the increasing interest in green energy as well as the already big amount of application 
possibilities for hydrogen,[273,274] the interest in HER increased in the recent years. Though, the 
normal HER affords high energy as the minimum potential along the one-electron pathway is 
1.8 V.[275] This results in the water electrolysis being nearly insignificant in hydrogen production. 
More than 95% of the hydrogen is produced out of fossil fuels by steam reforming (Equation 
16)[276] or by other minor processes like partial oxidation (Equation 17)[251] and the water-gas shift 
reaction (Equation 18)[277], while hydrogen production out of water electrolysis represent around 
4%.[272]  

 

CH4 + H2O ⇌ CO + 3 H2 Equation 16 

CH4 + ½ O2 ⇌ CO + H2 Equation 17 

H2O + CO ⇌ H2 + CO2 Equation 18 
 

To decrease the amount of the fossile based hydrogen and to increase the amount of green 
hydrogen, it is necessary to improve the efficiency of the HER by developing cheap and earth 
abundant catalysts. Therefore it is useful to develop catalysts for multielectron photochemi- 
stry[278–280] or proton coupled electron transfer (PCET).[281–284] Basically, there are different 
possibilities for the metal complex-catalyzed HER (Scheme 13).[285,286] The most common way is 
the twofold reduction of a metal which is then oxidatively protonated forming a hydrogenated 
metal complex. This intermediate can either react heterolytically with a proton (protonolysis) and 
release H2 as well as a regenerated metal catalyst (red path, Scheme 13). Or it reacts in a bimolecular 
homolytic reaction with another hydrogenated metal complex to release one H2 and two molecules 
of a singly reduced metal catalyst (blue area, Scheme 13). Despite the two possibilities for the 
hydrogenated metal complex to react, the heterolytic reaction is the preferred path.  

 
Scheme 13: Pathways for metal complex catalyzed hydrogen revolving reaction (HER). 
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In addition, there is the possibility for the singly reduced metal catalyst to become protonated 
oxidatively to form a hydrogenated singly oxidized metal complex (oxidative addition of H+). This 
complex can be reduced to give the hydrogenated metal complex (orange path, Scheme 13), which 
has the two already described reaction pathways to produce H2. Otherwise, the hydrogenated singly 
oxidized metal complex can react similar to the hydrogenated metal complex. It can either react 
heterolytically with a proton to release H2 and the singly oxidized metal catalyst (black path, 
Scheme 13) or in a bimolecular homolytic reaction with another molecule to release H2 and the 
metal catalyst (blue circle, Scheme 13). 

 
1.5.2 Cobalt Porphyrins 
 
Cobalt complexes like cobalt porphyrins and cobalt corroles show catalytic activity. Already in the 
last century metal porphyrins showed to be able to catalyze the HER.[287–290] In case of cobalt 
porphyrins like meso-tetrakis (N,N,N-trimethylanilinium-4-yl)porphine chloride (CoTMAP), meso-
tetrapyrid-4-ylporphine (CoTPyP), meso-tetrakis(N-methyl-pyridinium-4-yl)porphine chloride 
(CoTMPyP), meso-tetrakis(2-aminophenyl)porphine (CoTAPP) and meso-tetraphenylporphine 
(CoTPP) Kellet postulated, that cobalt(III) porphyrin is reduced twice to a cobalt(I) porphyrin and 
then is protonated oxidatively to form a hydrogenated cobalt(III) porphyrin. Kellet thought of this 
intermediate to be involved in the HER part of the catalytic process.[288] Despite not knowing the 
actual mechanism, the cobalt complexes were able to catalyze the hydrogen production out of 
water. The disadvantage of this complexes are the lack of efficiency and stability.[287,291] Later 
research with cobalt(II) porphyrins pointed out something different. Instead of the need of the 
hydrogenated cobalt(III) center for the protonolysis reaction, the metal has to be reduced to a 
hydrogenated cobalt(II) center to allow proton reduction.[292,293] HER in weak acids only occurs 
from the cobalt(II) species, while in stronger acids, the cobalt(III) species is at least formed but still 
has to be reduced to the cobalt(II) species.[294] To get more insight into the mechanism, it is crucial 
to control the proton stoichiometry. With a controlled stoichiometry, it is possible to order the 
mechanism and get more information about the catalytic cycle. Lee used the hanging group effect 
to access control over the proton stoichiometry. He used an acid-base functionality which was 
connected to the porphyrin by a xanthene and therefore positioned directly over the redox active 
metal center of the porphyrin (Figure 30, left). The electrochemical results of this hangman cobalt 
porphyrin was compared to a similar system where the hanging group was substituted by a bromide 
(Figure 30, right) to describe the effect of the hanging group as a hangman effect.[294] 
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Figure 30: Cobalt porphyrins used by Lee to verify the hangman effect. a) With hanging group. b) Without hanging 
group. 

Recently, some cobalt porphyrins with high turnover number (TON) and turnover frequencies 
(TOF) were reported.[295,296] Bren presented a way to a bimolecular water soluble cobalt porphyrin-
peptide that can be synthesized by cobalt substitution of the microperoxidase-11.[295] This cobalt-
microperoxidase-11 (CoMP11-Ac; Figure 31, left) complex can catalyze the HER with a high 
efficiency. In difference to efficient cobalt complexes with high TONs (up to 9000)[297] and TOFs 
which are dependent on organic solvents or at least acidic conditions in aqueous solutions,[297–299] 
CoMP11-Ac can catalyze under aerobic conditions in water.[295] Another advantage of this system 
is the use of a biosynthetic and biodegradable ligand with five coordination sites for the cobalt(II) 
center. In the first ten minutes of catalysis, this cobalt porphyrin-peptide has a faradaic efficiency 
of around 95% and a TOF of ~ 6.7 s–1 which was determined by controlled potential electrolysis. 
The TON was also determined to be 2.5 104 under argon atmosphere and 1.9 104 under air. The 
TON under presence of air is comparable to the highest TON of non-noble-metal catalyzed HER 
in aqueous solution under inert atmosphere.[299] Similar to this complex, Hung analyzed cobalt(II) 
tetrakis-(p-sulfonatophenyl)-porphyrin (CoTPPS; Figure 31, right) which is an anionic porphyrin 
and therefore also highly water soluble. CoTPPS showed to be an efficient catalyst for HER out 
of water without the use of any other additives. With a quantitative faradaic efficiency, in the first 
hour this system shows a TOF of around ~1.8 s–1 and a TON of 1.9 104.[296] Following to this 
results, Hung investigated a series of different cobalt porphyrins with electron withdrawing and 
donating substituents on the meso substituted phenyl (Figure 31, right). The different catalysts 
showed faradaic efficiencies between 44% and 99%, TONs from 1.5 up to 104.1 (in ~11 h) and 
TOFs from 0.23 up to 9.12 h–1 (in ~11 h). With this data, it was possible to determine parameters 
to improve the catalytic activity. The best effect showed a combination of acidic functional groups 
with an electron withdrawing effect. These cobalt complexes are interesting due to their ability of 
HER catalysis in water, while being made from earth abundant metal and easy accessible porphyrin 
derivatives.[300] 
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Figure 31: Water soluble cobalt(II) porphyrins with high TON and TOF from Bren and Hung.[295,296]  

 
1.5.3 Cobalt Corroles 
 
Next to cobalt porphyrines, cobalt corroles are another system of cobalt complexes that show 
catalyzation abilities for HER. A highly fluorinated cobalt corrole, β-octofluoro-cobalt-5,10,15-
tris(pentafluorophenyl)corrole (Co(tpfc-F8)) (Figure 32), is able to catalyze HER under ambient 
conditions.[301] Electrochemical investigations in acetonitrile show reversible redox chemistry with 
a CoII/CoI redox pair which shows activity by the addition of trifluoroacetic acid (TFA). Under 
anaerobic conditions at room temperature the corrole has a TOF of 600 s-1 at –0.7 V (vs. Ag/AgCl) 
while at increased negative potential of –0.8 V (vs. Ag/AgCl) the TOF also increases to 1140 s–1. 
The TON was reported to be over 107 in 16 h. Gross also checked the HER under aerobic 
conditions which worked despite reduced efficiency.[302] 
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Figure 32: Cobalt-5,10,15-tris(pentafluorophenyl)corrole (Co(tpfc)) with the marked β-positions which were 
halogenated with fluorine, chlorine and bromine.[285,301] 

Tpfc-F8 was also compared to other β-halogeneted derivatives (Co(tpfc-X8)) (Figure 32).[302] 
Although the electrochemical potential for the CoII/CoI reduction of the halogenated complexes 
shifts to higher potential, the trend from the used halogens fluorine, over chlorine to bromine did 
not correspond to the electronegativity of the halogens (Co(tpfc) (Figure 32): –1.39 V, Co(tpfc-
F8): –0.97 V, Co(tpfc-Cl8): –0.80 V, Co(tpfc-Br8): –0.78 V (vs. Ag/AgCl). DFT calculations stated 
the π-donation of the fluoride to be stronger than the chloride π-donation. This also overcomes 
the difference in their electron withdrawing effects. The same trend is shown for the onset 
potentials for the HER catalysis. The most effective derivative was shown to be Co(tpfc-F8). 
Co(tpfc-F8) also catalyzes HER from natural water sources which was demonstrated with water 
from a tap, a pond, the Ganges and the Dead Sea amongst other sources.[301] Due to the intense 
analysis of the whole set of derivatives the mechanism for the HER involving cobalt corroles could 
be formulated (Scheme 14).[302] 
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Scheme 14: HER mechanism involving cobalt corroles established by full analysis of Co(tpfc-X8) derivatives with X 
being H, F, Cl and Br.[302] 

Another cobalt corrole which shows appropriate HER efficiency is [Co(tpfc)(py)2] (py = 
pyridine).[303] This cobalt corrole was compared with manganese corrole complexes and showed 
similar oxidizing possibilities as the manganese complexes. But stability during the catalysis was 
advanced. Next to HER, the cobalt and the manganese corroles were also able to perform oxygen 
evolution reaction (OER).[303] 

 

1.5.4 Cobaltocene 
 
Next to the large cobalt porphyrins and corroles, cobalt containing metallocenes show HER 
behavior, too. Cobaltocene is able to reduce protons to molecular hydrogen out of acidic solutions. 
If hydrochloric acid is used, the catalyst is slowly decomposed, forming 
tetrachloridocobaltate.[304,305] By using acids with non-coordinating corresponding bases like HBF4, 
HPF6 or even H2SO4, cobaltocene reduces protons without decomposition and can be used in a 
catalytic circle (Scheme 15).[306] 
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Scheme 15: Reaction of acids with cobaltocene. The reaction with HCl leads to decomposition of cobaltocene due to 
the nucleophilic character of the chloride anion. Acids with a non-coordinating anion do not decompose 
cobaltocene.[304–306] 

To clarify the reaction pathway, Grätzel did protonation and deuteration experiments. He showed, 
that no protonation of the Cp rings occures. The HER always involves the formation of a cobalt 
bound hydride which can react in three different ways (Scheme 16).[306,307] Two of the 
cobaltocenium hydrides - formed out of cobaltocene - are able to fulfill the HER in a bimolecular 
reaction by releasing molecular hydrogen and cobaltocenium salt. Another possibility for the 
cobaltocenium hydride to be reduced by cobaltocene is forming a cobaltocene hydride which can 
also react in a bimolecular reaction with a second cobaltocene hydride. In this case, the resulting 
products will be molecular hydrogen as well as cobaltocene. The last possibility reaction pathway 
is the reaction of cobaltocene hydride with a proton out of the solution, forming molecular 
hydrogen and a cobaltocenium salt. The substitution of alkyl groups into the Cp ring leads to an 
increased protonation rate at the metal center.[306] The steric effects of the alkyl substituents lowers 
the possibility of reaction of two metallocenes. Additionally, the alkyl groups afford an electron 
donating effect that results in a higher electron density on the central cobalt atom, which therefore 
increases the nucleophilicity towards the proton. The homolytic bimolecular reaction of two 
cobaltocenium hydrides is electronically hindered by two positive charges. Therefore, it is inferior 
to the reduction with cobaltocene which just needs a small reorganization energy to occur. It is not 
clear whether the bimolecular reaction or the proton induced reaction is the preferred reaction for 
the cobaltocene hydride to undergo the HER. The proton induced seems to be the preferred 
reaction path since only one complex is involved in the reaction.[306,308,309]  
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Scheme 16: Possible pathways for the HER to occur starting with cobaltocene.[306] 

Cobaltocene is also able to act as a concerted proton-electron transfer (CPET) reagent. The CPET 
is a competitive reaction towards the HER. A protonation of the Cp ring is necessary to generate 
the CPET reagent but this results in an anodically shift of the reduction potential and therefore 
preferation of the HER (ΔGHER = –20 to –60 kcal mol–1) (see Chapter 1.1.4).[26] The HER can be 
attenuated by introducing an aniline substituent to the cobaltocene generating [(Cp)Co(CpN)]. 
Protonation of the aniline cobaltocene results in a CPET reagent [(Cp)Co(CpNH)]+ with a decreased 
HER rate. This is because there is only one possibility for the HER which is a bimolecular coupling 
reaction of two [(Cp)Co(CpNH)]+ to form [(Cp)Co(CpN)]+ and hydrogen gas (Scheme 17).[26,310] 

 

Scheme 17: Bimolecular coupling of [(Cp)Co(CpNH)]+ to [(Cp)Co(CpN)]+. 

Bildstein reported the synthesis for a combination of metallocenes with CpCo tetrazenes (Scheme 
18).[311] Instead of the typical CpCo fragment source dicarbonyl (cyclopentadienyl) cobalt(I), he 
used cyclooctadiene (cyclopentadienyl)-cobalt(I) as substrate.[312] The cobaltocene tetrazene was 
analyzed in regard of its catalytic abilities for HER. It showed a catalytic activity which is dependent 
on the concentration of protons. The maximum TOF was calculated to be ~46.1 s-1 (0.05 M acetic 
acid) and ~59.5 s-1 (0.10 M) with a small overpotential of 300 mV. The TON was 2.9 per catalyst 
molecule and the faradaic efficiency was around 80%. Catalysis experiments including the 
cobaltocene tetrazene should not exceed a time period of two hours since the faradaic efficiency 
will decrease, which is an indication for the decomposition of the cobaltocene catalyst. Since the 
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cobaltocene tetrazene offers three metal centers with two different ligand spheres, the catalytic 
activities were also analyzed for the ferrocene tetrazene. The voltammograms for the ferrocene 
derivative showed no reaction upon addition of acetic acid. Therefore the CpCo -tetrazene center 
can be excluded of being the redox active site in cobaltocene tetracene. This leads to the conclusion 
that the cobaltocene moieties are the catalytic active sites by binding protons and forming 
hydrids.[311] 

 
Scheme 18: Synthesis of the trimetallic cobaltocene tetrazene complex reported by Bildstein. Changing to 
azidoferrocene as starting material will lead to ferrocene tetrazene complex.[311] 

 

1.6 Redox mediation  
1.6.1 Mediation 
 
Recently, the chemistry community has become more interested in electro(chemical) organic 
synthesis for manifold reasons.[313] First, there is an ecological aspect. By using electrons (from 
electricity) in a direct organic synthesis for oxidation or reduction steps, the mostly used redox 
reagents can be avoided. These redox reagents are typically dangerous and toxic substances, so the 
use of electricity is more environmental friendly and less energy consuming.[314,315] Secondly, and 
more significant, is the development of a cost-effective technique.[316] Electrochemical reactions 
require electrodes inside a solution to form a power circuit. The voltage can be controlled without 
delay during the reaction. So apart from the substrates an electrochemical synthesis only needs 
electricity. Compared to the chemicals that can be used as redox reagents in a chemical organic 
synthesis, electricity is cheap. The electrochemical step often plays a key role in multi-step organic 
reaction as the base of generating reactive intermediates.[317,318] Next to this, the electric synthesis 
can be used to produce substances for further reaction steps in situ which are possibly instable for 
storage or transfer.[319] For chemical reactions it is favorable to use the least possible number of 
substances. The use of electricity circumvents the addition of redox reagents and therefore also a 
variety of side reactions. There are lots of applications for electro organic synthesis, like the 
generation and channeling of highly reactive intermediates,[318] construction of complex molecules 
like peptidomimetics and biomolecules,[317,318] intramolecular control[320] and bond formation.[321] So 
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electro organic synthesis is already used in a wide field. Despite, the numbers of applications as 
well as the quality of the electro organic synthesis can still be increased. 

Normally, the electro organic synthesis is a direct electrolysis, with a heterogeneous electron 
transfer at the electrode surface (Figure 33).[322] That step produces the (reactive) intermediate for 
the next step of the multi-step reaction. This type of reaction comes with several disadvantages. 
First of all, it is a slow reaction due to the heterogeneous nature of the reaction and for it being 
kinetically hindered by a big reorganization energy for the substrate.[322–324] In addition, normal 
electrolysis comes with the possibility of overoxidation and overreduction due to local 
overpotential and therefore to the formation of a large amount of side products.[319] Additionally, 
by using a direct electrolysis there comes the possibility of electrode passivation by the formation 
of polymers on the electrode or by precipitation of side products.[322] 

 

Figure 33: Principle of common electrolysis.[49]  

A possibility to avoid some off these problems is the indirect electrolysis, using a so-called 
mediator.[322] The mediator is a competitor for the electron and has to have a high electron self 
exchange rate and a small reorganization energy for redox events. That ensures the redox chemistry 
at the electrode to be done by the mediator. The heterogeneous process that forms the intermediate 
changes to a homogeneous process while the mediator reacts as a transport agent for the electrons. 
Optimally, a mediator is a stable redox couple that does not react chemically with the substrate. 
Instead of the substrate, the mediator undergoes the oxidation or reduction at the electrode 
avoiding the substrate to get in contact with the electrode surface and thus a possible local 
overpotential (Figure 34). So the mediator inhibits the formation of polymer films or side products 
resulting in better yields for the organic synthesis.[322] 
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Figure 34: Principle of the redox mediation.[49] 

There are a lot of fields in chemistry where the electro organic chemistry is promising and will 
improve its impact. For example, it is possible to reduce CO2 indirectly electrochemically to 
produce fuels.[325–328] A redox mediator can also be used in batteries to protect them from 
overcharge,[329] and as electron transfer agent for exited states in photoinitiated processes.[330] Due 
to this, there are some examples for mediators being used in the active layer of dye sensitized solar 
cells and light emitting diodes.[331–334] Commonly used redox mediator in anodic oxidation are 
triarylamines (Figure 35a) and N-oxyl radicals such as 2,2,6,6-Tetramethylpiperidinyloxyl 
(TEMPO) (Figure 35b). The typical reactivity of the triarylamines are electron transfer reactions. 
They can be used for the oxidation of allylic and benzylic alcohols, the deprotection of thioacetals, 
functionalization of aromatic side chains and the α-oxidation of aliphatic ethers.[322] Otherwise, the 
typical reactivity of TEMPO comes from hydrogen abstraction reactions. It can be used for the 
oxidation of aliphatic, benzylic and allylic alcohols, amines and carbonyl and for the conversion of 
propargyl acetates and tetrahydroisoquinolines.[322] 

 

Figure 35: Redox mediator for anodic oxidation. a) Triarylamines. b) TEMPO. 

Redox mediators are the crucial part in the indirect electro organic synthesis and therefore need to 
fulfill certain requirements to be useable as redox mediators. Since the redox potentials of the 
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mediator need to be close to the redox potential of the catalysts, several classes of mediators have 
to be tuned to vary their redox potential. In case of metal complexes this can be done by using 
several metal centers. The change from iron(II) to cobalt(II) as metal center in metallocenes shifts 
the redox potential to E0 = –1.33 V (vs. FcH/FcH+). Organic compounds can be tuned by variation 
of the substituents. Electron donating substituents like the two amino groups in 1,1’-
diaminoferrocene shifts the potential to lower values (E0 = –0.602 V vs. FcH/FcH+).[335] Otherwise, 
the potential is shifted to higher values by electron accepting substituents like in 
decachloridoferrocene (E0 = 1.246 V vs. FcH/FcH+).[336] A theoretical model using the Hammett 
constants (σ) of the substituents was defined to determine compounds for a broad redox potential 
range. With this, it is possible to find a fitting mediator without extensive tests. The Hammett 
constants are empirical obtained values for the influence of substituents in benzoic acid relating 
reaction rate and equilibrium constants.[337] The constants are also influenced by their position in 
the aromatic system resulting in σm constants for substituents in meta position and σp constants for 
substituents in para position. Commonly used organic redox mediators are derivatives of 
triarylamine. The redox potentials of different triarylamine derivatives can be plotted against the 
sum of the substituents respective Hammett constants.[154,338] A linear fit on this data gives a method 
to predict the redox potential of untested derivatives.[339,340] The redox mediator and its oxidized or 
reduced counterpart have to be stable under the reaction conditions and inert to side reactions 
despite the electron transfer. This is necessary to prevent the appearance of side reaction initiated 
by the redox mediator.  

 

1.6.2 Application 
 
Ferrocenyl derivatives can be used as redox mediators in different ways. They act as catholytes in 
redox flow batteries[341] and assist in the voltammetric determination of glutathione in hemolized 
erythrocytes.[342] The most important use is the utilization of ferrocene as single electron transfer 
(SET) reagent in organic syntheses.[343–353] In case of tandem cyclizations of malonates, adjusting 
the electrochemical potential of the used ferrocene derivatives supports the selectivity of the 
reaction (Scheme 19a).[354] Ferrocene moieties can also be used as redox catalysts for different 
reactions like C–H imidation reactions of heteroarenes (Scheme 19b),[355] borylation of 
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arenediazonium salts (Scheme 19c)[356] and Meerwein arylation reactions (Scheme 19d).[357] 

 

Scheme 19: Several applications for the ferrocene/ferrocenium couple as a) SET reagent. b) redox catalysts for C–H 
imidation. c) redox catalyst for borylation of arenediazonium salts. d) redox catalyst for Meerwein arylation reactions. 

Electrochemical oxidation of carboxylates for the electrochemical modification of carbon 
surfaces,[358,359] dehydrogenative coupling reactions[360,361] and olefin hydroaminations[362] (Scheme 
20) are conducted with ferrocene (derivatives) as redox mediators. In this reaction, the proton 
(provided by the solvent) is reduced at the cathode. The methanolate is able to deprotonate the 
allylic carbamate by self regeneration. The deprotonation of the allylic carbamate forms a substrate, 
which owns a lower potential for oxidation. So it is oxidized by ferrocenium, which forms 
ferrocene. Ferrocenium is restored by the oxidation of ferrocene at the anode. The carbamate now 
exhibits a nitrogen centered radical which performs a ring closure with the olefin. The final step is 
a hydrogen abstraction of the resulting radical from a solvent molecule. The ferrocene/ferrocenium 
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redox cycle prevents the need for the deprotonated carbamate to diffuse to the anode to get 
oxidized. This decreases the reaction time and blocks side reactions.  

 

Scheme 20: Mechanism of the ferrocene mediated electrocatalytic hydroamidation of allylic carbamates.[362]  
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2 Aim of work 
 

Metallocenes as metal organic complexes can be introduced as substituents in organic and metal 
organic systems. This work considers the extensive involvement of metallocenes feasible due to 
their electrochemical properties. Several applications of metallocenes depending on their 
electrochemical potential will be investigated. Therefore, three topics with different types of 
metallocene participation are processed: 

• Metallocenes as redox mediatiors: intermolecular participation as supporting agent  

• Metallocenes as redox switchs: intramolecular phase tag as redox support for gold(I)/(II) 
redox chemistry  

• Metallocenes as mediates: Hydrogen Evolution Reaction (HER) 
 

Potential ferrocene/ferrocenium redox mediators: 

Metallocenes and their associated metallocenium cations are known to form stable redox couples. 
In order to be used as redox mediators, it is necessary to adjust the potential of ferrocene derivatives 
by addition of electron withdrawing substituents. Furthermore, the potential needs to be 
predictable. A set of similar ferrocenyl ester derivatives is studied. Their redox potentials are 
determined via cyclic voltammetry (CV) and square wave voltammetry (SWV). Besides the Hammett 
model will be used for the prediction of redox potential of ferrocene derivatives. Since ferrocenium 
is quite unstable towards nucleophiles, the stability of all ferrocene/ferrocenium couples has to be 
determined. Substitution of the ferrocene unit may have a big influence on the electron self 
exchange rate, which is why 1H NMR spectroscopy is used for all derivatives for proof of fast 
electron self exchange. 

Ferrocenyl carbene gold(I) complexes as potential redox switchable catalysts: 

Typical catalysis using gold carbene complexes start with abstraction of the halide ligand. 
Introducing a metallocene into the carbene ligand opens the possibility of redox switchable catalysis 
(RSC). By changing the oxidation state of the metallocene substituent, the catalyst can be activated 
or deactivated. This can occur chemically or electrochemically. That allows the option to regenerate 
the catalyst by using the metallocene as phase tag. Ferrocene is a suitable substituent for RSC 
complexes. These complexes are originally based on NHC and MICs as ligands. Attempts for 
acyclic metallocene carbenes succeeded only recently. The acyclic ferrocenylsubstituted diamino 
carbene shows a different behavior than the NHC based gold(I) carbene complexes. Oxidation of 
the acyclic complexes leads to the formation of a gold(II) complex, probably supported by a 
temporarily existing ferrocenium moiety in the acyclic carbene ligand. The gold(II) complex is the 
active species towards the cycloisomerization of propargylamides. The amino-ferrocenyl carbenes 
published by Heinze offer a push-spectator stabilization. Diamino carbenes are supposed to be 
more stable due to their push-push stabilization. In this study, the synthesis for acyclic 
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ferrocenylsubstituted diamino carbene gold(I) complexes is investigated. The synthesis uses 
chloride(isocyano-ferrocene)gold(I) as flexible precurser for addition of secondary amines to form 
acyclic ferrocenylsubstituted carbene gold(I) complexes. The stability of these complexes upon 
oxidation will be observed as well as their electrochemical behavior. Similar to the Heinze 
complexes, the oxidation of the diamino carbene complexes will be followed via EPR spectroscopy 
to identify a possible formation of gold(II), which would also indicate the ability to perform RSC. 

Dicobaltoceniumylamine as potential catalyst for hydrogen evolving reaction: 

Complexes like cobalt porphyrins, cobalt corroles and cobaltocenium containing complexes show 
the ability to catalyze hydrogen evolution reaction (HER). Two metal centers are necessary for 
HER. Therefore, N,N-dicobaltoceniumamine with two nitrogen bridged cobaltoceniumyl 
substituents shall be synthesized and investigated in regard of its electrochemical properties. 
Deprotonation of the amine leads to the formation of an amide, which is supposed to afford a 
different electrochemical behavior compared to the amine complex. The pKa value of this acid-
base pair will give information about the equilibrium between both complexes. Using the pKa value 
and the electrochemical potential, the BDFE of the nitrogen bridged complex shall be determined. 
Considering the BDFE, the possibility of the amine and the amide to provide HER catalysis should 
be investigated in regard to the concerted proton-electron coupling which is a competitive pathway 
towards the HER. 
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3 Results and Discussion 
 

Section 3.1, 3.2 and 3.3 of this dissertation have been published/submitted as scientific articles in 
the peer-reviewed journals Beilstein Journal of Organic Chemistry, European Journal of Inorganic Chemistry 
and Organometallics. 

Section 3.1 was published as: “Sven D. Waniek, Jan Klett, Christoph Förster and Katja Heinze 
Beilstein J. Org. Chem. 2018, 14, 1004–1015.Polysubstituted ferrocenes as tunable redox mediators in Beilstein 
Journal of Organic Chemistry”. It shows the investigation of mono-, di-, tri- and tetrasubstituted 
ferrocenyl esters with methoxycarbonyl substituents. The redox potential of all four complexes 
were determined by Cyclic Voltammetry (CV) and Square Wave Voltammetry (SWV) and 
compared with the theoretical expectations. UV/Vis and IR spectroscopy were performed to verify 
the stability of all redox pairs. 1H NMR spectroscopy was used to determine the electron self 
exchange for all esters. 

Section 3.2 was published as: “Sven D. Waniek, Christoph Förster and Katja Heinze Eur. J. Inorg. 
Chem. 2022, e202100905. Protic Ferrocenyl Acyclic Diamino Carbene Gold(I) Complexes in European Journal 
of Inorganic Chemistry”. In this publication, the synthesis, isolation and characterization of chlorido 
[(diethylamino)(aminoferrocenyl) methylidene] gold(I) and chloride [(diisopropylamino)(amino-
ferrocenyl) methylidene] gold(I) is described. The structure of both carbene complexes was 
clarified by X-ray diffraction (XRD) while the diisopropyl derivative exhibits aurophilic interaction 
between two gold atoms. Both complexes were oxidized chemically and investigated by EPR and 
UV/Vis spectroscopy to monitor electrochemical changes after oxidation. 

Section 3.3 was published as: “Sven D. Waniek, Christian Heine, Dimitri Zorn, Taro Lieberth, 
Maximilian Lauck, Christoph Förster and Katja Heinze Organometallics, 2022, 
10.1021/acs.organomet.2c00211. Dicobaltocenium Amine – Proton, Electron, and H Atom Transfer in 
Organometallics”. A synthesis for N,N-dicobaltoceniumamine hexafluorophosphat and N,N-
dicobaltoceniumamide hexafluorophosphate was developed. The electronic behavior between two 
nitrogen bridged cobaltocenium moieties was investigated dependent on the presence and absence 
of an amine proton. Several electrochemical and spectroelectrochemical measurements were 
performed to understand the nature of the electronic properties. Attempts to prove hydrogen 
evolution reaction (HER) being performed by redox chemistry of both complexes were done by 
EPR and 1H NMR spectroscopy. 
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3.1 Polysubstituted ferrocenes as tunable redox mediators 
 
Sven D. Waniek, Jan Klett, Christoph Förster and Katja Heinze 

Beilstein J. Org. Chem. 2018, 14, 1004–1015. 

Thematic Series: ”Electrosynthesis II” 

The standard ferrocene/ferrocenium couple has been used successfully as a redox mediator for 
organic transformations and electrocatalytic synthesis such as dehydrogenative coupling reactions. 
For applications of redox mediators, it is crucial to adjust their electrochemical potential E1/2 to 
the potential of the substrate. The potential of ferrocene can be tuned by variation of the number 
and nature of substituents. A complete series of ferrocene methyl esters (mono to tetra substituted) 
is investigated, covering a wide potential range from E1/2 = 260 mV to E1/2 = 900 mV vs. ferrocene. 
The impact of number and position of substituents of the four pairs was analyzed considering 
stability and electrochemical properties by Cyclic Voltammetry, Square Wave Voltammetry, IR and 
UV/Vis spectroelectrochemical methods as well as paramagnetic 1H NMR spectroscopy, 
supported by detailed Density Functional Theory calculations.  
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3.2 Protic Ferrocenyl Acyclic Diamino Carbene Gold(I) Complexes 
 
Sven D. Waniek, Christoph Förster and Katja Heinze 

Eur. J. Inorg. Chem. 2022, e202100905. 

Dedicated to the memory of Prof. Dr. Gottfried Huttner 

   
 
Acyclic ferrocenylsubstituted diamino carbene gold(I) complexes are synthesized via isonitrile 
route by linking isocyanoferrocene and chlorido(dimethylsulfide)gold(I). The molecular structure 
of the linear coordinated gold(I) complexes is verified by XRD measurements which shows 
aurophilic interactions and intermolecular NH Cl hydrogen bonding. Redox activity induced by 
the ferrocenyl substituents is monitored by voltammetric methods. Intramolecular electron transfer 
between ferroceniumyl and gold(I) is shown to occur by the formation of gold(II). 

 

Author contributions 
The synthesis and characterization of the isocyanoferrocene gold complex and the two gold(I) 
carbene complexes were done by Sven D. Waniek. The crystal structures were solved by  

. All DFT calculations were performed by Sven D. Waniek. The manuscript was written by 
 and  and the supporting information was written by Sven 

D. Waniek. 
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The Supporting Information is found in Section 6.2 on pp. 127. The Cartesian coordinates from 
DFT calculations can be found online at 
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Reprinted with permission from 
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3.3 Dicobaltocenioum Amine – Proton, Electron, and H atom Transfer 
 
Sven D. Waniek, Christian Heine, Dimitri Zorn, Taro Lieberth, Maximilian Lauck, Christoph 
Förster and Katja Heinze 

Organometallics, 2022. 10.1021/acs.organomet.2c00211 

N,N-dicobaltoceniumamine hexafluorophosphat and N,N-dicobaltoceniumamide hexafluoro-
phosphate are synthesized by amide linkage. Amine and amide form an acid-base pair as well as a 
redox pair on longer time-scales than voltammetric ones. Reversible reduction on the amine 
performs hydrogen abstraction. The nature of the redox reversibility is proved by EPR and 1H 
NMR spectroscopy. 

 
 

Author contributions 
The synthesis of the diaminocobaltocenium complexes were done by Sven D. Waniek, , 

 and  who was under the supervision of . The crystal 
structures were solved by . Purification, (spectro)electrochemical analysis, 
UV/Vis, IR, EPR and NMR spectroscopy and DFT calculations were performed by Sven D. 
Waniek. The manuscript was written by  and  and the 
supporting information was written by Sven D. Waniek. 
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4 Summary and Outlook 
 

In this work, metallocenes were used in three different ways in catalysis (Section 3.1). Ferrocene 
showed to be a reliable structural motif to be used as redox mediator. Redox mediators are working 
as intermolecular supporting agents in electrochemical catalysis. The actual potential of ferrocene 
derivatives can be tuned by addition of electron withdrawing or donating substituent. With 
increasing number of electron withdrawing methoxycarbonyl substituents, the redox potential is 
changed to higher values (Figure 36). There is a difference in the extent of the potential change 
depending on the amount of already connected substituents on a Cp ring. With rising number of 
substituents, the individual impact of the substituents decreases. Nevertheless, the potential of the 
derivatives can be calculated by an empirically derived equation considering the kind of substitution 
and based on this, the Hammett constant σp and σm. All four derivatives are stable during electrolysis 
and can be oxidized reversibly. This was proven by UV/Vis and IR spectroscopy. The electron self 
exchange reactions between the neutral ferrocene complexes and their corresponding ferrocenium 
complex are fast, compared to the timescale of 1H NMR spectroscopy. That is demonstrated by a 
combined signal in a ferrocene/ferrocenium mixture which make both components 
indistinguishable. Therefore, ferrocene moieties are good redox mediators due to them satisfying 
all necessary conditions. 

 

Figure 36: Mono- to tetra- substituted ferrocenyl esters and their redox potentials vs. the ferrocene/ ferrocenium couple.  

To complete the set of methoxycarbonyl substituted ferrocenes, the 1,3-dimethoxycarbonyl 
ferrocene has to be synthesized and analyzed. The electrochemical potential should be around 450 
mV to 460 mV which would be less than the electrochemical potential of 1,1’-dimethoxycarbonyl 
ferrocene. In case of redox stability and self exchange rate, no deviation is expected compared to 
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its derivatives. Nevertheless, the redox stability has to be verified by UV/Vis and IR spectroscopy 
as well as the existence of a fast electron self exchange by 1H NMR spectroscopy. Mono- to 
tetrasubstituted methoxycarbonyl substituted ferrocenes cover a broad potential range from 0 mV 
to 900 mV (including ferrocene itself). Next to methoxycarbonyl substitutents, also other 
substituents should be analyzed to increase the accessible potential range of ferrocene derivatives 
even more. For example, amino groups as substituents would lower the electrochemical potential 
due to its electron donating nature. 1,1’-Diaminoferrocene offers a potential of –602 mV vs. 
FcH/FcH+.[335] The redox stability of the aminoferrocenes and their electron self exchange rate 
have to be verified by UV/Vis-, IR- and 1H NMR spectroscopy. Therefore, a combination of 
methoxycarbonyl ferrocenes and aminoferrocenes would be a suitable set of metallocenes to 
become reliable single electron transfer (SET) reagents for redox mediation. 

The synthesis and characterization of two ferrocenyl substituted acyclic diamino carbene gold(I) 
complexes are reported (Section 3.2). Isocyanoferrocene and chlorido(dimethylsulfide)gold(I) 
were used to form the carbene precursor chlorido(isocyanoferrocene)gold(I). In the presence of 
the secondary amines diisopropylamine and diethylamine, the formation of the corresponding 
carbene gold(I) complexes occurs. The formation of the precursor and the following carbene 
formation was monitored by IR spectroscopy. The CN stretching vibration shifts by 101 cm–1 to 
higher energy by the addition of chlorido(dimethyl-sulfide)gold(I). Since the CN triple bond is 
broken during the formation of the carbene, the stretching vibration at 2225 cm–1 disappears as 
well. The complexe structures were verified by XRD measurements. Both complexes show weak 
intramolecular non-classical NH Fe hydrogen bonds with distances of 3.0760(34) Å and 
3.0629(27) Å between nitrogen and iron. They are comparable to non-classical NH Fe hydrogen 
bonds in ferrocenyl hydrazone with a dissociation energy of 13 kJ mol–1.[59] The diethyl derivative 
exhibits classical NH Cl hydrogen bonding. This results in the formation of complex chains along 
the b axis (Figure 37a). Aurophilic interactions between two gold atoms with an Au Au distance 
of 3.1897(3) Å are shown within the diisopropyl complex (Figure 37b). All three complexes 
(including the chlorido(isocyanoferrocene) gold(I)) were oxidized reversibly. The diaminocarbene 
complexes have lower oxidation potentials than the isocyanide complexes but therefore fit in the 
typical range for N-substituted ferrocenes. The oxidized species are stable on short timescales, like 
the one for voltammetric experiments. On contrast to this, the oxidized species are not stable for 
several hours. This is shown by decreasing absorption bands in the UV/Vis spectrum. First, 
ferrocene seems to be oxidized chemically or electrochemically. Then, an intramolecular electron 
transfer from ferrocenium to gold occurs to oxidize the gold(I) center to gold(II). By EPR 
spectrometry, the rise of a gold(II) signal over time is observed. 
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Figure 37: Crystal structures of a) [(diethylamino)(aminoferrocenyl) methylidene] gold(I) and b) [(diisopropylamino)-
(aminoferrocenyl) methylidene] gold(I).  

This behaviour is similar to ferrocenylsubstituted Fischer carbene gold(I) complexes. Therefore, the 
formation of the gold(II) should be investigated. If the synthesis of the gold(II) species is reversible 
the diamino carbene gold(I) complexes may be suitable catalysts for redox switchable catalysis 
(RSC). Afterwards, the activity of the diamino carbene complexes towards the cyclization of N-(2-
propyn-1-yl) benzamide has to be determined. In case of activity towards RSC, other alkynes have 
to be used for the synthesis of different diamino carbene gold(I) complexes. The 
chlorido(isocyanoferrocene)gold(I) carbene is a useable precursor for acyclic diamino carbene 
gold(I) complexes. Despite diisopropyl amine and diethyl amine, other (asymmetrical) secondary 
amines can be used to increase the diversity of acyclic diamino carbene gold(I) complexes. Using 
aminoferrocene derivatives may result in the formation of diamino carbene complexes with two or 
three ferrocenyl substituents, which would offer the possibility of double and triple oxidation 
(Scheme 21). This may lead to an even further increase on catalytic activity and may facilitate the 
recovery of the catalyst by phase separation due to an increased phase tag. In addition, the NH 
may be substituted by other organic substituents. One example would be the methylation or 
alkylation with methyl iodide or alkyl iodide. Crystallization attempts of the oxidized species should 
be performed to gain the molecular structure and evidence for the formation of gold(II) complexes. 
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Scheme 21: Proposed reactions for the synthesis of different diamino carbene gold(I) complexes with up to three 
ferroecene substituents and following methylation. 

The coupling of cobaltocenium amine with nitro cobaltocenium to build a N,N-dicobaltocenium 
substituted amine and purification of the complex was successful (Section 3.3). Cobaltocenium 
amine has to be deprotonated to an imine intermediate to get activated for the reaction. The desired 
product is a weak acid with a pKa value of 9.56 (comparable to hydrogen cyanide with 9.40 and 
ammonium chloride with 9.25), so the imine intermediate is reprotonated easily. Deprotonation of 
N,N-dicobaltoceniumamine hexafluorophosphate forms the corresponding base N,N-
dicobaltoceniumamide hexafluorophosphate (Scheme 22). To investigate the deprotonated 
product, the use of a non-nucleophilic base like diazabicycloundecene (DBU) is essential to gain 
reasonable yields. Amine and amide are colored differently and can be distinguished by 1H NMR 
spectroscopy easily. Both complexes also form a redox pair on a bigger timescale than voltammetric 
ones. On one hand, the reduction of the amine leads to a proton abstraction and release of 
molecular hydrogen while the amide is formed. On the other hand, oxidation of the amide results 
in the formation of the amine. The required hydrogen radical to regain the amine is provided by 
the acetonitrile solvent, proved by EPR and 1H NMR spectroscopy. Abstraction of the hydrogen 
radical from acetonitrile results in the formation of a radical which can be spin trapped with N-
tertiary-butyl-nitrone (PBN) and detected by EPR spectroscopy. 1H NMR experiments show no 
N-H signal in the 1H NMR spectrum after the oxidation of the amine in deuterated acetonitrile. 
Nevertheless, the amine emerges during the oxidation. This is confirmed by the 1H NMR signals 
for the Cp rings which are quite different for the amine and amide. Oxidation in deuterated 
acetonitrile lead to the formation of N-D which gives no signal in the 1H NMR spectrum. The 
redox pair N,N-dicobaltoceniumamine and N,N-dicobaltocenium-amide hexafluorophosphate is 
therefore able to perform hydrogen evolution reaction (HER) since molecular hydrogen is released 
upon reduction. While oxidation reproduces the starting product by proton abstraction from the 
solvent. 
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Scheme 22: Acid-base and redox equilibrium of N,N-dicobaltoceniumamine hexafluorophosphate and N,N-di-
cobaltocenium-amide hexafluorophosphate. 

More insight is necessary for the cobaltocenium induced HER. The absolute yield of hydrogen 
needs to be verified. With this, the Faraday efficiency of the HER can be determined. The 
quantification can only be achieved by thermal conductivity detection (TCD) due to the small 
molecular weight of molecular hydrogen. Since hydrogen is the typical reference gas in TCD, the 
reference needs to be changed to argon or nitrogen to analyze hydrogen itself. Next, an enhanced 
reaction atmosphere and build-up may be developed to increase the efficiency of catalysis and the 
amount of produced molecular hydrogen. The necessary reaction potential for the reduction and 
oxidation may be tuned by the introduction of substituents to the cobaltocenium Cp rings. 
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