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Die vorliegende Dissertation beschäftigt sich mit dem elektrochemischen Verhalten 

verschiedener Ferrocenyl-substituierter Thiophene. Dabei wird sich zunächst mit dem 

elektrochemischen Verhalten der Serie der Ferrocenylthiophene beschäftigt, die Anzahl der 

Ferrocenyleinheiten variiert von n = 1 ï 4. Die Abhängigkeit der elektronischen 

Eigenschaften von numerischen und konstitutionellen Veränderungen der redox-aktiven 

Gruppen wird evaluiert. Daraus resultierend wird sich einer eingehenderen Untersuchung 

und Modifikation des 2,5-Diferrocenylthiophen-Motivs zugewandt. Diese Modifikationen 

werden im Kontext möglicher Ladungstransferprozesse zwischen den Ferrocenyleinheiten 

in den verschiedenen Redoxzuständen und unter Beeinflussung durch den Thiophen-

Brückenliganden diskutiert. Es folgen des Weiteren Ausführungen zu Substitutionen an 

den Ferrocenylen (Einführung elektronen-ziehender Funktionalitäten) sowie der Vergleich 

zwischen einer Thiophen- und der Ethylendioxythiophen-Brückeneinheit. Anschließend 

wird sich mit der elektronischen Variation des Brückenliganden durch die Einführung von 

N-haltigen Substituenten befasst. In den abschließenden Kapiteln wird der Einfluss 

zusätzlicher ů- (Fischercarben-Komplexe) oder -́gebundener ([Ru(ɖ
5
-C5H5)]

+
/[Ru(ɖ

5
-

C5Me5)]
+
) Übergangsmetallkomplexfragmente auf Ladungstransferwechselwirkungen im 

2,5-Diferrocenylthiophen in verschiedenen Redoxzuständen beleuchtet. 
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A INTRODUCTION  

Our daily life is fulfilled with a diversity of charge transfer phenomena, e.g. from electron 

transfer reactions in biological cells to running spark-ignition internal combustion engines 

in anybody's car.  

Since the discovery of the electricity and its extensive introduction, i.e. the electric light 

with all the required power plants and power lines, the development of potentially 

conductive materials gained more and more importance. Thus, consecutive investigations 

on metallic materials regarding their temperature-dependent electric conductivity were 

carried out. Within this context the phenomenon of superconductivity was discovered by 

Kamerlingh Onnes in 1911 during low temperature experiments on mercury.
1
 Later, the 

superconductivity of ceramics as high temperature superconductive materials was found ï 

a breakthrough for the use of superconducting devices into areas such as high-field 

magnetic engineering or high current technologies (Figure A1).
2,3

 

 
Figure A1. Left: Electric cables (12,500 Amperes) for accelerators at CERN. Conventional cables used for 

the Large ElectronïPositron Collider (top) and superconductor-based cables applied for the Large Hadron 

Collider (bottom) (reproduced from reference 4). Right: Schematic construction of an organic light-emitting diode 

(OLED) (reproduced from reference 5 with permission of the Royal Society of Chemistry).  

Looking for organic materials with metallic properties, origins could be found in the 1950s 

where the preparation of polyacetylene as a black powder was reported by Giulio Natta et 

al.
6,7

 and the first polyacetylene films made by Shirakawa et al. 20 years later.
8
 However, 

only a behavior typical for an electrical semiconductor could be observed. By the way of 

doping of the latter intrinsically conducting polymer (ICP), the conductivity could be 

increased by fourteen orders of magnitude ï a milestone in the field of organic 

electronics.
9ï11

 In the following decades a widely diversified portfolio of ICPs was 

developed, e.g. poly-para-phenylenes, polyphenylene vinylenes, polyanilines, polyfurans, 

polypyrroles and polythiophenes.
12ï14

 Potential applications reach inter alia from flexible 

electrode materials, anticorrosive applications, the usage as antistatic coatings or their 

application in organic light-emitting diodes (OLEDs, Figure A1).
15ï24

 Especially 
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polythiophenes have received much attention due to their remarkable stability against 

aerobic conditions in the neutral and in the doped states.
13,25,26

 For instance, poly(3,4-

ethylenedioxythiophene) (PEDOT) became a standard material for the construction of 

transparent and pliable electrodes or in application as hole-transport layer (HTL) in OLEDs 

(Figure A1).
15,18,21,27,28

 Regarding this, the application depends strongly on the ICPôs 

electronic properties/electronic structure and the interaction between the repeating units as 

well as on selectively made functionalizations.
21,25,29

 

Therefore, it is important to get a profound insight into charge transfer processes in that 

kind of macromolecular systems. Thus, a decrease of the systems to a small number of 

repeating units and their functionalization with well-known redox-active probes (the design 

of model systems) should provide to a better understanding of charge transfer phenomena 

in these systems.
29ï37

 Moreover, the permanent miniaturization process of electronic 

devices requires well-designed innovative materials (molecular wires), too.
38ï42

 Thus 

aromatics, modified with organometallic redox-active transition metal fragments, should 

be interesting molecules regarding their use in molecular electronics.
38,43ï48

 Due to their 

reversible redox behavior, ferrocene derivatives are often applied as versatile building 

blocks for the investigation of electronic properties and electron excitation 

phenomena.
37,46ï51

 

Within this thesis, the electronic interactions of ferrocenyl moieties over the thiophene 

aromatic system are investigated. Initially,  an overview regarding ́ -conjugated 

systems/aromatics with redox active entities is given in the corresponding theoretical 

background. Afterward, the discussion devotes to the influence on electronic properties of 

ferrocenyl thiophenes during a numeric variation of metallocenyl increments in 

dependency of the substitution pattern. The following part deals with the consequences of 

well-directed functionalizations. A final study on thiophene- -́complexes of transition 

complex fragments on ferrocenyl thiophenes completes the thesis.  
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B STATE OF KNOWLEDGE  

B1 BACKGROUND THEORY 

In the field of transition metal chemistry, electron excitation phenomena are often related 

to optical d-d transitions (ligand field, LF) as one origin of color in transition metal 

compounds.
52,53

 However, ñpureò d-d absorptions usually have a low intensity as a 

consequence of formal transitional forbids (spin multiplicity and parity), due to a high 

symmetry of the transition metalôs coordination environment. These forbids could be 

circumvented inter alia by symmetry distortion, vibronic and spin-orbit coupling.
37,49

 

Nevertheless, the strong color of transition metal complexes comes mostly from several 

charge transfer excitations. 

Prime examples display dimanganese heptoxide (Mn2O7) and chromium trioxide (CrO3), 

wherein optically-introduced ligand to metal charge transfer (LMCT, oxygen-to-metal) 

interactions are the origin of color.
53

 In general an electron is formally transferred from an 

electron-donor to an -acceptor when a charge transfer takes place. This kind of redox 

processes can appear as inter- or intramolecular reactions. One special type of donor-

acceptor complexes embody mixed-valence (MV) complexes (vide infra, Chapter B3). A 

first approach of a qualitative description of electron transfer (ET) reactions in solution 

was given by R. A. Marcus.
54,55

 The reaction can occur as either a thermally or an optically 

induced process (Figure B1).  

 
Figure B1. Left: Comparison of thermally (red) and optically (green) induced electron transfer reaction 

pathways in mixed-valence complexes. The size of redox centers X and Y denotes schematically the change 

of geometry between different redox states. Right: Non-coupled (diabatic) free energy surfaces of a MV with 

degenerate educt and product states (adapted from reference 37 with permission of John Wiley and Sons). 
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On the thermal pathway, the electron transfer from donor Y to the acceptor X
+
 (educt state) 

happens by expending of an activation energy (ȹG*). Thus, a simultaneous adjustment of 

changing the solvation shell, the reorganization of geometries and electron transfer lead to 

the final MV-species at x = 1 (Figure B1). In contrast, during an optically induced process, 

the electron transfer step itself occurs before inner and outer relaxation events take place 

(Figure B1).
37,56

 Therefore, a vertical excitation from the ground state (according to the 

Franck-Condon principle), at x = 0 along the ET coordinate through absorption of a photon 

leads directly to the electron transfer. The required energy ɚ for this process, which 

consists of an environmental (ɚo) and a compound-specific (ɚv) term, is called Marcus 

reorganization energy (Figure B1).
54,55

 

However, the Marcus (diabatic) theory is limited to systems with small electronic 

interactions, in relationship to the thermal energy. An adiabatic extension of the latter 

approach is given by the assumption of an electronic coupling larger than kBT (Marcus-

Hush/Mulliken-Hush theory).
37,49,56

 The corresponding electronic communication between 

the educt and the product states is expressed by the electronic coupling Hab (Figure B2, 

vide infra).
37,49,56

  

 
Figure B2. (adapted from reference 37 with permission of John Wiley and Sons). Left: adiabatic free energy surfaces 

(black lines) of a MV complex with non-degenerate MV states (degenerate states if ȹG
00

 = 0,                          

ῳὋᶻὉ  ‗τϳ ɀ Ὄ  Ὄ ‗ϳ).
37,49,57

 Middle and Right: visualization of the relationship between 

electronic coupling Hab and shape of the appropriate charge transfer band (probability of individual 

excitations from different vibronic levels in the electronic ground state).
37

 Abscissa (x) represents the 

electron transfer (ET) coordinate along an asymmetric stretching mode.  

This parameter can be extracted from the absorption spectra of MV complexes using 

relationships developed by N. S. Hush.
58ï60

 The observation of these charge transfer 

absorption bands is often located in the visible and/or NIR range. Thus, for a significant 

electronic interaction (0 < Hab < ɚ/2), the diabatic states (Figure B2, blue dashed lines) 

couple to two adiabatic free energy surfaces (FES) with two minima in the ground state. 

The corresponding excitation energy (most probable transition at ’max, Figure B2) is 

enlarged by the ground state separation ȹG
00

, if the ground state minima are 

thermodynamically different from each other (ȹG
00

 > 0, electronically asymmetric MV 
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compounds).
37,49,56

 An estimation of ȹG
00

 can be made by determining the redox potential 

difference between both individual redox sites (increments, vide infra Chapter F).
61

 In 

Figure B2 the fine horizontal solid lines represent different vibronic levels in the 

corresponding electronic states. During an optically induced charge transfer a vertical (vide 

supra) excitation from one ground state minimum, with an Boltzmann-weighted 

occupation of the appropriate vibronic levels in the context of the high temperature limit 

(HTL)
A
, takes place to vibronic levels of the excited state. A following relaxation leads to 

the product state (Figure B2). In the case of weakly-coupled MV systems, Gaussian-shaped 

charge transfer absorption bands (HTL) with its maximum at ’max = ɚ + ȹG
00

 are obtained 

(Figure B2 middle). The corresponding width at half height (Ў’ϳ ) can be estimated by 

using equation B1.
37,50,56,57

 

Ў’ϳ ὌὝὒ  ρφÌÎςὯὝ’               (B1) 

Moreover, by a further increasing of Hab the probability of transitions at ’ < ’max decreases. 

Thus, with an increasing electronic interaction a cuff-off takes place on the low-energy 

side of the IVCT absorption by a continuously strong loss of intensity, until                  

2Hab = h’max (Figure B2 right, vide infra).
62,63

  

Main advantages of this adiabatic theory against Marcusô diabatic approach display inter 

alia a better description of the absorption band shape as well as the possibility to determine 

the electronic coupling Hab from the experimental spectra. Thus, Hab can be calculated by 

using equation B2. The transition dipole moment (µeg) can be determined by integration of 

the corresponding absorption band.
49,50,63,64

 

Ὄ  ’άὥὼ    with    ‘ πȢπωυψτ
᷿

’άὥὼ
            (B2) 

Ὄ
Ȣ

’ ‐ ῳ’ϳ                 (B3) 

For true or nearly Gaussian-shaped absorption bands, i.e. relatively weak interacting redox 

centers, equation B2 can be simplified to equation B3.
49,50,63,64

 However, for a 

consideration of further charge transfer interactions, e.g. between metal and bridge/ligand 

together with the metal-metal electronic coupling or a more straightforward access to 

variables like the dipole moment difference of the diabatic states it is useful to extend the 

model by a further symmetric stretching mode and up to three or four coupled electronic 

                                                           
A
 The required energy for population the vibronic levels is small in comparison with the thermal energy     

(h’ Ḻ kBT), ensuring a Boltzmann distribution of occupation. 
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states.
37,49,50

 Furthermore, the Franck-Condon principle (Born-Oppenheimer approximation 

analogue) is assumed to be valid for the description of moderate and strongly-coupled MV 

systems, even though the investigation of electronic coupling by optical transitions 

potentially resonant with molecular vibration modes.
49,50,56,65ï67,B

 

The shape of the adiabatic FES depends on the electronic coupling of the corresponding 

diabatic potentials (Figure B3).  

 
Figure B3. Top: schematic comparison of symmetrical mono-cationic class I to III MV complexes. Bottom: 

two-state model FES with different electronic couplings (Hab). Left: Hab = 0. Middle: 0 < Hab < ɚ/2. Right: 

Hab > ɚ/2. Dotted lines represent diabatic potentials, abscissa (x) represents the electron transfer (ET) 

coordinate along an asymmetric stretching mode (adapted from reference 57 with permission of the Royal Society of 

Chemistry). 

Hence for 0 < Hab < ɚ/2 the ground state free energy surface consists of two separated 

minima, while for 2Hab larger than the Marcus reorganization energy only one minimum 

remains (Figure B3 right). Regarding a varying electronic interaction in donor-acceptor 

systems (mixed-valent species), Robin and Day have recommended a classification into 

three classes (Figure B3).
68

 Class I systems portray mixed-valent species with no 

resonance interaction (charge transfer) between the donor and the acceptor moiety (no 

coupling between the diabatic states), theoretically Hab = 0 (Figure B3).
37,49,68,69

 Thus, the 

separation of the donor and acceptor charge centroids (rab) is equal with the geometrical 

distance between the redox centers. However, this assumption was often taken for weak-

coupled MV compounds, due to a challenging access to rab.
37,49,57,63

  

In the context of an experimental investigation of MV compounds, a class I classification 

was usually made for potentially coupled systems if the extend of electronic coupling is 

                                                           
B
 Regarding this, see also the vibronic coupling model (PKS). 
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beyond the limits of detection.
37

 The opposite case is represented by class III mixed-

valence complexes
C
 in which the charge is completely delocalized (Hab > ɚ/2, Figure B3). 

No charge transfer takes place in these species, the intense, non-solvatochromic
D
 and 

asymmetric (vide supra) absorption bands, which can be detected in the Vis-NIR range, 

have their origins in (d)ˊ-(d)ˊ* transitions.
37,49

 Furthermore, a designation of that kind of 

absorptions as inter valence charge resonances (IVCR) should be also very deftly (Figure 

B3).
70,71

 In practice, a mixed-valent system is classified as delocalized (class III), when the 

corresponding species exhibit an almost homogenous (rab å 0) and less temperature-

dependent charge distribution on a fast experimental time scale.
49,50,56,57,72

 The majority of 

MV compounds offer a weak or moderate electronic interaction (class II), typical with 

roughly to almost Gaussian-shaped and solvatochromic inter valence charge transfer 

(IVCT) bands, 0 < Hab < ɚ/2 (Figure B3, middle).
37,49,50

 Their valence-trapped behavior can 

be monitored by different spectroscopical and spectroelectrochemical techniques in 

dependence of the degree
E
 of electronic coupling (vide infra).

37,47,49,72
 

Moreover, the observed IVCT absorptions of the latter species show bandwidths at half 

height similar or larger than the Hush-prediction (vide supra), while a value of Ў’ϳ  

noticeably smaller as the theoretical expectation indicates the presence of a stronger-

coupled (class II-to-III limit or class III) mixed-valent compound.
50

 A further indication for 

a distinct electronic interaction is represented by a detectable redox splitting, i.e. in a 

symmetric homo-bimetallic species a given redox separation (ȹE
0ô

) is related with 

Hab.
37,47,49,51,56,57,73

 

 
Figure B4. The comproportionation equilibrium and the relationship between redox separation (ȹE

0ô
) and 

thermodynamic stability of the cationic mixed-valent complex towards neutral and doubly oxidized 

(dicationic) species. 

                                                           
C
 In truth, these complexes are homovalent. 

D
 The dipole moment difference between the ground and excited state goes against zero. 

E
 The passage from valence-trapped to delocalized goes on in a continuous ñprocessò. 
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The thermodynamic stability (KC) of a mixed-valent species can be directly determined 

from the value of ȹE
0ô

; it increases as the redox separation increases (Figure B4).
56,73,74

 

However, the Gibbs energy of comproportionation (ȹGC) consists also of terms caused by 

so called non-resonance interactions (ȹGnonres), i.e. an entropic stabilization, an 

electrostatic term ȹGestat (stabilization due to charge repulsion in higher oxidized species, 

etc.) and a synergistic contribution (ȹGsyn) resulting from resonance interactions between 

redox center and ligands (Figure B4).
56,72ï74

 Only from ȹGres (stabilization due to 

resonance between the redox centers) the thermal activation barrier Eth (ȹG*) as well as the 

electronic coupling Hab can be obtained.
56,73,74

 For stronger coupled systems with a 

dominating resonance stabilization, the Gibbs energy of resonance can be estimated to 

ȹGres å ȹGC.
57,73

  

Generally two different charge transfer mechanisms are distinguishable: A charge hopping 

reaction pathway in which the charge is transferred successively from one increment to 

another (with a temporary charged bridge), and a superexchange mechanism (tunneling 

process) wherein the charge transfer is only mediated by the bridge (virtual sharing of 

electronic bridge states).
37,49,57,75,76

 In the field of organic/organometallic mixed-valence 

complexes the superexchange process dominates mostly during the charge transfer. 

Depending on the charge of the appropriate MV species as well as the involved 

(real/virtual) electronic states of the bridge, an electron or a hole is formally 

transferred.
37,63

 

 

B2 ELECTROCHEMICAL ASPECTS 

The analysis of possible/existing Faradaic processes is very important for the investigation 

of charge transfer and the characterization of mixed-valence complexes. In this regard, the 

performing of electrochemical analyses, e.g. voltammetric and amperometric/coulometric 

experiments, should be very useful. One necessary precondition for the generation of 

charged mixed-valent species embody reversible redox processes, inter alia 

(thermodynamically) stable cations/anions.
56,73,74,77,78

 Regarding an electrochemical 

reversibility, several requirements should be mentioned: A chemical (thermodynamic) 

reversibility must be given, e.g. it is not possible to regenerate the carboxylate (Figure B5, 

vide infra) from the hydrocarbon (RCH2CH2R) by applying an opposite over potential and 

a reverse current flow (retro-Kolbe electrolysis).
79,80
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Figure B5. Reaction scheme for the Kolbe electrolysis (dimerization) of alkanoic acids.

79 

Electrochemically reversible redox processes in solution include further a mass transport 

which is only controlled by diffusion (Nernstian behavior) as well as fast heterogenic 

electron transfer processes with equal rate constants (unrestrained) of the oxidation and its 

associated reduction electrode reaction. The influence of diffusion on the conversion of an 

electro-active species at a potential-controlled electrode is described by the Cottrell 

relationship (equation B6).
80ï82

 

Ὥ
Ѝ

Ѝ
 for a planar electrode              (B6) 

Ὥ Ὥ Ὡ Ὡ  with ‍ ρ ‌ and – Ὁ Ὁ          (B7) 

 
Figure B6. Left: Visualization of the relationship between analyte concentration at the electrode and current 

response (adapted with permission from reference 83. Copyright 1983 American Chemical Society). Right: Characteristic 

parameter of a cyclic voltammogram (potential sweep). 

The charge passage potential dependence is expressed by the Butler-Volmer equation, in 

which ɖ denotes the activation overpotential (equation B7).
F
 For an electrochemically 

reversible redox event the charge transfer coefficients of both electrode reactions are equal, 

Ŭ = ɓ = 0.5. During an anodic potential sweep and a successive increasing activation 

overpotential (ɖ) the current rises due to a higher conversion of the redox-active species. 

By the time, the concentration of the analyte tends to zero and the current deceases 

(limiting current of diffusion, Figure B6).
81,83

 

                                                           
F
 The relationship between bulk-concentration and (equilibrium) electrode potential is given by the Nernst 

equation.
80

 

c
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Thus, throughout recording a cyclic voltammogram
G
 (also during a linear sweep) a 

oxidation current peak (Ipa) is detected at Epa (analogous for reductions, Figure B6).
84ï86

 

The arithmetic mean of both peak potentials is designated as half-wave potential E1/2 

(voltammetry with sigmoidal responses ï with or without hysteresis) or more generally as 

formal potential E
0ô

 (Figure B6).
84,87,H

 Furthermore, the relationship between peak current 

and scan rate for reversible systems is given by the RandlesïSevcik equation (equation 

B8).
80,81

  

Ὥ ςȢφωρπὲϳὃὧὈϳ’ϳ  at 298 K            (B8) 

The corresponding peak separation amounts ȹEp å 57/n mV.
80,81

 In the field of pulsed 

voltammetry techniques Osteryoungôs square wave voltammetry (OSWV or SWV) 

represents one of the most applied methods.
88

 In difference to differential pulse (DPV) or 

normal pulse voltammetry (NPV) a forward and a reverse pulse with the same magnitude 

(square pulse) are modulated on a staircase potential sweep, resulting in a higher 

sensitivity, an effective background compensation and a formal symmetrical current 

response.
80,88

 

However, available analytical possibilities for an electrochemical investigation of sensitive 

redox-active materials are often limited inter alia due to the thermodynamic stability and 

dissociation capability of the conducting agent as well as the conductivity of the 

corresponding electrolyte especially in nonpolar solvents, such as dichloromethane or 

toluene.
89ï91

 For instance the easy decomposition of tetrafluoroborate or 

hexafluorophosphate, inter alia by fluoride transfer reactions, is well-known in the 

literature.
91ï95

 The ñless reactiveò and weaker coordinating tetraphenylborate exhibit a 

remarkable receptivity towards electrophilic ́-attacks.
91,92,96

 Furthermore, providing an 

electrochemical window for anodic electrochemistry, chemically inert conducting agents 

are required with high oxidation potentials (esp. the anion) vs. analyte, vice versa for 

electron affinity in cathodic direction.
I
 Thus, the latter tetraphenylborate is not very 

suitable for anodic electrochemistry, having a redox potential close to the ferrocene 

window (E1/2 = 0.41 V vs. FcH/FcH
+
).

95,97
 In fundamental studies Geiger and co-workers 

reported a strong dependency of the thermodynamic stability of electrochemically 

generated anions/cations on the chosen electrolyte.
90,98ï101

 The nucleophilicity of the 

                                                           
G
 After an initiation, the potential was varied between two different turning potentials (Figure B6) 

periodically by time. A cycle is completed if one turning potential is reached for a second time. 
H
 For a reversible redox couple. 

I
 Analogous for solvents. 
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counter-anion/electrolyte anion plays a crucial role during the investigation of cationic 

intermediates under low-polarity conditions (vide infra, see also Chapter E1).
95,102ï105

  

Thus, an application of large, charge-delocalized, weakly coordinating anions (WCAs, 

Figure B7 bottom) have several advantages in comparison with traditional
J
 anions (Figure 

B7 top): Higher solubilities and dissociation of the electrolyte, i.e. a lower solution 

resistance (about 50 % reduced in dichloromethane).
95,101,105

 Furthermore, (highly) 

positive-charged electrolysis products are obtained as more soluble salts, resulting in 

noticeably reduced adsorption problems on the electrode and decreased electrode 

passivation phenomena. The reduced nucleophilicity and ion-pairing (association constants 

are approx. 2 orders of magnitudes smaller) properties lead further to a lower degree of 

electronic structure distortion of the cationic species/analyte together with a kinetic 

stabilization of electrophilic electrode products.  

A descriptive rationalization of nucleophilicity/ion-pairing properties on the size/charge 

distribution of such anions is given in Figure B7 (vide supra).
95,106

 

 
Figure B7. Calculated electrostatic potential distributions of representative electrochemically applied anions. 

Red atoms are most negatively charged, while blue represent most positively charged increments (adapted from 

reference 106 with permission of Elsevier).  

The most widely used WCAs are represented by the perfluorinated tetraphenylborate-

derivatives [B(C6F5)4]
ï
 (TFAB) and [B(C6H3(CF3)2)4]

ï
 (BArF24), whereby the former 

borate is chemically more robust and BArF24 offers lower ion-pairing and a higher 

solubility especially in combination with highly charged cations (multi-ferrocenium 

species).
89,90,95,98,100,101,105,106

 Moreover, the preparation/accessibility of the latter borate is 

more straightforward and effective than for TFAB salts on a laboratory scale.
107

  

                                                           
J
 1

st
 generation of weak coordinating anions. 
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Furthermore, perfluorinated tetraalkoxyaluminates, like [Al(OC(CF3)3)4]
ï
 (Figure B7), as 

examined by Krossing and co-workers are suitable for electrochemical investigation under 

ñpseudo gas phase conditionsò, too.
91,108,109

 One benefit of these aluminate-derivatives 

compared to latter boron-containing anions is a larger thermodynamic stability 

(oxidation/reduction) and the higher resistance against inter alia attacks of transition metal 

complexes (fragments).
91,95

 The nucleophilicity of [Al(OC(CF3)3)4]
ï
 is comparable to those 

of the former perfluoroborates.
106,109,110

 

 

B3 MIXED-VALENCE COMPLEXES ï SELECTED EXAMPLES 

The first use of the term mixed-valence complexes was reported by Klotz et al. during their 

work on thiolate-bridged Cu(I)/Cu(II) complexes.
111

 In the context of charge transfer, this 

term is generally used to describe a special type of donor-acceptor complexes, in which the 

electronic ground and excited states (of the mixed-valent increments) have formal open-

shell electron configurations.
37,49,50,56

 Mixed-valence compounds like Prussian blue and 

Wursterôs blue are well-known for centuries.
112,113

 Above all, the Creutz-Taube complex 

(B1), the monocationic biferrocene (B2) as well as the bisfulvalene diiron (BFD, B3) 

cation represent prime examples of these species (Figure B8).
114ï117

 These cations, 

foremost B1, can be considered as first model compounds for the investigation of photo-

introduced charge transfer between redox-active (metal) centers, as predicted by Hush 

(vide supra).
60

  

 
Figure B8. Creutz-Taube complex (B1), monocationic biferrocene (B2) and bisfulvalene diiron cation 

(B3).
114,115,117 

Thus, low-energy NIR absorptions were found regarding a direct metal-metal charge 

transfer/charge resonance, for B1 at ɚmax = 1570 nm.
114

 The latter band was reported as 

solvent independent (strongly dependent on the bridging ligand), which could be seen as 

one indication for the almost charge delocalized situation (class III, vide supra) in 

B1.
56,59,66,114,118,119

 



B STATE OF KNOWLEDGE 

13 

A similar low solvent dependency was found for the inter valence charge resonance 

(IVCR) absorption of the strongly-coupled bisfulvalene diiron cation (B3); the band could 

be observed at around 2000 cm
-1

 in the NIR range.
70,120

 Within this context, the invariance 

of the electronic coupling in these BFD-salts against a formal desymmetrization, by 

introduction of a diversity of functionalities, could be shown recently by Schmittel and co-

worker.
70

 During solid state investigations (Mössbauer and XPS) of B3, the averaged 

valence behavior could be verified.
116

 In contrast, for B2 only a valence-trapped situation 

was observed in the solid state, whereby the degree of resonance between the iron centers 

depends on its environmental conditions, inter alia on anionôs nature.
121

 The corresponding 

IVCT absorption band shows a significant solvatochromism (please see also Chapter E1, 

vide infra).
58,70,122ï125

 Regarding this, the biferrocene cation is classified as a strongly-

coupled class II or even a borderline class II/III system, according to Robin and 

Day.
68,70,116,126,127

  

However, metal-metal CT/CR absorption bands of transition metal complexes are often 

accompanied by further low-energy transitions, e.g. ligand-field (LF) or 

interconfigurational (IC) transitions, which makes the band (shape) analysis 

difficult.
37,47,49,57

 Thus ñpurelyò organic mixed valence compounds should be more suitable 

for a qualitative study of the transformation of IVCT/IVCR absorptions (band shape 

analysis) during an increasing electronic coupling between the redox centers. Within this 

context, amines functionalized with charge-stabilizing (aromatic) substituents and 

protected against oligomerization/polymerization should be suitable redox-active probes. 

For instance, tris(para-bromophenyl)amminium hexachloroantimonate (Magic Blue) is 

well-known as oxidizing reagent in organometallic electrochemistry.
78,128ï130

  

Lambert and co-workers have applied N,N-dianisylamino groups, linked by organic ˊ-

systems of varying lengths, for the investigation of charge transfer interactions (Figure 

B9).
63,131

 For weakly-coupled mixed-valence compounds B4
+
 (ȹE

0ô
 = 60 mV) and B5

+
 

(ȹE
0ô

 = 100 mV), the authors found, as is typical for class II systems, Gaussian-shaped and 

relatively weak IVCT absorptions (Figure B9).
63,131

 During a decreasing of the bridging 

ligand, until the constitution in 1,4-diamino benzene B9, a successive increasing of the 

redox separation (ȹE
0ô

) was observed together with an ongoing rise of the electronic 

coupling matrix element Hab (vide supra and Figure B9).
63

 Moreover, a steady 

desymmetrization of the IVCT/IVCR absorption, i.e. the loss of intensity on the low-

energy side of the band (cut-off, vide supra), by an increasing electronic coupling between 

the redox centers in the mixed-valent species could be recorded experimentally for the first 
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time, in excellent accordance with the theoretical prediction (Figure B9 and Chapter 

B1).
37,49,50,60,63

  

 
Figure B9. Top: triarylamine redox systems B4 ï B10.

63,131
 Bottom (left): IVCT bands of B4 ï B9 (solid 

lines) from spectroelectrochemistry in CH2Cl2 containing 0.1 M TBAPF6. Dotted lines denote Gaussian band 

fits (adapted with permission from reference 63. Copyright 1999 American Chemical Society). Bottom (right): absorption 

spectra of B10
+
 in different solvents and deconvolution of the absorption spectrum of B10

+
 in CH2Cl2 by 

Gaussian functions (IVCT, dashed; bridge, dash-dotted; ́ -ˊ*, dotted), PES spectra simulation (IVCT, ƶ; 

bridge, ǒ) (adapted with permission from reference 132. Copyright 2006 American Chemical Society).  

The possibility of a (partial) through-space electronic interaction, i.e. without any direct ́-

conjugation, could be shown by connecting two triaryl amine increments via a 

[2.2]paracyclophane linker in B10
+
 (Figure B9).

132
 Looking for cyclophane derivatives 

with redox-active transition metal fragments, Stoll et al. reported substantial metal-metal 

electronic coupling in mixed-valent organocobalt superphanes (alkanediyl-bridged 

cyclopentadienylcobalt cyclobutadiene moieties), in strong dependence on the formal -́  ́

through space gap.
133

 In the field of face-to-face metallocenes, for instance studies on 

[3.3](1,3)ferrocenophane are known.
47,134

  

In electrochemical investigations on naphthalene-bridged metallocenes, Lee et al. reported 

two well-separated Fc/Fc
+
 redox processes (ȹE

0ô
 = 195 mV) for B11 (Figure B10).

47,135
 

The valence-trapped situation in B11
+
, in which a direct, cofacial interaction between the 

ferrocenyls is formally possible, was determined by UV-Vis-NIR and infrared 

B10+ in CH2Cl2

B10+ in MeCN

B10+
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spectroscopy of the corresponding tetrafluoroborate.
47,135

 During investigations on 

ferrocenylvinyl-substituted [2.2]paracyclophanes no IVCT absorptions were detected for 

the corresponding MV species (B12
+
, Figure B10), despite significant observed redox 

separations.
136,137

 It was reported that the electronic coupling in these species is not only 

affected by the ́-  ́ interaction (through space) in the cyclophane, also a ů-bond electron 

density-mediated coupling (through bond) could provide a contribution.
136,138ï142

  

 
Figure B10. 1,8-Diferrocenyl naphthalene (B11), [2.2]paracyclophane B12 and the 4,8-ethano-2,4,6,8-

tetrahydro-s-indacene-2,6-diide complexes B13 and B14.
47,137,143,144 

Dealing with ferrocenyl compounds including paraffinic bridges, Atzkern et al. have 

synthesized molecules B13 and B14 (Figure B10) for which under the chosen conditions 

notable redox separations were found (ȹE
0ô

 = 200 mV and 195 mV, PrCN/0.1 M 

TBA[PF6]), indicating significant thermodynamic stabilities of the appropriate cationic 

mixed-valent species.
144

 During electrochemical studies on diferrocenyl methane, well-

separated iron-based redox waves could be recorded (ȹE
0ô

 = 170 mV, AN/0.1 M 

TBA[ClO4]).
145,146

 In further studies regarding the resonance interaction in these kind of 

bonding motifs, Jones et al. found low-energy charge transfer absorptions (IVCT) for the 

mono-cations. The observed low intensities of latter transitions in combination with large 

experimental widths at half-height (ȹ’1/2), in relation to the Hush-prediction (vide supra), 

and a strong solvatochromism indicate a classification as weakly-coupled class II 

systems.
60,68,147

  

Regarding ferrocenyls connected with C2-building blocks, for 1,2-diferrocenyl ethane only 

non-separated Fc/Fc
+
 redox processes (ȹE

0ô
 å 40 mV) were reported under classical (vide 

supra) electrochemical conditions, as expected.
98,145,148

 However, by the use of WCA-

containing electrolytes in low-polarity media (DCM/TBA[B(C6F5)4]) a remarkable 

thermodynamic stability (ȹE
0ô

 = 180 mV) of the relevant monocationic species with 

respect to the appropriate dication and neutral compound could be detected.
98

 The higher 

ability of the unsaturated C2-moieties to foster electronic coupling between the redox-
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active entities decreases in the series HC=CH
K
 > CſC > C=CH2 and with an increasing 

chain length, as well.
47,149ï156

  

In systems with cumulenic linkers, the metal-metal electronic interaction decreases 

noticeable by the use of an odd-number of bridging carbon atoms as well as by the chain 

length.
157ï162

 Regarding ferrocenyl-substituted aromatics, the electronic coupling in mixed-

valent diferrocenyl benzenes is preferred along the para-substitution.
150,163,164

 A further 

decreasing of the metal-metal interaction in these systems can be induced by 

functionalization of the benzene-bridge with electron-withdrawing moieties or by using 

electron-poor heterocycles.
164ï166

 Thus, for relevant azabenzene-derivatives, e.g. 

ferrocenyl-substituted pyridines and triazines, decreased electronic interactions were found 

with regard to the appropriate benzenes.
166ï168

  

Looking for ferrocenyl-functionalized 5-membered aromatic heterocycles, inter alia a 

portfolio of different boroles,
169,170

 furanes,
171,172

 phospholes,
173ï175

 pyrroles,
176ï181

 

siloles
182

 and thiophenes
163,167,171,183ï185

 as well as metallacycles
186ï188

 were investigated. 

Upon using a pyrrole-core for the linking of ferrocenyls, relatively large redox separations 

(ȹE
0ô

) were found together with intense low-energy NIR absorption bands.
171,179

 In 

contrast, less intense IVCT-absorptions as observed for in situ generated mixed-valent 

diferrocenyl furans and thiophenes in combination with decreased KC values indicate a 

lower degree of electronic metal-metal interaction in the latter species.
171,185

 An increasing 

of the bridging unit results also in a decreased electronic interaction, as outlined elsewhere 

(quod vide).
48,172,178,185,189ï194

 A variation of the electronic coupling should be possible 

through modifications on these heterocyclic systems, by the introduction of electron-

donating and/or electron-withdrawing substituents. Thus, Hildebrandt et al. have executed 

selective functionalizations on the phenyl moiety of 2,5-diferrocenyl-N-phenylpyrrole 

(compounds B15 ï B20, Figure B11). A significant gain of redox separations in 

combination with rising oscillator strengths (f) were reported by introducing more electron-

donating substituents on the N-phenyl group (Figure B11).
179,180

 However, the impact of 

these modifications on the electronic coupling is less pronounced with regard to the 

influence of functionalizations in 1ô-positions of the metallocenyl increments. Lehrich et 

al. have reported a better stabilization (KC) of B24
+
, due to the electron-withdrawing CſN-

groups, by approx. 3 times the magnitude of B18
+
 (Figure B11).

176
 Nevertheless, the 

authors note a decreasing metal-metal resonance interaction with increasing redox 

                                                           
K
 Difficult E/Z-differentiation due to isomerization.

47,149,150,156
 



B STATE OF KNOWLEDGE 

17 

separations
L
, larger ȹE

0ô
 values should originate from electrostatic interactions (ñnon-

conformistò behavior).
74,176

 The interpretation of the UV-Vis-NIR spectroelectrochemical 

data supports this conclusion.
176

 

 
Figure B11. Influence of electron-donating and electron-withdrawing functionalities on the thermodynamic 

stability (ȹE
0ô
, KC) of mixed-valent 2,5-diferrocenyl-N-phenylpyrroles (B15 ï B24).

176,179,180
 Scan rate: 100 

mVs
-1
 in dichloromethane solutions (1.0 mM) at 25 °C, supporting electrolyte [N

n
Bu4][B(C6F5)4] (0.1 M), 

cyclic voltammogram (solid line) square wave voltammogram (dashed line). Cyclic voltammograms left: adapted 

from reference 180 with permission of the Royal Society of Chemistry. Cyclic voltammograms right: adapted from reference 176 with 
permission of Elsevier. 

Looking for thiophenes modified with metallocenyl entities, symmetric diferrocenyl 

derivatives B25 and B26 are well-known in the literature (Figure B12).
167

 Similar redox 

separations were found during their electrochemical characterization (ȹE
0ô

 = 140 mV 

(B25), ȹE
0ô

 = 150 mV (B26)), indicating comparable thermodynamic stabilities of the 

corresponding monocations. Moreover, the 1
st
 Fc/Fc

+
 redox process for B26 was observed 

as significantly cathodically shifted with regard to ferrocene, revealing a notable electronic 

metal-metal coupling in B26
+
.
47,167

 The observed low-energy charge transfer band for the 

latter species reveals a valence-trapped situation, class II according to Robin and Day.
68,171

 

For the appropriate benzo[c] derivative B29 a clearly larger redox separation (ȹE
0ô

 = 280 

mV) was found compared to B26 under similar conditions (vide supra, Figure 

B12).
163,167,195,196

 Thus an enlarged ́-bridging system, inter alia throughout annulation, 

should result in an increasing electronic coupling at comparable geometrical distances of 

the redox sites. During the electrochemical analysis of 2,3-diferrocenyl benzo[b]thiophene 

(B28), a significantly decreased thermodynamic stability for B28
+
 could be 

detected
M

.
195,196

 Electrochemical studies on 2,3- and 2,4-diferrocenyl thiophene are still not 

reported, except for application-related investigations on their potential in semiconductor 

devices.
197

 

                                                           
L
 from B21

+
 to B24

+
, except for B18

+
.
176
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Figure B12. Several oligoferrocenyl-substituted thiophenes (B25 ï B30).

163,167,183,195,196 

As an example of a triferrocenyl thiophene, Jin et al. reported the synthesis of thiophene 

B27 together with electrochemical investigations on a series of different ferrocenyl 

aromatics.
163

 Furthermore, the authors attribute mixed-valent biferrocenes with thiophene-

2,5-diyl spacers, instead of para-phenylene bridges, a stronger coupling. For B27, three 

consecutive ferrocenyl-based one-electron redox events were found, whereby the Ŭ-

ferrocenyls will be oxidized first.
163

 Moreover, four well-separated Fc/Fc
+
 redox processes 

could be detected during the electrochemical examinations on tetraferrocenyl thiophene 

(B30), using a 0.1 M solution of [N
n
Bu4][B(C6F5)4] in dichloromethane as supporting 

electrolyte (Figure B12).
183

 However, no low-energy charge transfer absorptions, 

suggesting direct iron-iron interactions, could be recorded in the NIR range during the 

successive oxidation process of B30.
183
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Section C was generated within collaboration with J. C. Swarts (#) and co-worker from the University of the 

Free State, Bloemfontein, ZA (comparative electrochemical studies, manuscript preparation).The author of 

the present doctoral thesis has carried out the synthesis and characterization of compounds C1, C11 and 

C12, together with all the published electrochemical and spectroelectrochemical investigations, discussion of 

the results and manuscript preparation. Further work was done by R. Claus and A. Hildebrandt (synthesis 

and characterization of compounds C2, C3, C4, C9, C10 and C13, manuscript preparation), T. Rüffer (solid-

state structure determination, discussion) and Prof. Dr. Heinrich Lang (manuscript preparation and 

supervision). 

INTRODUCTION 

Recently, organometallic and metal-organic building blocks attached to a ́-conjugated 

core have gained topical interest, due to their conceivable application as model compounds 

for transition-metal-containing polymers and, for example, in the study of electron-transfer 

in the respective mixed-valent species and magnetic exchange interactions.
35,119,164,195,198ï

203
  

The use of redox-active metal-based termini offers the possibility to design new materials, 

like semi-conducting polymers or molecular wires.
40,47,147,204ï208

 In this relationship, the 

ferrocenyl moiety is a very promising candidate for using it as a redox-active group with a 

very good stability in the neutral as well as oxidized state during one-electron transfer 

processes.
166,171,179,180,183,186,189,209ï211

 

Ferrocene derivatives were studied in a wide range of organometallic chemistry: e.g., as 

active component in new anticancer drugs,
212ï215

 as catalyst component in catalytic 

processes,
216ï220

 as high burning rate catalysts in solid fuels and as donors in energy 

transfer processes.
221,222

 So far, extensive research has been  carried out on ferrocenyls 

linked with different ́ -conjugated connectivities, including arenes, annulenes, five- or six-

membered heterocycles, porphyrins and alkynes.
166,171,179,180,183,186,189,209ï211

 An example of 

ferrocenyl-functionalized aromatic compounds is hexaferrocenyl benzene. Electrochemical 

studies showed that this species can be oxidized in three separate redox events.
223
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Furthermore, the hexakis(ferrocenylethynyl)benzene shows, depending on the electrolyte 

counterion and the number of methyl substituents on the ferrocenyl units, cyclic 

voltammograms with a single six-electron response, three distinct two-electron events, or a 

cascade of six single-electron waves.
224

  

In contrast, aromatic heterocycles including 2,5- and 3,4-diferrocenylthiophene as well as 

2,6-diferrocenylpyridine, exhibit no observable metal-metal interactions, if the ferrocenyl 

units were oxidized simultaneously.
167

 Larger peak separations between the first and 

second oxidations (æE
0ô

) among symmetric ferrocenyl heteroaromatics have been reported 

in 1,3-di(ferrocenyl)benzo[b]thiophene and 1,3-di(ferrocenyl)benzo[b]selenophene.
196

 In 

addition, electrochemical studies were carried out on azaferrocenes with pyridine or 

thiophene connectivities between the metallocenyl termini, resulting in excellent ȹE
0ô

 

values.
184,225

  

Very recently, a series of 2,5-diferrocenyl and 2,3,4,5-tetraferrocenyl-substituted 

thiophenes, furans and pyrroles as well as 3,3ô,4,4ô,5,5ô-hexaferrocenyl-2,2ô-bithiophene 

were synthesized using the Negishi C,C cross-coupling protocol.
171,179,180,183,210

 The 

electronic and electrochemical properties of these compounds were investigated by cyclic 

voltammetry (CV), square wave voltammetry (SWV) and in situ UV-Vis-NIR 

spectroscopy. It was found that the ferrocenyl termini can be separately oxidized, giving up 

to six reversible responses for the appropriate ferrocenyl-substituted heterocyclic 

molecules. NIR measurements confirmed electronic communication, as IVCT absorptions 

were found in the corresponding mixed-valent species.
166,171,179,180,183,186,189,209ï211

 Hence, 

the compounds were classified as class II molecules according to Robin and Day.
68

 

However, during the stepwise oxidation of 2,3,4,5-tetraferrocenylthiophene and 

3,3ô,4,4ô,5,5ô-hexaferrocenyl-2,2ô-bithiophene no notable transitions which could be 

attributed to IVCT absorptions were observed in the NIR region, i.e. the electrochemically 

generated ferrocenium units mostly communicate electrostatically with each other.
183,210

 

 

Figure C1. Ferrocenyl thiophenes C1 ï C4 and C9 ï C13.
163,167,183,226,227
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In continuation of this work, we recently became interested in the preparation of 

ferrocenyl-functionalized heteroaromatics as well as their spectroelectrochemical behavior. 

Thus, we report herein the synthesis of the di- and tri-ferrocenyl thiophenes 2,3-Fc2-

c
C4H2S, 2,4-Fc2-

c
C4H2S and 2,3,4-Fc3-

c
C4HS (Figure C1). In the investigation of electron 

transfer interactions between the ferrocenyl units on the thiophene, the electrochemical and 

spectroelectrochemical properties of these species together with a series of mono-, di-, tri- 

and tetra-ferrocenyl thiophenes (Figure C1) are discussed. 

 

RESULTS AND DISCUSSION 

The known ferrocenyl thiophenes C1 ï C4, C12 and C13 are accessible by different 

synthetic routes.
163,166,167,171,179,180,183,186,189,209ï211,226,227

 Nevertheless, we synthesized all of 

these compounds applying the palladium-promoted Negishi C,C cross-coupling protocol. 

The thiophenes 2,3-Fc2-
c
C4H2S (C9), 2,4-Fc2-

c
C4H2S (C10) and 2,3,4-Fc3-

c
C4HS (C11) are 

available by a two- or three-fold Negishi C,C cross-coupling of the bromo thiophenes 2,3-

Br2-
c
C4H2S (C5), 2,4-Br2-

c
C4H2S (C6) and 2,3,4-Br3-

c
C4HS (C7) with FcZnCl (C8; Fc = 

Fe(ɖ
5
-C5H4)(ɖ

5
-C5H5)) (Scheme C1).

228
  

Scheme C1. Synthesis of ferrocenyl thiophenes C9 ï C11. 

 

As catalyst, either [Pd(PPh3)4] or [Pd(CH2CMe2P
t
Bu2)(µ-Cl)]2 was used (Experimental 

Section).
229,230

 After appropriate work-up, molecules C9 ī C11 could be isolated as orange 

solid materials.  

They are soluble in most common organic solvents such as toluene, tetrahydrofuran, and 

dichloromethane and are stable in the solid state as well as in solution toward air and 

moisture. The ferrocenyl thiophenes C9 ï C11 have been identified by elemental analysis, 

IR and NMR (
1
H, 

13
C{

1
H}) spectroscopy. Furthermore, the solid state structure of C10 

was determined by single-crystal X-ray structure analysis.  

All ferrocenyl thiophenes were electrochemically analyzed by cyclic voltammetry (CV) 

and square wave voltammetry (SWV) as well as UV-VIS-NIR spectroelectrochemistry. 
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The IR spectra of C9 ï C11 are not very expressive, and the 
1
H and 

13
C{

1
H} NMR spectra 

of thiophenes C9 ï C11 show the expected signal patterns in the predicted range 

(Experimental Section). 

Single crystals of C10 suitable for X-ray diffraction studies could be obtained by diffusion 

of n-hexane into a chloroform solution containing C10 at ambient temperature. The 

molecular structure of C10 in the solid state is shown in Figure C2 together with selected 

bond distances (Å), bond angles and torsion angles (°). 2,4-Diferrocenyl thiophene (C10) 

crystallizes in the orthorhombic space group Pnma in which C10 is statistically disordered 

along a crystallographically imposed mirror plane going through C12, S1 and C13A of the 

thiophene ring. The two different molecules of C10 are disordered and thus are 

superimposed above each other, since different atomic positions could be refined for S1 

and C13.  

The molecular structure of C10 (Figure C2) does not imply the crystallographically 

imposed CS symmetry. Furthermore, C10 is isomorphic to 2,5-diferrocenyl thiophene 

(C3).
231

 As observed for the latter thiophene, molecule C10 possesses a syn-conformation 

in the solid state with regard to the orientation of the two ferrocenyl units on the thiophene 

core. In this context, the ferrocenyl moieties are rotated by 10.4 ° out of the plane of the 

thiophene core. As expressed by the torsion angle C1-D1-D2-C6 = 6.8 °, the 

cyclopentadienyl ligands at the iron atoms exhibit an almost eclipsed conformation. A 

comparison of the Fe-D distances shows no significant differences (Figure C2).  

 

Figure C2. ORTEP diagram of thiophene C10 (50 % displacement ellipsoids). Hydrogen atoms are omitted 

for clarity. Selected bond distances (Å), bond angles and torsion angles (°): Fe1ïD1 1.648(1), Fe1-D2 

1.643(1), S-C11 1.687(5), S-C13A 1.720(18), C11-C12 1.394(3), C6-C11 1.464(3), C11-S1-C13A 97.6(7), 

C12-C11-S1 108.8(3), C11-C12-C11A 113.9(3), C12-C11-S1-C13A 0.3(10), C10-C6-C11-S1 -9.7(4) (D1 = 

centroid of C5H5 at Fe1, D2 = centroid of C5H4 at Fe1). (Symmetry generated atoms are indicated by the 

suffix A; symmetry code: x, -y+1/2, z.) 

A calculation of the mean plane from the thiophene core reveals a high degree of planarity 

(rms. deviation from planarity: 0.007 Å; highest deviation from planarity calculated for 

C11A, 0.012 Å) similar to thiophene C13.
183

 This observation is in contrast to Mn(ɖ
5
-
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C5Fc5)(CO)3, C5HFc5, and C6Fc6, where the central core deviates much more from 

planarity (e.g. 0.152(6) Å in hexaferrocenyl benzene).
223,232

 Due to the intrinsic statistic 

disorder of C10 a further discussion of the thiophene core bond lengths and its connection 

to the ferrocenyl units is hampered by the fact that carbon-carbon single and double bonds 

are superimposed to each other. The observed thiophene C-C bond distances with 1.394(3) 

Å (C11-C12, C12-C11A) and 1.450(13) Å (C11A-C13A) are significantly shorter than the 

corresponding values in C3, the C-S bond lengths with 1.687(5) Å (S1-C11) and 1.720(18) 

Å (S1-C13A) are observed as expected, lying between C-S single and C=S double 

bonds.
233

 The C-C bond connecting the thiophene ring and the ferrocenyl units (C6-C11) 

is, at a length of 1.464(3) Å, very similar to the corresponding bond length in C3.
231

 

The redox properties of C1 ï C4 and C9 ï C13 were studied by cyclic voltammetry (CV), 

square wave voltammetry (SWV) and UV-Vis-NIR spectroelectrochemistry. As supporting 

electrolyte, a 0.1 M dichloromethane solution of [N
n
Bu4][B(C6F5)4] was used.

90,100
 The 

electrochemical data are summarized in Table C1 and presented in Figure C3. 

Table C1. Cyclic voltammetry data (potentials vs. FcH/FcH
+
) of 1.0 mmol

.
L

-1
 solutions of C1 ï C4 and 

C9 ï C13 in dry dichloromethane containing 0.1 mol
.
L

-1
 of [N

n
Bu4][B(C 6F5)4] as supporting electrolyte 

at 25 °C. 

Compd. 

E0ô/æEp/æE0ô [mV] a (ipc/ipa)
b
 

Wave (no.) 

(1) (2) (3) (4) 

C1 16/60 (0.99)    

C2 ï9/67 (0.99)    

C3 ï53/60 (1.00) 195/62/248 (1.00)   

C4 ï49/71 (0.99) 195/70/244 (1.00)   

C9 ï51/71 (0.99) 232/73/283 (0.99)   

C10 ï21/68 (0.98) 148/69/169 (0.98)   

C11 ï118/63 (0.99) 148/61/266 (0.99) 427/61/279 (1.00)  

C12 ï71/66 (1.00) 151/62/222 (0.99) 374/70/223 (1.00)  

C13183 ï161/62 (1.00) 58/64/219 (1.00) 418/64/360 (0.99) 604/60/186 (0.99) 
a
 Formal potential (E

0ô
). Difference between the oxidation (Epa) and reduction (Epc) peak potential (æEp). 

Redox separation between the formal iron-based redox events (æE
0ô
 = E

0ô
(2) ï E

0ô
(1)). 

b
 Ratio of current 

peaks at Epc and Epa. 

From Table C1, all electrochemical processes involving the oxidation of a ferrocenyl group 

could be assigned as electrochemically reversible, as the ȹEp values were all smaller than 

80 mV at slow scan rates. Theoretically, the ȹEp for electrochemically reversible processes 

should be 59 mV.
85,234ï237

  

All  ferrocenyl oxidations were observed as chemically reversible, since the ipc/ipa ratios are 

approximately unity in all cases. Mono-substituted thiophenes C1 and C2 show only one 

ferrocenyl oxidation. The ferrocenyl group of 3-ferrocenylthiophene (C2) is oxidized at a 
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potential 25 mV lower than that of 2-ferrocenylthiophene (C1), having a redox potential of 

E
0ô

 = 16 mV (Table C1 and Figure C3). This indicates a higher degree of electronic 

interaction between the thiophene core and the Ŭ-ferrocenyl in comparison to the situation 

in 3-ferrocenylthiophene. The diferrocenyl thiophenes C3, C4, C9 and C10 show two 

well-resolved one-electron transfer processes (Figure C3). For thiophene C10 the potential 

of the 1
st
 wave (E

0ô
 = ï21 mV) is shifted to higher potentials in comparison to that of the 

other diferrocenyl thiophenes, for which the first redox event occurs nearly at the same 

potential (Table C1).  

 
Figure C3. Left: cyclic voltammograms (CV) of ferrocenyl thiophenes C1 ï C4 and C9 ï C12, scan rate: 

100 mVs
-1
 in dichloromethane solutions (1.0 mM) at 25 °C, supporting electrolyte [N

n
Bu4][B(C6F5)4] (0.1 

M). Right: square wave voltammograms (SWV) of ferrocenyl thiophenes C1 ï C4 and C9 ï C12. 

Conditions: 5 Hz (C1, C2, C9, C10), 2.5 Hz (C12), and 2 Hz (C3, C4, C11)) in dichloromethane solutions 

(1.0 mM) at 25 °C, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). For cyclic voltammetry data see Table 

C1; for CV and SWV of C13 see ref 183. 

The separation of the redox potentials (æE
0ô

) decreases in the series of 

diferrocenylthiophenes as C9 > C3 å C4 > C10, in which the largest value was observed 

for 2,3-diferrocenyl thiophene (C9) (æE
0ô

 = 283 mV), while for the 2,4-derivative (C10) 

only a redox separation of æE
0ô

 = 169 mV was found (Table C1, Figure C3). However, the 
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communication between the ferrocenyl units in such molecules cannot directly be derived 

from the separation of the redox potentials (æE
0ô

), since the free energy of 

comproportionation (ȹGc, vide supra) is not only a function of the resonance stabilization 

(ȹGres). ȹGc includes also terms corresponding to the Coulomb energy, to a statistic 

contribution and to bonding synergisms.
50,57,73

 The electrochemistry of tetraferrocenyl 

thiophene (C13) was described in detail in a previous work and the results are presented in 

Table C1.
183

  

In order to get more insight into the oxidation process of thiophenes C1 ï C4 and C9 ï 

C13, we carried out spectroelectrochemical studies by a stepwise increase of the potential 

vs. Ag/AgCl in an OTTLE cell (= Optically Transparent Thin Layer Electrochemistry),
238

 

using a 0.1 M dichloromethane solution of [N
n
Bu4][B(C6F5)4] as supporting electrolyte. 

This procedure allows the in situ generation of species such as C1
+
, C2

+
, C3

n+
, C4

n+
, C9

n+
, 

C10
n+

 (n = 1, 2), C11
n+

, C12
n+

 (n = 1 ï 3) and C13
n+

 (n = 1 ï 4).  

Table C2. NIR data of C1
 
ï C4 and C9 ï C13 in dry dichloromethane containing 0.1 M of 

[N
n
Bu4][B(C 6F5)4] as supporting electrolyte at 25 °C. 

Compd. Transition 
’max [cm-1] 

(Ůmax [Lmol-1cm-1])a 
ȹ’1/2 [cm-1]b ȹ’1/2(theo) [cm-1]c 

C1+ LMCT 

LF 

10917 (1295) 

4234       (70) 

2984 

1096 
 

C2+ LMCT 

LF 

11905   (943) 

4241       (46) 

2985 

1223 
 

C3+ 

LMCT 

IVCT 

LF 

MLCT/LMCT 

10080   (624) 

4994   (2129) 

4054     (572) 

3524     (831) 

2884 

3843 

439 

989 

 

3397 

 

 

C4+ 
LMCT 

IVCT 

LF 

12180   (824) 

5405       (70) 

4208       (31) 

3522 

7761 

902 

 

3534 

 

C9+ 

LMCT 

IVCT 

LF 

11534   (946) 

5300     (401) 

4065       (66) 

n. a. 

5492 

769 

 

3499 

 

C10+ 
LMCT 

IVCT 

LF 

12005 (1429) 

6098     (151) 

4143       (78) 

3263 

5620 

857 

 

3753 

 

C11+ 
LMCT 

IVCT 

LF 

12225   (547) 

6628     (184) 

4039       (31) 

n. a. 

5736 

1019 

 

3913 

 

C112+ 
LMCT 

IVCT 

LF 

13193 (1075) 

7511     (244) 

4094       (54) 

n. a. 

6733 

978 

 

4165 

 

C12+ 

LMCT 

IVCT 

LF 

MLCT/LMCT 

10129   (515) 

4914   (1583) 

4062     (326) 

3568     (353) 

3314 

4628 

475 

862 

 

3369 

 

 

C122+ 

LMCT 

IVCT 

LF 

11761 (1654) 

5975     (639) 

4012     (135) 

3170 

5895 

712 

 

3715 

 

C13 see reference 183 
a
 Wavenumber of the bands maximum intensity (’max), extinction coefficient at ’max (Ůmax). 

b
 Bandwidth at 

half height (ȹ’1/2). 
c
 Bandwidth at half height expected from the Hush theory (ȹ’1/2(theo) = (2310’max)

1/2
). 
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If deconvolution of NIR absorptions was used, transitions with Gaussian shapes were taken 

to get fits good enough to allow an almost exact overlay of the sum of the spectral 

components with the experimental spectra. All neutral ferrocenyl thiophenes do not 

contain, as expected, any absorptions in the NIR range (Figures C4 and C5 and Appendix 

Figures AC-1 ï AC-4). During the oxidation process of C1 typical absorptions in the UV-

Vis region of inner ferrocenyl ligand-to-metal charge transfer (LMCT) transitions as well 

as absorptions, which are attributed to LMCT interactions between the thiophene core and 

the ferrocenyl moieties could be observed (Table C2, Figure C4).
30,239ï241

 The latter 

absorption was found for C1
+
 in the border section close to the NIR range at ’max = 10917 

cm
-1

 (Table C2). The corresponding transition for C2
+
 was observed as less intensive than 

for C1
+
 and suggests a lower degree of electronic interaction between the thiophene core 

and the ferrocenyl unit (vide supra, Figure AC-1).
30,31

 Furthermore, a very weak, low-

energy absorption band was found for C1
+
 and C2

+
 around 4200 cm

-1
, which is attributed 

to a forbidden ligand field transition (LF, Figures C4, AC-1).
210,242ï244

  

 
Figure C4. UV-Vis-NIR spectra of C1 at rising potentials. Top: ï500 to 350 mV. Bottom: deconvolution of 

NIR absorptions at 350 mV, using transitions with Gaussian shapes (dotted line corresponds to absorptions 

caused by interactions between ligand and metal, dotted dashed line represents ligand field transitions). All 

potentials vs. Ag/AgCl at 25 °C in dichloromethane, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). 

Arrows indicate increasing or decreasing absorptions. 

During the generation of C3
+
 typical absorption bands were observed in the UV-Vis region 

(vide supra, Figure C5). A low energy absorption band was still detected at ’max = 4994 

cm
-1
, which is attributed to an intervalence charge transfer (IVCT) transition. The peak 

width at half-height (ȹ’1/2) of the latter band shows still a larger value than the predicted 

peak width at half-height (ȹ’1/2(theo)), since class II systems typically show bandwidths 30 ï 
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40 % in excess of the Hush prediction, due to various contributory factors overlooked in 

Hushôs treatment (Table C2).
56,60,61,68,245

 The IVCT absorption is accompanied by bands at 

10080 cm
-1
 (LMCT), 4054 cm

-1
 (LF) and a transition at ’max = 3524 cm

-1
 attributed to 

charge transfer interactions between metal and ligand (Table C2 and Figure 

C5).
166,171,179,180,183,186,189,209ï211,242ï244

 Further oxidation of C3
+
 to C3

2+
 results in a decrease 

of the IVCT absorption band (Figure C5).  

 
Figure C5. Left: UV-Vis-NIR spectra of C3 at rising potentials. Top: ï500 to 600 mV. Middle: 

deconvolution of NIR absorptions at 600 mV, using four distinct overlapping transitions with Gaussian 

shapes (dashed line indicates IVCT absorption, dotted line corresponds to absorptions caused by interactions 

between ligand and metal, dotted dashed line represents ligand field transitions). Bottom: 650 to 1400 mV. 

Right: UV-Vis-NIR spectra of C4 at rising potentials. Top: ï500 to 500 mV. Middle: deconvolution of NIR 

absorptions at 500 mV using three distinct overlapping transitions with Gaussian shapes (dashed line 

indicates IVCT absorption, dotted line corresponds to absorptions caused by interactions between ligand and 

metal, dotted dashed line represents ligand field transitions). Bottom: 550 to 1500 mV. All potentials vs. 

Ag/AgCl at 25 °C in dichloromethane, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). Arrows indicate 

increasing or decreasing as well as shifting absorptions. 

During spectroelectrochemical studies on the 3,4-diferrocenyl derivative C4, a very weak 

absorption around 5400 cm
-1
 was found upon generation of C4

+
, which can also be 

assigned to an IVCT transition (Table C2 and Figure C5). However, the corresponding 

ȹ’1/2 value is to be treated with caution, since the investigated peak width at half-height is 
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more than twice as large as the predicted value and it can be an artifact, due to its very low 

intensity (Table C2 and Figure C5). A similar behavior was found recently for the 

corresponding cationic species of 1,3,5-triferrocenyl benzene.
166
 Furthermore, an 

absorption band in the NIR region, close to the IR range, which is caused by charge 

transfer interactions between metal and ligand is missing, whereas the band at ’max = 4208 

cm
-1
 can be assigned to a ligand field transition (Figure C5).

210,242ï244
  

For the monocation of 2,3-diferrocenyl thiophene (C9
+
) three absorptions in the NIR 

region were observed at 11534 cm
-1
 (LMCT), 5300 cm

-1
 (IVCT) and a very weak 

absorption at 4065 cm
-1
, which can be assigned again to a forbidden ligand field transition 

(LF, Table C2, Figure AC-2). After the oxidation process was finished, the potential was set 

again at ï500 mV vs. Ag/AgCl for checking the reversibility. The corresponding absorption 

spectrum differs only slightly from the original curve (Figure AC-2 bottom, grey line). 

During successive oxidation process of the diferrocenyl derivative C10, characteristic 

absorptions were found for C10
+
 in the NIR range at ’max = 12005 cm

-1
, 6098 cm

-1
 and 

4143 cm
-1
 in which the weak absorption band around 6100 cm

-1
 is attributed to an IVCT 

transition as well (Table C2, Figure AC-3).  

As a result, in the series of diferrocenyl thiophenes the interaction between the iron centers 

in the mono-oxidized compounds decreases in the series C3
+
 > C9

+
 > C10

+
 > C4

+
. Thus, 

the monocation of 2,5-diferrocenyl thiophene (C3
+
) shows by far the largest interaction 

and for the 3,4-diferrocenyl thiophene derivative C4
+
 only a very weak intervalence charge 

transfer interaction was observed. 

Successive oxidation of triferrocenyl thiophene C11 leads to the formation of C11
+
, for 

which low energy absorption bands were found at ’max = 12225 cm
-1
 (LMCT), 6628 cm

-1
 

(IVCT) and 4039 cm
-1
 (LF, Table C2, Figure AC-3). A comparison of IVCT absorptions 

from C11
+
 with the corresponding band of the 2-bromo-3,4,5-triferrocenyl thiophene 

derivative shows a slight decrease of extinction coefficient for C11
+
 (vide infra).

210
 Further 

oxidation up to C11
2+
 results in a slight hypsochromic and hyperchromic shift of the IVCT 

absorption band (’max = 7511 cm
-1
, Ůmax = 301 Lmol

-1
cm

-1
), similar to those previously 

observed for 2-bromo-3,4,5-triferrocenyl thiophene.
210
 During the generation of C12

+
 NIR-

absorptions at ’max = 10129 cm
-1
 (LMCT), 4914 cm

-1
 (IVCT), 4062 cm

-1
 (LF) and 3568 

cm
-1
 could be observed, the last band of which is also attributed to charge transfer 

transitions, caused by interactions between metal and ligand (Table C2, Figure AC-4). The 

relatively large extinction coefficient of the absorption around 4900 cm
-1
 suggests similar 

transitions to those observed for C3
+
. This issue is in a good agreement with the work of 
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Jin et al. and their infrared spectroelectrochemical studies on C3 and C12.
163
 The oxidation 

of C12
+
 up to the respective dicationic compound results in a hypsochromic shifting of the 

LMCT absorption, in the border section between the visible and the NIR regions, as for the 

IVCT absorption band as well (Table C2, Figure AC-4). Moreover, a disappearance of the 

low-energy absorption band around 3600 cm
-1
 was observed, similar to that found for 

thiophene C3 (Table C2, Figure AC-4). The spectroelectrochemical behavior of 

tetraferrocenyl compound C13 was previously described, whereas no notable absorptions 

attributing to intervalence charge transfer could be observed in the NIR region during the 

successive oxidations process of C13.
183

 

 

CONCLUSION 

The diferrocenylthiophenes C9 and C10 and the triferrocenyl derivative C11 are available 

in straightforward palladium-promoted Negishi C,C coupling reactions of the 

corresponding bromo thiophenes and ferrocenyl zinc chloride.  

The structure of 2,4-diferrocenyl thiophene (C10) in the solid state was determined by 

single crystal X-ray structure analysis and confirms that compound C10 crystallizes in the 

orthorhombic space group Pnma, in which C10 is statistically disordered and thus 

isomorphic to 2,5-diferrocenyl thiophene (C3).  

The redox properties of C1 ï C4 and C9 ï C13 were studied by cyclic voltammetry (CV), 

square wave voltammetry (SWV) and UV-Vis-NIR spectroelectrochemistry. The studied 

ferrocenyl thiophenes display either one (C1, C2), two (C3, C4, C9, C10), three (C11, 

C12) or four (C13) well-resolved electrochemically reversible one-electron transfer 

processes. During the spectroelectrochemical studies of ferrocenyl thiophenes C1 and C2, 

the LMCT absorption for C2
+
 around 11000 cm

-1
 was observed as less intensive than for 

C1
+
, suggesting a lower degree of electronic interaction between the thiophene core and 

the ferrocenyl unit. The spectroelectrochemical studies of the oligoferrocenyl molecules 

suggest weak metal-metal interactions in the corresponding mixed-valent species (Table 

C2), while in the series of diferrocenyl thiophenes the interaction between the iron centers 

in the monooxidized compounds decreases in the series C3
+
 > C9

+
 > C10

+
 > C4

+
. 

Furthermore, a comparison between the peak width at half-height ȹ’1/2 (IVCT) and the 

Hush prediction ȹ’1/2(theo) (of C3
+
, C4

+
, C9

+
, C10

+
, C11

+
, C11

2+
, C12

+
 and C12

2+
) is 

clearly consistent with the identification of the low-energy absorptions of this class of 

compounds as class II according to Robin and Day.
68
 However, during the stepwise 

oxidation of C13 no notable transition, which could be attributed to IVCT absorptions, was 
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observed in the NIR region. These results emphasize that the electrochemically generated 

ferrocenium units mostly communicate electrostatically with each other.
183

 

In summary, it has been found that the ferrocenium units, placed in Ŭ-position of the 

thiophene, interact more strongly with the five-membered heterocycle: i.e. larger values of 

the extinction coefficient can be detected for the corresponding ligand-to-metal and 

intervalence charge transfer absorptions of the individual cationic species. 

 

EXPERIMENTAL SECTION 

General Procedures. All reactions were carried out under an argon atmosphere using 

standard Schlenk techniques. Tetrahydrofuran, toluene and n-hexane were purified by 

distillation from sodium/benzophenone ketyl. Dichloromethane was purified by distillation 

from P4O10. 

Reagents. Tetra-n-butylammonium tetrakis(pentafluorophenyl) borate was prepared by 

metathesis of lithium tetrakis(pentafluorophenyl)borate etherate (Boulder Scientific) with 

tetra-n-butylammonium bromide, according the published procedure.
101
 All other 

chemicals were purchased from commercial suppliers and were used as received. 

Instruments. Infrared spectra were obtained with a Thermo Nicolet 200 FT-IR 

spectrometer using KBr press techniques for sample preparation. NMR spectra were 

recorded using an Bruker Avance III 500 FT-NMR spectrometer (
1
H NMR at 500.303 

MHz, 
13
C{
1
H} NMR at 125.813 MHz) at ambient temperature, unless otherwise noted. 

Chemical shifts (ŭ) are reported in parts per million (ppm) relative to tetramethylsilane 

(TMS) using the solvent as internal reference (CDCl3: 1H NMR ŭ = 7.26 ppm; 
13
C{
1
H}-

NMR ŭ = 77.16 ppm).
246
 Coupling constants (J) are reported in Hertz (Hz) and integrations 

are reported in number of protons. The following abbreviations are used to describe peak 

patterns: s = singlet, d = doublet, pt = pseudotriplet. The melting points (sealed off in argon 

flushed capillaries) were determined using a Gallenkamp MFB 595 010 M melting point 

apparatus. Microanalysis was performed by using a Thermo FLASHEA 1112 Series 

instrument. High resolution mass spectra were recorded with a Bruker micrOTOF QII with 

an Apollo II ESI-source.  

Synthesis of 2,3-diferrocenyl thiophene (C9). A solution of ferrocene (5.0 g, 26.9 mmol) 

and 0.125 eq of KO
t
Bu (0.38 g) in 60 mL tetrahydrofuran was cooled to ï80 ÁC. 

Afterward, 2.0 eq (33.6 mL) of an 1.6 M tert-butyllithium solution in n-pentane was added 
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dropwise during a period of 15 min.
247
 After 1 h isothermal stirring, one equivalent (7.53 g) 

of [ZnCl2Ŀ2thf] was added in a single portion and the resulting reaction mixture was 

warmed to 0 ÁC for 30 min. Furthermore, 0.4 eq (1.18 mL) of 2,3-dibromothiophene (C5) 

as well as 67,0 Õmol (0.046 g) of [Pd(CH2CMe2P
t
Bu2)(Õ-Cl)]2

229,230
 or 0.13 mmol (0.15 g) 

of [Pd(PPh3)4] were added in a single portion. The resulting preparation was kept at 55 ÁC 

for 36 h. After cooling down to ambient temperature the reaction mixture was hydrolyzed 

with 1 M hydrochloric acid and the aqueous layer was separated and extracted three times 

with 20 mL of dichloromethane. The combined organic layers were dried over MgSO4 and 

after evaporation of all volatiles, the crude product was adsorbed on alumina and purified 

by column chromatography (column size: 15 x 3 cm) on alumina using a n-hexane/toluene 

mixture of ratio 4:1 (v:v) as eluent. All volatiles were removed under reduced pressure and 

compound C9 was obtained as an orange solid. Yield [Pd(CH2CMe2P
t
Bu2(Õ-Cl)]2: 3.60 g 

(8.0 mmol, 74 % based on 2,3-dibromothiophene); [Pd(PPh3)4]: 2.80 g (6.2 mmol, 57 % 

based on 2,3-dibromothiophene) Anal. Calcd for C24H20Fe2S (452.17): C,63.75; H, 4.46. 

Found; C, 63.40; H, 4.47. Mp: 212ÁC. IR data (KBr)[cm
-1
]: 3090 m, 2925 w, 1590 w, 1500 

s, 1420 s. 
1
H-NMR (CDCl3)[ŭ]: 7.13 (d, JHH = 5.3 Hz, 1H, C4H2S), 7.11 (d, JHH = 5.3 Hz, 

1H, C4H2S), 4.37 (pt, JHH = 1.8 Hz, 2H, C5H4), 4.25 (pt, JHH = 1.8 Hz, 2H, C5H4), 4.23 (pt, 

JHH = 1.8 Hz, 2H, C5H4), 4.17 (s, 5H, C5H5), 4.15 (pt, JHH = 1.8 Hz, 2H, C5H4), 4.03 (s, 5H, 

C5H5). 
13
C{
1
H} NMR (CDCl3)[ŭ]: 136.0 (Ci-C4H2S), 135.9 (Ci-C4H2S), 130.1 (C4H2S), 

122.3 (C4H2S), 82.0 (Ci-C5H4), 80.7 (Ci-C5H4), 70.6 (C5H4), 70.0 (C5H5), 69.4 (C5H5), 68.8 

(C5H4), 68.1 (C5H4), 67.9 (C5H4). HR-ESI MS (calc) [m/z]: 451.9957 (451.9980) [M]
+
. 

Synthesis of 2,4-diferrocenyl thiophene (C10). A solution of ferrocene (5.4 mmol, 1.0 g) 

and 0.125 eq (75 mg) KO
t
Bu in 20 mL tetrahydrofuran was cooled down to ï80 ÁC 

followed by an addition of 1.5 eq (5.0 mL) of an 1.6 M solution of tert-butyllithium in n-

pentane within 5 min. After 30 min of isothermal stirring, 1.5 eq (2.26 g) of [ZnCl2Ŀ2thf] 

were added in a single portion and the reaction mixture was kept for 30 min at 0 ÁC. 

Afterward, 29 ɛmol (20 mg) of [Pd(CH2CMe2P
t
Bu)2(Õ-Cl)]2

229,230
 and 0.5 eq (0.65 g) of 

2,4-dibromothiophene (C6) were added in a single portion and the reaction mixture was 

stirred for 4 h at 30 ÁC. After evaporation of all volatiles, the precipitate was dissolved in 

50 mL of diethyl ether and washed three times with 50 mL portions of water. The organic 

layer was dried over MgSO4 and evaporated to dryness. The remaining solid was purified 

by column chromatography (column size: 20 x 3 cm) on silica using n-hexane as eluent. 

All volatiles were removed under reduced pressure and thiophene C10 was obtained as an 

orange solid. Yield: 150 mg (0.33 mmol, 12.3 % based on C6). Anal. Calcd for C24H20Fe2S 
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(452.17): C, 63.75; H, 4.46. Found; C, 63.54; H, 4.45; Mp: 214ÁC. IR data (KBr)[cm
-1
]: 

3089 m, 2923 w, 1597 w, 1498 s, 1417 s. 
1
H-NMR (CDCl3)[ŭ]: 7.09 (d, JHH = 1.4 Hz, 1H, 

C4H2S), 6.97 (d, JHH = 1.4 Hz, 1H, C4H2S), 4.61 (pt, JHH = 1.8 Hz, 2H, C5H4), 4.55 (pt, JHH 

= 1.8 Hz, 2H, C5H4), 4.30 (pt, JHH = 1.8 Hz, 2H, C5H4), 4.26 (pt, JHH = 1.8 Hz, 2H, C5H4), 

4.12 (s, 5H, C5H5), 4.08 (s, 5H, C5H5). 
13
C{
1
H} NMR (CDCl3)[ŭ]: 143.2 (Ci-C4H2S), 140.0 

(Ci-C4H2S), 121.9 (C4H2S), 115.7 (C4H2S), 81.6 (Ci-C5H4), 80.4 (Ci-C5H4), 70.2 (C5H5), 

69.6 (C5H5), 68.8 (C5H4), 68.5 (C5H4), 67.1 (C5H4), 66.7 (C5H4). HR-ESI-MS [m/z] (calc): 

452.0010 (451.9980) [M]
+
. 

Synthesis of 2,3,4-triferrocenyl thiophene (C11). A tetrahydrofuran solution (80 mL) of 

ferrocene (23.4 mmol, 4.35 g) and 0.125 eq (0.33 g) of KO
t
Bu was cooled to ï80 ÁC, and 

then 2 eq (29.15 mL) of an 1.6 M tert-butyllithium solution in n-pentane were added 

within 15 min.
247
 After 1 h isothermal stirring one equivalent (6.54 g) of [ZnCl2Ŀ2thf] was 

added in a single portion and resulting reaction mixture was kept at 0 ÁC for 30 min. 

Afterward, 0.27 eq (2.00 g) of 2,3,4-tribromothiophene
248
 (C7) as well as 58.3 ɛmol (40 

mg) of [Pd(CH2CMe2P
t
Bu)2(Õ-Cl)]2

229,230
 were added in a single portion. The resulting 

reaction mixture was kept at 55 ÁC for 40 h. After cooling down to ambient temperature the 

mixture was hydrolysed with 1 M hydrochloric acid. Furthermore, the aqueous layer was 

separated and extracted with dichloromethane and the combined organic layers were dried 

over MgSO4. After evaporation of all volatiles, the crude product was purified by column 

chromatography (column size: 20 x 3 cm) on alumina using a n-hexane/toluene mixture of 

ratio 5:1 (v:v) as eluent. Compound C11 was obtained as an orange solid. Yield: 2.18 g 

(3.43 mmol, 55 % based on C7). Anal. Calcd for C34H28Fe3S (636.19): C, 64.19; H, 4.44. 

Found: C, 64.46; H, 4.73. Mp: 232 ÁC (dec). IR data (KBr)[cm
-1
]: 3092 m, 2928 w, 1595 

w, 1495 s, 1416 s. 
1
H-NMR (CDCl3)[ŭ]: 7.46 (s, 1H, C4HS), 4.49 (pt, JHH = 1.8 Hz, 2H, 

C5H4), 4.33 (pt, JHH = 1.8 Hz, 2H, C5H4), 4.31 (pt, JHH = 1.8 Hz, 2H, C5H4), 4.30 (s, 5H, 

C5H5), 4.23 (pt, JHH = 1.8 Hz, 2H, C5H4), 4.22 (s, 5H, C5H5), 3.95 (pt, JHH = 1.8 Hz, 2H, 

C5H4), 3.89 (pt, JHH = 1.8 Hz, 2H, C5H4), 3.81 (s, 5H, C5H5). 
13
C{
1
H}-NMR (CDCl3)[ŭ]: 

139.9 (Ci-C4HS), 137.6 (Ci-C4HS), 136.4 (Ci-C4HS), 123.4 (C4HS), 86.5 (Ci-C5H4), 83.3 

(Ci-C5H4), 81.5 (Ci-C5H4), 72.5 (C5H4), 71.9 (C5H4), 70.3 (C5H4), 70.0 (C5H5), 69.5 

(C5H5), 69.0 (C5H5), 68.0 (C5H4), 67.2 (C5H4), 66.9 (C5H4). HR-ESI-MS [m/z] (calc): 

635.9973 (635.9956) [M]
+
. 

Electrochemistry. The electrochemical measurements were carried out under an argon 

atmosphere on 1.0 mM dichloromethane solutions containing 0.1 M [N
n
Bu4][B(C6F5)4] as 

supporting electrolyte utilizing a Voltalab 10 electrochemical laboratory from Radiometer 
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Analytical.
90,100
 Furthermore, an OTTLE cell (= Optically Transparent Thin Layer 

Electrochemistry) placed in a Varian Cary 5000 UV-VIS-NIR absorption spectrometer was 

used for spectroelectrochemical measurements.
238
 For voltammetry, a three-electrode cell 

with a platinum auxiliary electrode, a glassy carbon working electrode and a Ag/Ag
+
 

reference electrode were used. The working electrode was prepared by polishing with a 

Buehler micro cloth using Buehler diamond pastes with decreasing sizes (1 to 0.25 ɛm). 

The Ag/Ag
+
 reference electrode was constructed from a silver wire inserted into a Luggin 

capillary with a Vycor tip containing 0.01 M [AgNO3] as well as 0.1 M [N
n
Bu4][B(C6F5)4] 

in acetonitrile. This Luggin capillary was inserted into a second Luggin capillary with 

Vycor tip filled with as 0.1 M [N
n
Bu4][B(C6F5)4] solution in dichloromethane. Successive 

experiments under the same experimental conditions showed that all formal reduction and 

oxidation potentials were reproducible within 5 mV. Experimentally potentials were 

referenced against a Ag/Ag
+
 reference electrode but the results are presented referenced 

against the FcH/FcH
+
 couple (E

0ô
 = 0.0 V) as required by IUPAC.

249
 When 

decamethylferrocene was used as an internal standard, the experimentally measured 

potential was converted in to E vs. FcH/FcH
+
 by addition of ï0.61 V.

250
 The cyclic 

voltammograms were taken after typical two scans and are considered to be steady state 

cyclic voltammograms, in which the signal pattern differs not from the initial sweep. 

Finally, the experimental data were processed on Microsoft Excel worksheets. 

Crystallography. Crystal data for C10, C24H20Fe2S, Mr = 452.16 gmol
-1
, orthorhombic, 

Pnma, ɚ = 0.71073 ¡, a = 8.2562(2) ¡, b = 23.3232(6) ¡, c = 9.7291(2) ¡, V = 1873.51(8) 

¡
3
, Z = 4, ɟcalcd = 1.603 gcm

-3
, Õ = 1665 mm

-1
, T = 115 K, Ū range = 3.24 ï 25 Á, 

reflections collected: 4650, independent: (Rint = 0.0278), R1 = 0.0284, wR2 = 0.0652 [I> 

2ů(I)]. Single crystals of C10 were obtained by diffusion of n-hexane into a chloroform 

solution containing C10 at 298 K. Data were collected with an Oxford Gemini S 

Diffractometer, with graphite monochromatized Mo KŬ radiation (ɚ = 0.71073 ¡) using 

oil-coated shock-cooled crystals. The structure was solved by direct methods and refined 

by full-matrix least square procedures on FĮ.
251,252

 

Supporting Information. UV-Vis-NIR spectra of C2, C9, C10, C11 and C12 in 

dichloromethane are available in the Appendix Section (Chapter AC, vide infra). 
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supervision). 

INTRODUCTION 

There is an enduring interest in the chemistry of ferrocenyl-substituted homo- and hetero-

aromatics because such molecules can be regarded as model species for studying metal-

metal electronic interactions.
119,164,195,198ï200,202,203

 Furthermore, these ́ -conjugated 

organometallic compounds are qualified to design innovative electro-active 

materials.
40,47,147,204ï208

  

For the investigation of electron transfer between metal atoms, electrochemical studies, 

especially cyclic voltammetry (CV) and square wave voltammetry (SWV) are most 

common. In comparison with the high number of electrochemical studies on 

organometallic compounds which are published to date, spectroelectrochemical 

examinations have been reported only sporadically. An example of ferrocenyl-

functionalized aromatic compounds is hexaferrocenyl benzene.
223

 Electrochemical studies 

showed that this species can be oxidized in three separated redox events at ï162.8, ï32.2 

and 222.4 mV, respectively.
223

  

Hexa(ferrocenylethynyl)benzene derivatives were synthesized by Negishi C,C coupling 

from ethynylferrocenes and C6Br6, also.
224

 Depending on the electrolyte counterion and the 

number of methyl substituents on the ferrocenyl units, their cyclic voltammograms show a 

single six-electron response, three distinct two-electron events, or a cascade of six single-

electron waves. In contrast, aromatic heterocycles including 2,5- (æE
0ô

 = 150 mV) and 3,4-

diferrocenyl thiophene (æE
0ô

 = 140 mV) as well as 2,6-diferrocenyl pyridine exhibit weak 

or nearly no observable metal-metal communication if the two ferrocenyls were oxidized 

simultaneously.
163,167

 Higher peak separations between the first and second oxidation 

(æE
0ô

) among symmetric ferrocenyl heteroaromatics have been reported in 1,3-diferrocenyl 
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benzo[b]thiophene (æE
0ô

 = 280 mV) and 1,3-diferrocenyl benzo[b]selenophene (æE
0ô

 = 305 

mV).
196

 In addition, electrochemical studies were carried out on azaferrocenes with 

pyridine or thiophene connectivities between the metallocenyl termini, resulting in 

excellent æE
0ô

 values.
184,225

  

Recently, we enriched the family of ferrocenyl-substituted 5-membered heterocycles 

including furan, thiophene, and 1-R-pyrrols (R = Me, Ph) by the synthesis and 

electrochemistry of several di-, tri- and tetra-ferrocenyl derivatives 

thereof.
171,179,180,183,186,189,209,253

 Cyclic, square wave and linear sweep voltammetry together 

with in situ NIR spectroelectrochemistry highlight that these molecules display up to four 

separated electrochemical reversible one-electron transfer processes. 

Spectroelectrochemistry confirmed that positive charges are localized on the Fc
+
 groups 

(Fc = ferrocenyl; Fe(ɖ
5
-C5H4)(ɖ

5
-C5H5)) in the mixed-valent intermediates if no charge 

transfer bands of a significant strength could be detected. 

In continuation of this work, we recently became interested in the preparation of 

ferrocenyl-functionalized oligo-heteroaromatics. We report here on the synthesis, 

properties and electrochemical behavior of atropisomeric 3,3ô,4,4ô,5,5ô-hexaferrocenyl-

2,2ô-bithiophene. 

 

RESULTS AND DISCUSSION 

For the preparation of 3,3ô,4,4ô,5,5ô-hexaferrocenyl-2,2ô-bithiophene (D3) two synthesis 

methodologies were applied, as shown in Scheme D1, whereby the palladium-promoted 

Negishi C,C cross-coupling of 2-Br-3,4,5-Fc3-
c
C4S (D1) with 2-ZnCl-3,4,5-Fc3-

c
C4S (D2) 

can be considered as a key step. 2,3,4-Triferrocenyl thiophene
253

 (C11) was reacted with 

one equivalent of 
n
BuLi to obtain the appropriate lithio-species, which on treatment with 

[ZnCl2·2thf] should give the respective zincate D2 (Scheme D1). However, it appeared that 

incomplete lithiation always occurred, even using different reaction conditions 

(temperature, solvent, excess of 
n
BuLi).  

As a result, a more straightforward synthesis procedure was developed including the 

formation of the organo-zinc compound D2 from bromo thiophene D1, since this molecule 

enables a selective bromo-lithium exchange. Molecule D1 was accessible by the 

consecutive reaction of 2,3,4-triferrocenylthiophene (C11), prepared from 2,3,4-tribromo 

thiophene and ferrocenyl zinc chloride,
253

 with 
n
BuLi and 1,1,2,2-tetrabromoethane in 

tetrahydrofuran at low temperature (Scheme D1). Addition of 
n
BuLi to thiophene D1 and 
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metathesis of the appropriate lithium intermediate with [ZnCl2·2thf] gave 2-ZnCl-3,4,5-

Fc3-
c
C4S (D2). 

Scheme D1. Consecutive synthesis of 3,3ô,4,4ô,5,5ô-hexaferrocenyl-2,2ô-bithiophene (D3).
a 

 
a
 Conditions: (i) Tetrahydrofuran; 1

st
: 

n
BuLi, ï25 °C, 35 min; 2

nd
: 1,1,2,2-tetrabromoethane, 25 °C, 1 h. (ii) 

Tetrahydrofuran; 1
st
: 

n
BuLi, ï50 °C, 45 min; 2

nd
: [ZnCl2·2thf], 0 °C, 1 h. (iii) 1

st
: D1, 2

nd
: [Pd], 55 °C, 48 h 

([Pd] = [Pd(CH2CMe2P
t
Bu2)(µ-Cl)]2). (iv) Tetrahydrofuran; 1

st
: 

n
BuLi, ï25 °C, 35 min; 2

nd
: [ZnCl2·2thf], 0 

°C, 1 h. 

Under Negishi C,C cross-coupling conditions, compound D2 was treated with an further 

equivalent of thiophene D1 in presence of catalytic quantities of [Pd(CH2CMe2P
t
Bu2)(µ-

Cl)]2
229,230

 (Scheme D1). After appropriate work-up, bithiophene D3 could be isolated as 

an orange solid material in an over-all yield of 18 % (Experimental Section, vide infra). 

Thiophene D1 and bithiophene D3 are stable to air and moisture in the solid state as well 

as in solution.  

They are less soluble in nonpolar solvents including n-hexane, while in toluene, 

dichloromethane and tetrahydrofuran they show good (D1) or sufficient (D3) solubility. 

Both compounds have been characterized by elemental analysis, IR and (dynamic) NMR 

(
1
H, 

13
C{

1
H}) spectroscopy. ESI-TOF mass spectrometry and single-crystal X-ray 

structure analysis (D3) were additionally carried out. The electrochemical and 

spectroelectrochemical properties of D1 and D3 were determined.  

Less meaningful are the IR spectra of D1 and D3, since only absorptions typical for 

ferrocenyl units and thiophene moieties were found (Experimental Section). In contrast to 

thiophenes C11
253

 and D1 (Experimental Section), the NMR spectra of bithiophene D3 

show an unexpected signal pattern. From Figure D1 (left) it can be seen that the 

cyclopentadienyl C5H5 protons give rise to three singlets at 3.7, 4.2 and 4.4 ppm. In the 

case of the C5H4 protons a total of 12 resonance signals are observed at 25 °C, which 

differs from the expected six pseudo-triplets as characteristic for AAôXXô spin systems 

(Figure D1). This observation can be ascribed with the atropisomeric behavior of D3 and is 
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based on the hindered rotation along the thiophene-thiophene C,C axis. Successive 

temperature rise to 105 °C resulted in an increasing rotation frequency (Figure D1). 

 
Figure D1. Left: 

1
H NMR spectra of D3 in the range of 3.6 and 4.8 ppm at various temperatures (toluene-

D8). Right: Simulated 
1
H NMR spectra of D3 with different exchange rates (separately for the ferrocenyl 

protons in 3,3ô, 4,4ô and 5,5ô position). 

The exchange rates could be determined by line-shape-fitting of the NMR spectra at the 

appropriate temperatures (Figure D1, right). The activation parameters of the inner 

bithiophene C,C bond rotation could be quantified from the exchange rates using graphical 

methods according to Eyring.
254,255

 Values for the activation enthalpy ȹH
ÿ
 = 54.3(4.0) 

kJmol
-1
 and activation entropy ȹS

ÿ
 = ï50.3(11.8) JK

-1
mol

-1
 could be determined for the 

rotation barrier.
254,255,N

  

Single crystals of D3 suitable for X-ray diffraction analysis could be obtained by diffusion 

of n-hexane into a toluene solution containing D3 at ambient temperature. The molecular 

structure of D3 in the solid state is shown in Figure D2. Important bond distances (Å), 

bond angles (°) and torsion angels (°) are summarized in the caption of Figure D2. For 

crystal and structure refinement data see Experimental Section (vide infra).  

Bithiophene D3 crystallizes in the triclinic space group Pρ as orange plates. The X-ray 

structure analysis shows that the bithiophene core unit is not coplanar, since a torsion angle 

of 61.4(1)° was observed between the thiophene mean planes. This differs from other 

bithiophene systems, such as 5,5ô-bis(ferrocenylethynyl)-2,2ô-bithiophene and 5-R-5ô-

SCN-2,2ô-bithiophene (R = Br, SCN), respectivly.
256,257

 The ferrocenyl substituents are 

rotated by 54.73(9)° (Fe1), 50.61(13)° (Fe2), 56.68(11)° (Fe3), 57.68(11)° (Fe4), 

39.85(11)° (Fe5) and 53.75(10)° (Fe6) out-of-plane of the thiophene units. Both facts 

indicate an overstrained molecule geometry of D3. However, the inner C64-C68 bond with 

1.456(4) Å corresponds to typical distances found for similar species and oligo aryls.
258

 

                                                           
N
 Standard error is given in parentheses. 
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The thiophene core bond lengths (Figure D2) show delocalization with distances between 

CïC/CïS single and C=C/C=S double bonds.
233

 

 
Figure D2. ORTEP diagram (50 % probability level) of the molecular structure of D3·1.5C7H8 with the 

atom-numbering scheme. All hydrogen atoms and 1.5 molecules of toluene have been omitted for clarity. 

Selected bond distances (Å), angles (°) and torsion angels (°): C64-C68 1.456(4), S1-C61 1.723(3), S1-C64 

1.720(3), C61-C62 1.368(4), C62-C63 1.449(4), C63-C64 1.374(4), S2-C65 1.715(3), S2-C68 1.727(3), C65-

C66 1.382(4), C66-C67 1.450(4), C67-C68 1.382(4), C1-C61 1.475(4), C11-C62 1.481(4), C21-C63 

1.478(4), C31-C65 1.477(4), C41-C66 1.484(4), C51-C67 1.481(4); D1-Fe1 1.6573(6), D2-Fe1 1.6453(6), 

D1-Fe2 1.6473(5), D2-Fe2 1.6487(5), D1-Fe3 1.6488(4), D2-Fe3 1.6552(4), D1-Fe4 1.6550(6), D2-Fe4 

1.6500(6), D1-Fe5 1.6559(4), D2-Fe5 1.6470(4), D1-Fe6 1.6596(4), D2-Fe6 1.6610(4); C68-C64-S1 

118.5(2), C64-S1-C61 93.24(14), C64-C68-S2 118.1(2), C65-S2-C68 93.44(14), D1-Fe1-D2 178.86(4), D1-

Fe2-D2 176.93(4), D1-Fe3-D2 174.56(4), D1-Fe4-D2 176.23(4), D1-Fe5-D2 178.76(3), D1-Fe6-D2 

175.75(4); S1-C64-C68-S2 116.7(2), C63-C64-C68-C67 119.5(5); D denotes the centroids of the 

corresponding cyclopentadienyl rings (D1 = C5H5, D2 = C5H4). 

The ferrocenyl cyclopentadienyl rings are rotated by 20.7(3)° (Fe1), ï3.0(3)° (Fe2), ï

2.5(3)° (Fe3), 4.9(3)° (Fe4), ï5.4(2)° (Fe5) and ï12.2(2)° (Fe6) to each other, verifying 

almost eclipsed conformations, whereas the rotation in Fe1 is well described with a 

staggered arrangement. Moreover, The Fe-D distances of the ferrocenyl termini do not 

show significant differences (Figure D2). The Fe-Cipso distances (Fe1-C1 2.069(3), Fe2-

C11 2.065(3), Fe3-C21 2.085(3), Fe4-C31 2.086(3), Fe5-C41 2.071(3) and Fe6-C51 

2.082(3) Å) are elongated, in comparison to the other Fe-CC5H4 bonds. A similar 

observation has been made for 
c
C4Fc4S,

183
 (ɖ

5
-C5Fc5)Mn(CO)3,

232
 C5HFc5 and C6Fc6.

223
  

The calculation of the mean plane of the two thiophene units reveals these five-membered 

heterocycles to be planar (S1, C61-C64: rms deviation from planarity 0.0128 Å; highest 

deviation from planarity calculated for atom C61 with ï0.0169(16) Å; S2, C65-C68: rms 

deviation from planarity 0.0168 Å; highest deviation from planarity calculated for atom 

C65 with 0.0235(15) Å). A similar behavior was found for 
c
C4Fc4S.

183
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The redox properties of D1 and D3 were studied by cyclic voltammetry (CV), square wave 

voltammetry (SWV) (Figure D3) and UV-Vis-NIR spectroelectrochemistry (Figure D4). 

As supporting electrolyte dichloromethane and anisole solutions of [N
n
Bu4][B(C6F5)4] (0.1 

M) were used.
90,100

 The cyclic voltammetry studies were carried out at scan rates of 100 

and 200 mVs
-1

, the corresponding data are summarized in Table D1. All potentials are 

referenced against FcH/FcH
+
 (FcH = Fe(ɖ

5
-C5H5)2) as suggested by IUPAC.

249
 The cyclic 

voltammogram of D1 shows three separated ferrocenyl-related oxidation half-reactions in 

the anodic sweep and reduction half-reactions in the cathodic CV sweep (Figure D3, left 

top, and Table D1).  

Table D1. Cyclic voltammetry data (potentials vs. FcH/FcH
+
) of 1.0 mmol

.
L

-1
 (sat.) solutions of D1 and 

D3 in dry dichloromethane and anisole containing 0.1 mol
.
L

-1
 of [N

n
Bu4][B(C 6F5)4] as supporting 

electrolyte at 25 °C and 100 °C, respectively. 

Compd. Solvent ◒ [°C] 

E
0ô
/æEp/æE

0ô
 [mV]

a
 

Wave (no.) 

(1) (2) (3) (4) (5) 

D1 CH2Cl2 25 -103/74 135/70/238 484/68/349   

D3 CH2Cl2 25 -108/123 279/78/387 489/80/210 623/79/134 775/64/152 

D3 C6H5OCH3 25 -131/102 260/79/391 471/82/211 569/86/98  

D3 C6H5OCH3 100 -165/156 261/74/426 491/78/230 651/71/160 800/78/149 
a
 Formal potential (E

0ô
). Difference between the oxidation (Epa) and reduction (Epc) peak potential (æEp). 

Redox separation between the formal iron-based redox events (æE
0ô
 = E

0ô
(2) ï E

0ô
(1)). 

The first redox event occurs at E
0ô

 = ï103 mV, the second at 135 mV and the third wave at 

484 mV. Each of the three ferrocenyls shows a reversible electrochemical behavior (68 Ò 

æEp Ò 74 mV). The square wave voltammogram of D1 is also depicted in Figure D3. With 

its better resolution it confirms three separated well-shaped one-electron processes, 

indicating a good interaction between the ferrocenyl termini. The separation between the 

first and second wave is æE
0ô

 = 238 mV, while æE
0ô

 = 349 mV is typical for the difference 

of the second and third redox process. Thus, during a subsequent oxidation process, mixed-

valent intermediates D1
+
 and D1

2+
 are formed (Figure D4).  

The cyclic and square wave voltammograms of D1 differ in the potential values of the 

individual redox processes from C11, which is attributed to the various substituents (vide 

supra).
253

 As it can be seen from Figure D3, the cyclic voltammogram of D3 in 

dichloromethane (bottom, left), utilizing [N
n
Bu4][B(C6F5)4] as supporting electrolyte, 

exhibits five ferrocenyl-related redox events at 25 °C (for data see Table D1). It is obvious 

that the first wave contains two redox processes close together. 
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Figure D3. Left (top): CV (scan rate: 100 mVs

-1
, left ordinate) and SWV (0.5 Hz, right ordinate) of D1 in 

dichloromethane solution (1.0 mM) at 25 °C, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). Left 

(bottom): CV (scan rate: 200 mV s
-1
, left ordinate) and SWV (0.5 Hz, right ordinate) of D3 in 

dichloromethane solution (sat.) at 25 °C, supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). Right: CV (scan 

rate: 100 mVs
-1
, left ordinate) and SWV (1 Hz, right ordinate) of D3 in anisole solutions (1.0 mM) at 25 °C 

(top) and at 100 °C (bottom), supporting electrolyte [N
n
Bu4][B(C6F5)4] (0.1 M). For cyclic voltammetry data 

see Table D1, abbreviations are explained in context. 

The observed current decrease of the 5
th
 redox wave can be explained probably with a less 

solubility of D3
5+

 in dichloromethane. Anisole was chosen as further solvent because of 

the better solubility of D3 in this medium. The CV measured in anisole at 25 °C (Figure 

D3; top right) reveals with its formally four redox events a different behavior, which is also 

most probably attributed to a strong adsorption of D3
5+

 onto the electrode and as a result 

the lack of the 6
th
 redox event (vide supra).

224,259
 To prove this issue, electrochemical 

experiments on D3 were carried out at 100 °C (Figure D3; bottom, right). The 

corresponding cyclic voltammogram offers a similar shape as observed in dichloromethane 

with five waves at E
0ô

 = ï165, 261, 491, 651, and 800 mV as well as æEp values between 

71 and 78 mV according to one-electron processes. However, the first redox event shows a 

peak separation æEp of 156 mV (Table D1), indicating that this wave corresponds to two 

redox events close together (vide supra). Deconvolution of the SWV confirms this 

observation, whereas the superposition (DEC SUM) of all processes consists of six one-

electron redox events (Gauss) and the increasing background current (background) at the 

anodic end of the electrochemical window (Figure D3).  

In order to get more insight into the oxidation process of D1 and D3 we carried out 

spectroelectrochemical studies by the stepwise increase of the potential vs. Ag/AgCl in an 
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OTTLE (= Optically Transparent Thin Layer Electrochemistry)
238

 cell by using 

dichloromethane (D1) or anisole (D3) solutions and [N
n
Bu4][B(C6F5)4] as supporting 

electrolyte. This procedure allows the in situ generation of D1
n+

 (n = 1, 2, 3) and D3
n+

 (n = 

1 ï 6) (Figure D4). Compounds D1 and D3 do not contain, as expected, any absorptions in 

the NIR range (Figure D4). In contrast, the spectra of monocationic D1
+
 and dicationic 

D1
2+

 show characteristic absorptions for mixed-valent systems (Fe(II)/Fe(III)). 

Deconvolution of the NIR absorptions of D1
+
 and D1

2+
 was achieved using three distinct 

overlapping transitions with Gaussian shapes (Figure D4, top and middle).  

 
Figure D4. UV-Vis-NIR spectra of D1 (left, right top and middle) and D3 (right bottom) at rising potentials: 

ï500 to 200 mV (left top), 175 to 400 mV (left middle), 325 to 1000 mV (left bottom) for D1 and ï500 to 

1100 mV for D3 vs. Ag/AgCl at 25 °C in dichloromethane (D1) or anisole (D3), supporting electrolyte 

[N
n
Bu4][B(C6F5)4] (0.1 M). Expanded spectra (right top and middle) display the deconvolution of NIR 

absorptions at 200 mV (top) and 400 mV (middle) during the successive oxidation of D1 (dashed line 

indicate IVCT absorptions, dotted line corresponds to absorptions caused by interactions between ligand and 

metal as well as ligand field transitions).
253

 Arrows indicate increasing or decreasing as well as shifting 

absorptions. 

The fits are good enough to allow an almost exact overlay of the sum of the spectral 

components with the experimental spectra. During the generation of D1
+
 a weak low-

energy absorption at 1450 nm (Ůmax = 210 Lmol
-1

cm
-1

, ȹ’1/2 = 6367 cm
-1

) was observed, 

which is attributed to an IVCT transition. It is already known that such class II systems 




















































































































































































































































































































































