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I Kurzzusammenfassung 

Kurzzusammenfassung 
 

N-heterozyklische Carbene waren die ersten stabilen kristallinen Carbene die 1991 von Arduengo et 

al. isoliert wurden. Analog zu einem N-heterozyklischen Carben wurde später ein Diferrocenyl-Carben 

postuliert und es gab Syntheseversuche von vielen Arbeitsgruppen mit unterschiedlichen 

Herangehensweisen, die bisher alle nicht zum Nachweis des Diferrocenyl-Carben ausgereicht haben.  

Der erste Teil dieser Arbeit beschäftigt sich mit der Synthese von Dimetallocentosylhydrazonen als 

mögliche Vorstufe für das Diferrocenyl-Carben und beleuchtet die nicht klassische intramolekulare 

Metall-Wasserstoff-Brückenbindung die in diesen Verbindungen auftritt. Die Bindungsstärke der 

Wasserstoff-Brückenbindung zu Ferrocenyl- und Ruthenocenylgruppen wird untersucht und 

verglichen, wobei die Ruthenocenyl-Wasserstoff-Brückenbindung stärker ist. Durch zweifache 

Oxidation lässt sich die Wasserstoff-Brückenbindung in Diferrocenyltosylhydrazon öffnen und die 

Orientierung der vorher gebundenen Ferrocenyl-Gruppe ändert sich, wodurch es zu einem 

molekularen Schalter wird. Im gemischten Ferrocenylruthenocenyltosylhydrazon wird die 

intramolekulare Metall-Wasserstoff-Brückenbindung mit einem Verhältnis von 10:1 bevorzugt zur 

Ruthenocenyl-Gruppe ausgebildet. Durch Deprotonierung/Reprotonierung, thermische Behandlung 

oder Bestrahlung mit 400 nm können die beiden Isomere in einander umgewandelt werden und das 

Verhältnis von 10:1 verschiebt sich weiter zu Gunsten der Ruthenocenyl-Wasserstoff-Brückenbindung. 

Fischer-Carben-Komplexe sind seit ihrer Entdeckung 1964 in vielen Bereichen der 

Organometall-Chemie vertreten. Die redox-aktiven Eigenschaften von Ferrocenyl-Fischer-Carben-

Komplexen machen diese besonders interessant als Vorstufen für redox-schaltbare Katalysatoren.     

In dieser Arbeit werden Ferrocenyl-Fischer-Carben-Komplexe sowohl mit Chrom, als auch mit 

Wolfram, mit einer oder auch mit zwei Ferrocenyl Gruppen auf ihre Stabilität und elektronischen 

Eigenschaften untersucht, um daraus redox-schaltbare Katalysatoren herzustellen. Der elektronische 

Kopplungsparameter HAB von (N-Metylaminoferrocenyl)(ferrocenyl)carben(pentacarbonyl)wolfram(0) 

wird bestimmt und mit den homologen Carbox- und Thioamiden verglichen.    

Es werden zwei neue Reaktionsmöglichkeiten von Ferrocenyl Fischer Carben Komplexen zu 

2,N-Diferrocenylacetamid und 2,3,4-Triferrocenyl-cyclobut-2-enon beobachtet und die zugrunde 

liegenden Reaktionsmechanismen genauer untersucht. Der vorgeschlagene Mechanismus zu 

2,3,4-Triferrocenyl-cyclobut-2-enon ähnelt dabei der Dötz-Benzannelierung. Die Bildung von 

2,N-Diferrocenylacetamid verläuft dagegen wahrscheinlich über einen nucleophilen Angriff von 

Aminoferrocen an einem Carbonyl Kohlenstoff Atom mit anschließender Insertion in die Carben-

Bindung.    

Ferrocenyl-Ethoxy-Fischer-Carben wird mit einer Transmetallierung auf Gold(I) übertragen um 

einen redox-schaltbare Katalysator zu erhalten. Dieser Katalysator wird an einer Beispielreaktion auf 

seine Eigenschaften getestet um sowohl die Qualität der Reaktion als auch die Fähigkeit des 

Katalysators mehrmals an- und aus-geschaltet zu werden zu bewerten. Der Katalysator zeigt einen 

Umsatz von nahezu 100 % nach 8 h Reaktion und lässt sich mehrmals An- und Aus-schalten.          

  



 
II Abstract 

Abstract 
 

N-Heterocyclic carbenes were the first stable crystalline carbenes isolated by Arduengo et al. in 1991. 

Later a diferrocenyl carbene has been postulated analogous to the N-heterocyclic carbenes. Many 

different research groups with various approaches failed to confirm the existence of this molecule.  

In the first part of this work the synthesis of different dimetalllocene tosylhydrazones as potential 

precursors for dimetalllocene carbenes is discussed. In these compounds a strong nonclassical NH···M 

intramolecular hydrogen bond (IHB) to the metallocene site is present. The bond strength to the 

ferrocenyl and ruthenocenyl groups is investigated and compared to each other. The IHB to 

ruthenocenyl group is stronger than the IHB to the ferrocenyl group. Double oxidation of diferrocenyl 

tosylhydrazone leads to a cleavage of the IHB and a conformational change of the previous bound 

ferrocenyl group, making this compound a molecular switch. In the mixed ferrocenyl ruthenocenyl 

tosylhydrazone the IHB is preferably formed to the ruthenocenyl group with a ratio of 10:1. 

Deprotonation/reprotonation, thermal treatment or irradiation with 400 nm leads to an isomerization 

and a shift of the ratio towards the isomer with the ruthenocenyl IHB. 

Since their discovery in 1964 Fischer carbene complexes have been applied in many parts of 

organometallic chemistry. The redox responsive characteristics of ferrocenyl Fischer carbene are 

precious precursors for redox switchable catalysts (RSC). 

In this work different chromium and tungsten containing ferrocenyl Fischer carbene complexes with 

one or two ferrocenyl sites are studied according their stability and electrochemical properties in 

accordance to their aptitude as precursors for RSC. The electronic coupling parameter HAB of 

(N-methylaminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)tungsten(0) is evaluated and 

compared to the corresponding diferrocenylcarbox- and thioamides. 

Two new reaction paths from ferrocenyl Fischer carbene complexes to 2,N-diferrocenylacetamide 

and 2,3,4-triferrocenyl-cyclobut-2-enone are reported and the reaction mechanisms are studied in 

detail. The proposed mechanism to form 2,3,4-triferrocenyl-cyclobut-2-enone is similar to the 

well-known Dötz benzannulation reaction. The formation of 2,N-diferrocenylacetamide instead 

proceeds most likely via nucleophilic attack of aminoferrocene on a carbonyl carbon atom of the 

Fischer carbene complex with subsequent insertion into the carbene bond. 

Ferrocenyl ethoxy Fischer Carbene is transferred to Gold(I) to get a prototype redox switchable 

catalyst. This RSC is used for a test reaction to probe the conversion properties and the ability to switch 

the catalyst on and off. The catalyst shows almost 100 % yield after 8 h and can be switched on and off 

several times. 
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°C  Degrees Celsius 

Å  Ångström 

Ad  adamantyl  

ADC  acyclic diamino carbene  

Alk  alkyl 

B  magnet field strength 

BArF
4

–
  tetrakis(3,5-bis(trifluoromethyl)phenyl)borate anion 

Bfc  1’,1’’.biferrocenyl 
bfc  1’,1’’-biferrocenyl-1,1’’’-diyl 

Bn  benzyl group 

br  broad (signal shape in IR- and NMR-spectroscopy) 

CAACs  cyclic (alkyl)(amino)carbenes 

Cc  cobaltocenyl 

CcH  cobaltocene 

Cc*  nonamethylcobaltocenyl 

Cc*CH3  Decamethylcobaltocene 

cod  1,5-cyclooctadiene 

COSMO conductor-like screening model 

COSY  correlated spectroscopy 

Cp  cyclopentadienyl 

CV  Cyclic voltammetry 

Cy  Cyclohexyl 

d  duplet  

DCM  dichloromethane 

Dipp  2,6-diisopropylphenyl 

dppc  1,1’-bis(diphenylphosphino)cobaltocene 

dppf  1,1’-bis(diphenylphosphino)ferrocene 

δ  chemical shift (NMR) 

ΔE  potential difference 

deprot.  deprotonated 

DFT  density functional theory 

E  electrochemical potential 

Erel.  relative potential energy  

EA  elemental analysis 

Et  ethyl 

EPR  electron paramagnetic resonance 

Eq.  equation 

exc.  excess  

exp.  experimental 

EXSY  exchange spectroscopy 

Fc  ferrocenyl 

fc  ferrocenen-1,1’-diyl 

FcH  Ferrocene 
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Fc*  nonamethylferrocenyl 

Fc*CH3  decamethylferrocene 

FcDAC  diaminocarbene[3]ferrocenophane 

FD/MS  field desorption mass spectrometry 

FT  fourier transformation 

HMBC  heteronuclear multiple quantum correlation 

HOMO  highest occupied molecular orbital  

HSQC  heteronuclear single quantum coherence 

IBO  intrinsic bond orbital 

IET  intramolecular electron transfer 

IHB  intramolecular hydrogen bond 

imag  imaginary 

IMes  1,3-bis(2,4,6-trimethylphenyl) imidazol-2-ylidene 

IPr** 1,3-bis{2,6-bis[bis(4-tert-butylphenyl)methyl]-4-methylphenyl}-2,3-dihydro-1H-

imidazol-2-ylidene 

IR  infrared 

IRs  solid state infrared spectroscopy 

IRsolv.  infrared spectroscopy in solution (Solvent) 

IS  isomer shift (Mößbauer spectroscopy) 

IVCT  intervalence charge transfer 

J  coupling constant (NMR) 

K  Kelvin 

KHMDS  potassium hexamethyldisilazide / potassium hexamethyldisilazane 

λ  wavelength 

LASER  Light Amplification by Stimulated Emission of Radiation  

LUMO  lowest unoccupied molecular orbital  

m  medium (signal intensity in IR-spectroscopy) 

m  multiplet (NMR-spectrum) 

‘Magic Blue’  tris(4-bromphenyl)aminiumhexachloroantimonate 

Me  methyl 

Mes  mesityl 

MIC  mesoionic carbene 

mM  millimole per litre 

mT  millitesla 

m/z  mass to charge ratio 

MO  molecular orbital 

MS   mass spectrometry 

NaHCO3 sodium hydrogen carbonate 

NaCl  sodium chloride 

NaSO4  natrium sulphate 

NHC  N-heterocyclic carbene 

NHE  normal hydrogen electrode 

NMR  nuclear magnetic resonance 

org.  organic 

ox.  oxidation 

PE  petroleum ether 
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pt  pseudo triplet (NMR) 𝝂̃   wavenumber 

ppm  parts per million 

q  quartet (NMR) 

QS  quadrupole splitting (Mößbauer spectroscopy) 

quant.  quantitative 

RCM  ring closing metathesis 

Red.  reduction 

Rf  retardation factor 

RI  resolution-of-identity  

ROMP  ring-opening metathesis polymerization 

ROP  ring-opening polymerization 

ROS  reactive oxygen species 

RSC  redox switchable catalysis 

r.t.  room temperature 

s  strong (signal intensity in IR-spectroscopy) 

s  singlet (NMR-spectrum) 

SCE  standard calomel electrode 

sh  shoulder (signal intensity in IR- or UV-spectroscopy) 

simul.  simulated 

subst.  substituted 

SWV  square-wave-voltammetry 

T  temperature 

t  triplet (NMR-spectrum) 

TD-DFT  time dependent density functional theory 

TEP  tolman electronic parameter  

Th  2-thienyl 

th  2,5-thiendiyl 

THF  Tetrahydrofurane 

tol  p-tolyl 

trz  1,2,3-triazol-5-ylidene 

UV  ultraviolet 

Vis  visible part of the electromagnetic spectrum 

vs  very strong (signal intensity in spectroscopy) 

vw  very weak (signal intensity in spectroscopy)   

w  weak (signal intensity in spectroscopy) 

XRD  X-ray diffraction 

ZORA  zeroth order regular approximation 
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1 Introduction 
 

1.1 Ferrocenylcarbenes and Diferrocenylcarbenes 

1.1.1 α-Ferrocenylcarbenes 

 
Scheme 1.1.1: a. Carbenium intermediates postulated for the solvolysis of 

metallocenylacetates[1], b. reaction rate of exo/endo-α-substituted-1,2-

tetramethyleneferrocenes[2,3], c. diastereomeric isomers .[4] 

 

Already in 1959 only a couple of years after the first discovery of ferrocene[5,6] the first α-

metallocenylcarbeniumions of iron, ruthenium and osmium (Scheme 1.1.1 a.: 1, 2) were suggested 

as intermediates during the ethanolysis of metallocenylcarbinylacetates and the reactivity was 

compared to the trityl ion.[1] The reactivity of the osmocene homologue was 5.1 times faster than 

the methylferrocenecarbinylacetate, while the reaction rate of the methylruthenocenyl-

carbinylacetate was only 1.34 times faster. The role of the metal centre in the stabilization of the 

carbenium ion was also investigated by comparison of the reaction rate of exo/endo-α-acetoxy-

1,2-tetramethyleneferrocene 3a and 3b, respectively (Scheme 1.1.1 b.).[2,3] The exo-isomer 3a 

shows a 2240 times higher relative reaction rate in the solvolysis reaction suggesting a 

participation of the iron electrons in the rate determining ionization process. Some molecular 

orbital descriptions of the interaction of the metal atom with the electron deficient carbon in 

metallocenylcarbeniumions suggested a shift of the coordination to the ring from η5 to η3 to 

enable a interaction with the carbenium carbon atom.[7] Ortho-substituents on the 

cyclopentadienyl ring of ferrocenylcarbeniumions are leading to diastereomeric isomers 4a/4b 

and 5a/5b, respectively (Scheme 1.1.1 c.).[4] The sole alcohol product after hydrolysis of the 

substituted ferrocenylcarbinylacetates had the same configuration as the starting acetate. The 𝜎𝑝𝑎𝑟𝑎+  value for phenyl-, methoxy- and ferrocenyl-substituents on carbenium ions were reported 

and taken as measure of the ability for the stabilization of intermediates or transition states with 

delocalized electrons.[8] The resonance effect on solvolysis rates of the ferrocenyl group is about 

25 kJ mol–1 higher than for the phenyl group. To further investigate the mesomeric form of the 

carbenium ion detailed NMR studies were conducted.[9] Deshielding of the β-protons, with respect 

to the α-protons, shifts the β-protons into the downfield and the α-protons into the upfield in the 

NMR spectrum. The electronic structure of the ferrocenyl carbenium ion could be explained by a 

movement of the iron atom towards the carbenium carbon atom. This results in a greater overlap 

of the iron orbitals with the orbitals of the α-protons and increases the electron density. Also, the 

anisotropy of the iron atom was taken into account to shield the α-protons. The effect of the other 
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substituent on the carbenium ion on the shift of the α-protons of the ferrocenyl substituent was 

reported. Aryl substituents decrease the additional shielding of the α-protons by the metal 

interaction compared to alkyl substituents. 

 

Scheme 1.1.2: Postulated α-ferrocenyl carbene intermediates via: a. deprotonation of 

ferrocenyl carbenium ions[10], b. photolysis of ferrocenyl diazomethanes[10], c. Bamford-Stevens 

reaction of ferrocenyl tosylhydrazones.[11] 

In 1969, the first ferrocenylcarbene intermediates were proposed by Cais[10] and Sonoda[11] 

(Scheme 1.1.2). Deprotonation of the deuterated ferrocenyl phenyl carbenium ion salt 6 in 

dichloromethane with N,N-diisopropylethylamine leads to benzylferrocene 9 and 

benzoylferrocene 10 as products and the deuterated quaternary amine salt 7 as confirmed by 

NMR-spectroscopy (Scheme 1.1.2 a.).[10] Photolysis of ferrocenylphenyldiazomethane in methanol 

solution yields benzoylferrocene and 1,2-diferrocenyl-1,2-diphenylethane (Scheme 1.1.2 b.).[10] 

Both reactions propose ferrocenylphenylcarbene as intermediate but give no further conclusion 

about the singlet or triplet nature. UV irradiation of ferrocenylphenyldiazomethane in frozen 

methanolic matrix gives an EPR-signal which stays active when irradiation is stopped but the origin 

or the shape of the signal is not further specified. The group of Sonoda used a Bamford-Stevens 

reaction[12] of ferrocenyltoslyhydrazones to generate ferrocenyldiazomethanes in situ which could 

be detected by IR spectroscopy (Scheme 1.1.2 c.). As final products three species could be isolated. 

The azine product postulates a coupling of the carbene with the diazomethane. 1,1-

Diphenylethylene was used as a triplet carbene trapping agent before and was also used to catch 

the ferrocenylphenylcarbene and yielded 1-ferrocenyl-1,2,2-triphenylcyclopropane. Also, the 

formation of benzylferrocene and 1,2-diferrocenyl-1,2-diphenyl-ethane suggest a triplet nature of 

the carbene which could abstract a hydrogen from the solvent to form an intermediate radical, 

which abstracts another hydrogen. The fact, that no addition of the carbene to the solvent 

cyclohexene is observed strengthens the hints for a triplet carbene. Singlet carbenes as 
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dichlorocarbene add to cyclohexene, styrene and vinylferrocene while triplet carbenes as 

diphenylcarbene only add to styrene and vinylferrocene.[11] Sonoda et al. also studied the 

reactions of ferrocenylmethylcarbene more in detail and found seven different products including 

the three shown in scheme 1.1.2 c. and additionally vinylferrocene, acetylferrocene, 

ferrocenylmethylcarbinol and 1,2-diferrocenyl-1-methylcyclopropane.[13] Formation of 1,2-

diferrocenyl-1-methylcyclo-propane is explained by addition of the carbene at vinylferrocene. The 

reaction with the solvent carbon tetrachloride was investigated as well. 2-ferrocenyl-2-

methyldichloroethylene could be isolated from this reaction which is proposed to form via 

reaction of the carbene with trichloromethyl radical with subsequent loss of a chlorine atom. 1,1-

Diphenylethylene is a potent carbene catcher and is used to compare the reactivity of the 

α-ferrocenylcarbenes: ferrocenylcarbene, ferrocenylmethylcarbene and ferrocenylphenyl-

carbene with the corresponding phenyl and p-anisylcarbenes.[14] The results suggest that the 

reactivity of p-anisylcarbenes is the highest, followed by phenylcarbenes and ferrocenylcarbenes 

showing the lowest reactivity with diphenylethylene.  

 

 
Scheme 1.1.3: The first persistent α-ferrocenyl carbene.[15] 

 

In 2011 the first persistent α-ferrocenyl carbene 19 was reported by Bertrand et al. by the 

deprotonation of N,N-diisopropylnonamethylferrocenylaldiminium trifluoromethanesulfonate 18 

with sodium hexamethydisilazane (Scheme 1.1.3).[15] The resulting carbene was stable enough to 

measure NMR at –50 °C and gave a resonance of 315 ppm for the carbene carbon in the 13C-NMR 

spectrum. 

1.1.2 N-heterocyclic Carbenes (NHCs) 

 

Scheme 1.1.4: The first stable crystalline carbene.[16] 

In 1991 Arduengo et al. reported 1,3-di-1-adamantyl-imidazol-2-ylidene 21 as the first stable 

crystalline singlet carbene via the deprotonation of 1,3-di-1-adamantyl-imidazolium chloride 20 
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(Scheme 1.1.4).[16,17] The amount of hydrogen generated by the reaction and also the amount of 

sodium chloride that was filtered off was determined and was in accordance to the theoretical 

calculated amounts. Stabilization was achieved by the two lone pairs of the nitrogen atoms in the 

imidazole heterocycle, but also the steric effect of the two adamantyl substituents was assumed 

to be crucial for the isolation. The N-C-N angle of 102.2° is quite prominent for this compound and 

was predicted by calculations in singlet carbenes before.[18] N-heterocyclic carbenes (NHCs) in 

general have been proposed in 1962 by Wanzlick with two N-phenyl substituents, but could not 

been isolated as the variety of accessible imidazolium salts was quite restricted at this time and 

Raman spectroscopy that would have been necessary to distinguish between the carbene and the 

dimer by showing the IR-inactive symmetrical vibrations was not common in the standard 

chemistry laboratory.[19–21]  

 

Scheme 1.1.5: Examples of stable NHCs: a. with aryl substituents[22], b. & c. with two and four 

methyl substituents[22,23], d. triazole[24], e. imidazoline[25].   

Later also NHCs with other substituents were isolated (Scheme 1.1.5). 1,3-Di-p-tolylimidazol-2-

yilidene 22a and 1,3-di-mesitylimidazol-2-yilidene 22b were the first aryl substituted NHCs 

(Scheme 1.1.5 a.).[22] The assumption that sterically demanding substituents were needed could 

be disproved by the isolation of 1,3-dimethylimidazol-2-yilidene 23 (Scheme 1.1.5 b.) and 1,3,4,5-

tetramethylimidazol-2-yilidene 24 (Scheme 1.1.5 c.).[22,23] A third nitrogen atom in the five 

membered heterocycle also did not deteriorate the stability and yielded the stable carbene 1,3,4‐
triphenyl‐4,5‐dihydro‐1H‐1,2,4‐triazol‐5‐ylidene 25 (Scheme 1.1.5 d.).[24] Also the double bond in 

the ring is not mandatory to stabilize the carbene as the isolation of 1,2-dimesitylimidazolin-2-

yliden 26 proofed (Scheme 1.1.5 e.).[25] 
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Scheme 1.1.6: Ferrocenyl containing NHCs: a. N-ferrocenyl-N’-methyl-benzimidazolium salt 

and corresponding metal carbene complexes,[26] b. N,N’-diferrocenylimidazolinium and c. 

imidazolium salts and corresponding metal carbene complexes.[27] 

In 1999 Bildstein et al. synthesized the first benzimidazolium salts with a N-Fc-substituent 27 

(Scheme 1.1.6 a.)[26] and later in the same year also some N,N’-diferrocenylimidazolinium salts 33 

and N,N’-diferrocenylimidazolium salts 36 (Scheme 1.1.6 b-c.).[27] In none of the cases the 

corresponding carbenes (28, 34, 37) could be detected, but carbene complexes with silver (38), 

mercury (30), palladium (29) and tungsten carbonyl (31, 32) could be isolated. For all carbenium 

salts the corresponding thioketone could be isolated in a reaction with methyl lithium and 

sulphur.[26,27] 
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Scheme 1.1.7: Stable ferrocenyl containing N-heterocyclic carbenes.[28,29] 

Bolm reported the first planar-chiral stable NHC enabled by the use of a ferrocenyl substituent 

39[28] and shortly after Togni et al. isolated a stable diferrocenyl substituted NHC also with 

β-ferrocenyl substituents and bulky trimethylsilyl groups on the cyclopentadienyl ring 40 

(Scheme 1.1.7).[29] 

 

Scheme 1.1.8: Ferrocenyl containing NHC-complexes in catalysis.[30] 

The chiral ferrocenyl substituted NHC-Rh-complex 41 by Bolm showed high catalytic activity in the 

hydrosilylation of acetophenone (Scheme 1.1.8).[30] A detailed review on all types of ferrocenyl 

and ruthenocenyl containing NHCs was published by Siemeling.[31] Bielawski et al. synthesized a 

wide range of redox-active N-heterocyclic carbenes containing one or two ferrocenyl moieties and 

investigated the TEP values of the corresponding metal complexes[32] 

1.1.3 α,α-Diferrocenylcarbenes 

 

Scheme 1.1.9: Diferrocenylcarbeniumions with different counter ions.[33–36] 

In 1959 the first diferrocenylcarbeniumion 42 was isolated by Jutz (Scheme 1.1.9).[33] Thirteen 

years later the structure and properties of this α,α-diferrocenylmethyliumion were investigated 

by Cais 43[34] and also compared to other organometallic carbenium cations.[35] Bildstein et al. used 

this carbenium ions 44 to synthesize 1,1-diferrocenyl-n-alkanes in a reaction with carbanions.[36] 

All attempts to generate the diferrocenylmethylidene by deprotonation of the carbenium ion 

resulted in nucleophilic addition to (Fc)2CHR. 
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Scheme 1.1.10: Mesomeric structure of diferrocenylcarbene proposed by Bildstein.[37] 

In a mini review Bildstein discussed four different routes that could lead to the isolation of 

diferrocenylcarbene 45 (Scheme 1.1.10), but none of them resulted in a successful isolation so 

far.[37] The four routes are as already discussed above in several examples: (i) homolytic cleavage 

of diazomethane by thermolysis or irradiation, (ii) Bamford-Stevens reaction of the tosyl 

hydrazone, (iii) thermolysis of telluroketone and (iv) deprotonation of carbenium salts. The 

cleavage of diferrocenyldiazomethane gave quantitative conversion to tetraferrocenylazine but 

no evidence for the carbene. Kay et al. isolated diferrocenylmethanobuckminsterfullerene 

(C60C(Fc)2) as the result of a Bamford-Stevens reaction of diferrocenyl tosyl hydrazone with sodium 

ethanolate in the presence of buckminsterfullerene.[38] Bildstein reported the selective formation 

of a tris addition product (C60[C(Fc)2]3) under slightly different conditions.[37] 

Bis(ferrocenyl)telluroketone is one of the few room temperature stable telluroketones. Thermal 

decomposition should yield elemental tellurium and the carbene, but only 

tetraferrocenylethylene could be isolated[39]. Also trapping of the carbene with metal carbonyl 

complexes was not successful, which suggested a mechanism via a telluroketone [2+2] cyclodimer 

without any free intermediate diferrocenyl-methylidenes. Also, all attempts to synthesize the 

bulky bis(pentamethylferrocenyl)methylidene failed so far. 

1.1.4 Ferrocenophanecarbenes 

 

Scheme 1.1.11: Ferrocenophanecarbene as proposed intermediate.[40] 

Already in 1971 the first [3]-ferrocenophanecarbene intermediate 47 was proposed by Sonoda 

(Scheme 1.1.11).[40] Following the well-known route via Bamford-Stevens reaction of [3]-

ferrocenophan-2-one tosylhydrazone 46 as thermal, base assisted decomposition with in situ 

generation of the carbene. 1,2-dehydro-[3]-ferrocenophane 48 was isolated in 70 % yield as the 
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main product. With 1,1-diphenylethylene as carbene catcher the ferrocenyl spirane 49 could be 

isolated with 78 % yield. Performing the same decomposition reaction in 1-decene gave no 

addition of the carbene to the double bond and only 1,2-dehydro-[3]-ferrocenophane 48 as 

product. Both reactions give the hint for a triplet nature of the intermediate β-

ferrocenylcarbene 47. It must additionally be considered, that the hydrogen transfer reaction 

forming 1,2-dehydro-[3]-ferrocenophane most probably proceeds via singlet carbene stage and 

therefore a singlet-triplet equilibrium has to be considered. 

 

Scheme 1.1.12: Ferrocenophanecarbenes isolated by Bielawski[41] and Siemeling.[42,43] 

In 2008 Bielawski discovered the first stable diaminocarbene[3]ferrocenophane (FcDAC) with iso-

butyl substituents 50 and isolated the rhodium metal complexes with iso-butyl and phenyl 

substituents 51 (Scheme 1.1.12).[41] Shortly after Siemeling et al. synthesized another species of 

this new interesting compound class with 1-adamantyl substituents 52 and the corresponding 

rhodium and molybdenum complexes (53, 54).[42,43] This type of redox switchable ligand with a 

wide N-C-N angle was already proposed in 1998 by Mirkin et al.  as an enhancement of the widely 

used 1,1’-bis(diphenylphosphino)ferrocene ligand (dppf).[44] Also the alternatives with oxygen or 

sulphur as heteroatoms were discussed by Siemeling before.[45] Unsymmetrical NHC 

diaminocarbene[3]ferrocenophane with 1-neopentyl and 2-adamantyl substituents could be 

isolated, while the phenyl and 9-anthracenylmethyl derivates with 1-neopentyl could only be 

trapped as Rh complexes.[46] Benzyl substituted diaminocarbene[3]ferrocenophanes are also not 

stable for isolation and were trapped with elemental selenium as selenourea derivatives.[47] A 

quite interesting class of diaminocarbene[3]ferrocenophanes can be obtained by substitution on 

the cyclopentadienyl rings. 3,3’-Di-tert-butyl-N,N’-di-iso-pentyl-diaminocarbene[3]ferroceno-

phane is a stable planar-chiral carbene compared to the tert-butyl-free congener.[48]  
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1.2 Nonclassical Metal-Hydrogen Bonds 

 

Scheme 1.2.1: First hydrogen-bonds observed in metallocene compounds[49] and protonation 

of ferrocene.[50–52] 

Hydrogen bonds between hydrogen and oxygen, sulphur, nitrogen or fluorine are quite common, 

but also other hydrogen bonds are possible in metallocene compounds and other electron rich 

complexes. The first intramolecular hydrogen bond (IHB) to an aromatic ring was reported in 1957 

by Trifan et al. in ferrocenylalcohols 55 and 56 (Scheme 1.2.1).[49] α-Hydroxyethylferrocene shows 

two different hydroxyl absorption bands in the infrared spectrum in CCl4. The free hydroxyl 

vibration at 3617 cm–1 and another concentration-independent, but temperature-dependent 

band at 3574 cm–1 assigned to the ring-hydrogen bonded structure. In 1959 the first protonation 

of ferrocene has been reported (57, 58).[50] The structure and mechanism were discussed for 

several years.[53] The high field NMR-absorption characteristic for a proton directly bonded to a 

metal atom and the magnetically equivalent cyclopentadienyl protons on both rings suggested 

structure 58.[51] Detailed studies on the protonation mechanism were published by Mueller-

Westerhoff et al. in 1994.[52] They could show, that the protonation of ferrocene begins with an 

exo attack followed by rapid equilibrium between ring and iron protonated species. Ruthenocene 

in contrast shows no ring protonation and only the ruthenium protonated species is present. 

Recent results from Seppelt et al. in 2017 confirmed structure 58 by low-temperature X-ray 

diffraction data of protonated ferrocene at 30 and 100 K.[54] 

 

Scheme 1.2.2: Hydrogen-bonds to the iron centre in ferrocenyl compounds.[2,4] 

Ferrocenyl alcohols 59–62 also show intramolecular hydrogen bonding to the iron centre 

(Scheme 1.2.2).[2,4] 2-Ferrocenylethanol 60 shows three different hydroxyl bands in the infrared 

spectrum at 3632, 3605 and 3533 cm–1 representing the free, π-bonded and Fe-bonded hydroxyl 

absorptions.[2] To quantify the strength of the hydrogen bond, Δν the difference of the free 

hydroxyl absorption ν(free OH) and the hydroxyl absorption of the hydrogen bonded hydroxyl 

group ν(bonded OH) is used (Δν(OH) = ν(free OH) – ν(bonded OH)). The corresponding 

2-ruthenocenylethanol shows a stronger IHB with Δν of 171 cm–1 instead of 99 cm–1 for the 

ferrocenyl homologue. Methyl(2-methyl)-ferrocenyl)-carbinol shows two different isomers 61 and 



 
10 Introduction 

62 (Scheme 1.2.2.). The R-isomer 61 shows stronger hydroxyl stretching absorption at 3580 cm–1 

corresponding to the IHB to iron, while the S-isomer 62 has a stronger absorption at 3605 cm–1 

assigned to the IHB to the π-system of the cyclopentadienyl ring.[4] By comparing the position of 

the OH band in the vibrational spectrum of different ferrocenyl alcohols with the free OH stretch 

the enthalpies for the IHB can be estimated.[55] The equation –ΔH = 75 Δν /( Δν  + 720); ΔH  in 

kJ mol–1; Δν(XH) = ν(free XH) – ν(bonded XH) in cm–1; gives a good empirical correlation of the 

hydrogen bond enthalpy with the shift of the bonded XH-stretch compared to the free XH 

stretch.[56–60] 

 

Scheme 1.2.3: More OH···Fe IHBs in ferrocenyl compounds.[61–66] 

A search in the Cambridge Structural Database gives 13 structures with short OH···Fe distances 

63–75 ranging from 2.74 Å in 63 to 3.64 Å 72 (H···Fe) and 3.35 Å in 63 to 4.01 Å in 72 (O···Fe), 

suggesting IHBs (Scheme 1.2.3).[61–66] The corresponding hydroxyl IR stretches are 3518 and 

3464 cm–1 for 63 and 3524 and 3440 cm–1 for 64.[61] The compounds 67-72 show several hydroxyl 

IR stretches for free hydroxyl groups, OH···O bonded and OH···Fe bonded hydroxyl groups: 67 

(3102 cm–1), 68 ( 3697 and 3484 cm–1), 69 (3474 and 3234 cm–1), 70 (3428 cm–1), 71 (3598, 

3480 and 3223 cm–1), 72 (3252 cm–1).[64] For the other structures no IR data is available. Although 

in the publications no IHB is discussed the IR stretches give a clear evidence for OH···O and OH···Fe 
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IHBs. Especially the compounds 67-72 described by Woodward[64] with two or three hydroxyl 

groups show the free OH-stretch, a OH···O IHB stretch and a OH···Fe IHB stretch. 

 

Scheme 1.2.4: NH···Fe IHBs in ferrocenyl compounds.[67–69] 

Also, NH···Fe IHBs are present in the literature although the IHB was not discussed in the 

publications, the XRD suggest the IHB (Scheme 1.2.4). The reported N···Fe distances in the XRD 

data range between 3.40 Å for 77 and 3.83 Å for 78 and the corresponding NH···Fe distances range 

between 2.87 Å for 76 and 3.63 Å for 78. The NH IR stretches are 3420 cm–1 for 77, 3208 cm–1 for 

78[68] and 3250 cm–1 for 81,[69] respectively. For all other compounds no IR data is available. The 

compound 80 shows no evidence for a NH···Fe IHB but instead hints for a OH···Fe IHB with a O···Fe 

distance of 3.60 Å and a OH···Fe distance of 3.18 Å. More inter- and intramolecular XH···M 

hydrogen bonds in organometallic compounds in general in a wide variety have been discussed 

since 1994 in the literature.[59,70–77]    
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1.3 Ferrocenyl Fischer Carbene Complexes  

 

Scheme 1.3.1: Group VI ferrocenyl Fischer carbene complexes, a. with chromium[78,79], b. with 

tungsten[80,81], c. with molybdenum[82], d. biscarbenes and titanocene derivates.[83] 

After the discovery of Fischer carbene complexes in 1964[84] the first ferrocenyl Fischer carbene 

complexes 82–85 have been reported by Connor et al. in 1970 (Scheme 1.3.1 a.)[78] and in the 

same year also by Fischer et al..[79] The heavier tungsten homologue 86 followed soon after 

(Scheme 1.3.1 b.).[80,81] Only the molybdenum homologue 87 was not synthesized until 2005 

(Scheme 1.3.1 c.).[82] In general the yield for molybdenum carbene complexes is far lower than for 

their chromium and tungsten counter parts. López-Cortés et al. also synthesized the (ferrocenyl) 

(alkyl/allyl amino) carbene complexes 88–90 of all three group VI transition metals and observed 

coordination of the allyl group to molybdenum tetracarbonyl in 90. Lotz et al. created the quite 

interesting bisethoxy ferrocenyl-1,1’-diyl bridged biscarbene complex 91 and the cyclic bisoxy 

titanocene bridged derivative 92 (Scheme 1.3.1 d.).[83] Also the mono carbene with oxy titanocene 

chloride substituent was isolated 93. Similar tungsten compounds were synthesized by 

Bezuidenhout in 2011.[85] 



 

 

13 Introduction 

 

Scheme 1.3.2: Group VII ferrocenyl Fischer carbene complexes.[86] 

The corresponding group VII transition metal carbene complexes 94–97 with MnCp(CO)3-groups 

and 98–101 with Re2(CO)9-groups were reported by the same group shortly after 

(Scheme 1.3.2).[86] For the mono carbene ethoxy rhenium complex 98 the axial as well as the 

equatorial isomer are present. In the oxy titanocene chloride complex 99 the Re2(CO)9 group is 

axial. For the bisoxy titanocene bridged species 100 one Re2(CO)9 moiety is axial and the other is 

equatorial. The bisethoxy ferrocenyl-1,1’-diyl bridged biscarbene 101 shows both Re2(CO)9 groups 

in equatorial conformation. A review about multicarbene and multimetal Fischer carbene 

complexes was published by Bezuidenhout in 2012 which also shows a variety of ferrocenyl 

Fischer carbene complexes.[87] 
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Scheme 1.3.3: Ferrocenyl Fischer carbene complexes investigated by cyclic voltammetry: 

83, 91[88,89], 102, 103[90], 86, 104–106[91], 107–110[92], 111, 112[93]. 

The electrochemistry of ferrocenyl Fischer carbene complexes is quite interesting (Scheme 1.3.3). 

The ethoxy ferrocenyl carbene 83 and bisethoxy ferrocenyl-1,1’-diyl bridged biscarbene 91 of 

chromium pentacarbonyl show a reversible first oxidation at 289 and 499 mV, respectively (vs. 

FcH/FcH+ in CH2Cl2 with [N(nBu)4][PF6] as supporting electrolyte).[88,89] This first oxidation was 

assigned to the chromium centre by comparison of cyclic voltammograms with other ferrocene 

free Fischer carbene complexes and by DFT-calculations. No spectroscopic prove for the 

localization of the oxidation was given. For the biscarbene complex 91 a second reversible 

oxidation is observed at 650 mV. This was assigned to the second chromium centre by the criteria 

mentioned above. Both carbene complexes 83 and 91 show a reversible oxidation after all at 700 

and 730 mV, respectively. This oxidation was assigned to the ferrocenyl substituents. Further 

irreversible oxidation was observed at potentials over 950 mV for some of the corresponding 

heteroarene carbene complexes with furanyl and thienyl groups instead of the ferrocenyl group. 

This irreversible oxidation was assigned to CrI→CrII. For the ferrocenyl Fischer carbene complexes 

83 and 91 this oxidation lies outside of the solvent window. Reversible reduction of the carbene 

double bond in the ferrocenyl Fischer carbenes 83 and 91 was observed at –2.15 and –1.85 mV. 

The corresponding ethoxy tungsten carbene complex 86, biscarbene 104 and alkylamino derivates 

105 and 106 show a different behaviour.[91] First a reversible oxidation of the ferrocenyl group is 

observed at 285, 510, 206 and 540 mV. Assignment was done by IR spectroscopy of the mono 

oxidized species. The shift of the carbonyl stretching frequencies was only around 20 cm–1 and for 

oxidation on the tungsten centre a shift of more than 100 cm–1 would be expected. No EPR 

measurements to further confirm or disprove this assumption were performed. Depending on the 

supporting electrolyte an irreversible W0→WII or W0→WIII oxidation is observed after the first 
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oxidation on the ferrocenyl moiety. The potentials for these oxidations are 809, 766, 611 and 

591 mV for W0→WIII with [N(nBu)4][PF6] as supporting electrolyte and 1105, 922, 950 and 792 cm–

1 W0→WII with [N(nBu)4][B(C6F5)4] as supporting electrolyte, respectively. DFT calculations on the 

trication [(CO)5WII=C(OEt)(Fc+)]3+ 863+ show a W···H bond of 2.09 Å to the methylene group for 

stabilization. Similar structure with a Cr···H bond to the methylene group has already been 

calculated for [(CO)5CrII=C(OEt)(Th)]2+ and [(CO)5CrII=C(OEt)(th)(OEt)C=CrII(CO)5]4+.[89] The 

structure of the tetracation 864+ (CO)5WIII=C(OEt)(Fc+) could not be located on the potential 

energy surface. The electrochemical properties of the alkyl amino carbene species of chromium 

Fischer carbene (CO)5Cr=C(NHnBu)Fc 102 and (CO)5Cr=C(NHnPr)fc(NHnPr)C=Cr(CO)5  103 were 

elucidated.[90] They show reversible one electron oxidation on the chromium at 196 and 341 mV, 

respectively. The bis carbene 103 shows oxidation of the second chromium centre at 446 mV. The 

iron centres are oxidized at 539 and 700 mV, respectively. For 103 an irreversible CrI→CrII 

oxidation is observed at 977 mV. To study the interaction with more metal centres the 

biferrocenyl derivates (CO)5W=C(OMe)(fc)(Fc) 109 and (CO)5W=C(OMe)(fc)(fc)(OMe)C=W(CO)5 

110 were investigated and compared to 107 (CO)5W=C(OMe)(Fc) and 108 

(CO)5W=C(OMe)(fc)(OMe)C=W(CO)5.[92] Two reversible oxidations on the iron centres are found 

at –14, 637 and 226, 715 mV, respectively. The mono cations show IVCT bands and are categorized 

as weakly coupled class II systems according to Robin Day.[94] The corresponding thienyl bridged 

biferrocenes (CO)5W=C(OMe)(fc)(th)(Fc) 111 and (CO)5W=C(OMe)(fc)(th)(fc)(OMe)C=W(CO)5 112 

show a quasi-reversible reduction of the carbene bond at –2095 and –2095 mV with 

[N(nBu)4][B(C6F5)4] as supporting electrolyte, two reversible oxidations of the ferrocene centres at 

10 and 420 mV for the monocarbene 111 and at 230 and 475 mV for the biscarbene 112.[93] The 

irreversible W0→WII oxidation takes place at 1135 mV for both compounds 111 and 112. The 

group VII transition metal Fischer carbene complexes Cp(CO)2Mn=C(OEt)Fc 94 and 

Cp(CO)2Mn=C(OEt)fc(OEt)C=Mn(CO)2Cp 96 show reversible oxidation of the manganese centres 

before the ferrocenyl groups.[95] The manganese centre of the carbene complex is oxidized at –
106 mV and the two manganese centres in the biscarbene complex at –74 and 55 mV. The 

ferrocenyl centres are oxidized at 442 and 714 mV, respectively. For [Cp(CO)2Mn=C(OEt)Fc][PF6] 

[94][PF6] the EPR spectrum shows a rhombic g tensor and 55Mn hyperfine coupling. 

1.3.1 Evaluation the electronic parameters of carbene ligands. 

The electronic parameters of different ligands can be evaluated by measuring the CO stretching 

frequencies of their carbonyl complexes. In 1967 Strohmeier[96] and Bigorgne[97] used the CO 

stretching frequencies of CpMn(CO)2L, CpV(CO)2L, Fe(CO)4L and Ni(CO)3L to determine the π-

acceptor strength and σ-donor capability of wide variety phosphine ligands giving the following 

series of increasing π-acceptor strength: PR3 < PPh3 < PClPh2 < PCl2Ph < PCl3 < PF3.[98] Ten years 

later, in 1977 Tolman introduced the Tolman electronic parameter (TEP) using the A1 CO mode of 

Ni(CO)3L in CH2Cl2 as a ubiquitous standard for the π-acceptor strength of different ligands. This 

method has been also applied to Ni(CO)3NHC complexes[99], but due to the acute toxicity and 

stability problems of the nickel complexes better references were examined. The iridium 

[(NHC)Ir(CO)2Cl][100] and rhodium [(NHC)Rh(CO)2Cl][101–103] complexes are suitable alternatives for 

the nickel complexes. They can be easily synthesized by transmetalation of carbene complexes 

with [Ir(cod)Cl]2 and [Rh(cod)Cl]2
[104]

 and subsequent carbonylation. Nolan et al. developed an 

equation (Eq.1) to convert the Ir-CO stretches into the TEP value.[100] The same was done by Glorius 

et al. for the corresponding Rh-CO stretches (Eq.2).[103] 
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TEP (cm–1) = 0.8475 · νCO
av/Ir + 336 cm–1     (Eq.1) 

TEP (cm–1) = 0.8001 · νCO
av/Rh + 420 cm–1    (Eq.2) 

This concept was also applied to ferrocenyl carbene ligands by Bezuidenhout et al. in 2015 

(Scheme 1.3.4).[105] They measured the TEPs for Cl(CO)2Rh=C(OEt)Fc 114 and 

Cl(CO)2Rh=C(NHnPr)Fc 117 with 2054 and 2049 cm–1. These values lie between the classical 

phosphine ligands with TEPs between 2060 and 2069 cm–1 and NHC ligands with TEPs between 

2049 and 2055 cm–1 (Scheme 1.3.5). Also the complexes Cl(CO)LRh=C(OEt)Fc (L=PPh3, PCy3, 

P(OPh)3, AsPh3) 115 were synthesized. All eight Rh complexes 113–117 were used as catalyst 

precursors for the hydroformylation of 1-octene. The results were comparable to rhodium NHC 

complexes, regarding the conversion, TOFs, chemo- and regioselectivity toward the linear 

aldehyde. 

 

Scheme 1.3.4: Rh complexes of ferrocenyl carbene ligands.[105] 

 

Scheme 1.3.5: TEP of ferrocenyl carbene ligands[105–107], NHCs[100,108] and phosphines[100,108]. 
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Also the 13C-NMR resonance of the carbene carbon of NHCs can be used to classify the electronic 

structure of carbene ligands.[109] Most imidazole-2-ylidenes show a 13C resonance between 210 

and 220 ppm. Whereas saturated imidazoline-2-ylidenes and acyclic diamino carbenes have a 

lower population of the carbene pπ-orbital and therefore show a higher anisotropy at the carbene 

carbon centre which results in downfield shifting of the resonances to 236–260 ppm. 

Another technique to measure the π-accepting properties and σ-donor ability of carbene ligands 

is the synthesis of carbene-phosphinidene adducts and measurement of 31P NMR resonances of 

the (carbene)=P-Ph adducts.[110] The phosphinidene adducts are formed by reaction of the free 

carbenes with pentaphenylcyclopentaphosphane or dichlorophenylphosphane with subsequent 

treatment with KC8 or magnesium. The 31P-NMR resonances range from –61.2 up to 126.3 ppm 

and are in correlation with the trend observed with the TEP or the 13C resonances. High-field 31P 

chemical shifts correspond to phosphorous atoms with a high electron density and therefore a 

carbene with a high σ-donor ability and low π-acceptor properties and vice versa for the low field 
31P chemical shifts. Also 77Se-NMR can be used to investigate the properties of carbene 

ligands.[47,111–114] The high range between around –20 ppm for low carbene-π-acidity and roughly 

900 ppm for high carbene-π-acidity gives a good scale to differentiate the compounds. It is 

important to highlight the non-linear behaviour of 77Se-NMR for this method.    
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1.4  Gold Carbene Complexes 

 

Scheme 1.4.1: Gold carbene complexes: a. Balch 1973[115], b. Bonati 1973[116], c. Balch 1974[117]. 

Already in 1973 gold carbene complexes 118 [AuI{C(NHMe)NMeR}2][PF6] (R = H, Me) were 

reported as intermediates in the α-addition of amines to isocyanides with tetrachloridoaurate(III) 

(Scheme 1.4.1 a.).[115] The gold carbene complexes react to formamidines under a variety of 

conditions and with quantitative yields. Bonati et al. observed square planar gold(III)-biscarbenes 

with two halides [AuIII{C(NHAr)2}2I2][ClO4] 120 which are isoelectronic to platinum(II) complexes 

(Scheme 1.4.1 b.).[116] Balch et al. isolated similar gold(III)-biscarbenes [AuIII{C(NHMe)2}2I2][PF6] 

121and also a trimeric cycle [AuIC(OMe)NMe]3 122 which forms three equivalents of 

[ClAuIC(OMe)NHMe] 123 after treatment with hydrochloric acid (Scheme 1.4.1 c.).[117] 

 

Scheme 1.4.2: Gold carbene complexes synthesized via transmetalation from Fischer carbene 

complexes: a. 124, 125[118], b. 126, 127[119,120], c. 128.[121] 

Gold(I) carbene complexes 124 and 125 are accessible via carbene transfer reaction from tungsten 

Fischer carbene complexes with tetrachloridoaurate (Scheme 1.4.2 a.).[118] Phenyl and methyl 

carbenes with alkoxy and amino substituents are possible [ClAuIC(XR)R’], XR = OMe, NH2, NMe2, 

NHMe, R’ = Ph, Me. Replication of the carbene transfer with tungsten, chromium and 

molybdenum Fischer carbene complexes with tetrachloridoaurate gave the product 

[ClAuIC(NMe2)Ph] 126 but also the gold(III) carbene complex [Cl3AuIIIC(NMe2)Ph] 127 could be 

isolated (Scheme 1.4.2 b.).[119,120] The corresponding bromide complexes [BrAuIC(NMe2)Ph] and 

[Br3AuIIIC(NMe2)Ph] could be isolated by carbene transfer with tetrabromidoaurate from Fischer 

carbene complexes, but also by halide exchange from the chloride complexes with boron 

tribromide. The iodide complexes are not accessible by transmetalation with tetraiodidoaurate 

and could only be obtained by halogen exchange of the bromide complexes with boron triiodide. 

The biscarbene gold complex trans,trans-[{(p-tolNH)2C}2Au][BF4] 128 (Scheme 1.4.2 c.) shows a 

quite interesting structure.[121] Both NH hydrogens point away from the gold atom. The cis,trans- 
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and the cis,cis-isomers are not observed. The two carbene ligands are colinear with 177.4° C-Au-

C angle. The single crystal XRD structure also shows two NH···F hydrogen bonds to the BF4 anion. 

The two carbene ligands show a dihedral angle of 68.1° to each other.  

 

Scheme 1.4.3:Binuclear gold carbene complexes 129–132.[122] 

Laguna et al. described some binuclear gold complexes 129–132 with diamine groups as bridging 

ligands that can be isolated as air and moisture stable solids (Scheme 1.4.3).[122] The reactions to 

synthesize the binuclear gold complexes are quite slow with reaction times between 3 and 30 days 

until full conversion. 

 

Scheme 1.4.4: Examples for mono- and trinuclear gold carbene complexes investigated by 
197Au Mössbauer spectroscopy, a. cis/trans isomers of aminocarbene gold complexes[123], b. 

NHC AuI and AuIII  gold complexes.[124] 

A great method to investigate the properties of gold carbene complexes is 197Au Mössbauer 

spectroscopy. Differentiation between AuI and AuIII can be achieved quite easily. Linear 

correlation between quadrupole splitting QS and isomer shift IS of several mono- and trinuclear 

gold complexes 133–142 (Scheme 1.4.4) give an equation for AuI (Eq.3) and another for AuIII 

(Eq.4).[123–125]  
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 Au(I): QS = 1.34 IS + 4.36      (Eq.3) 

 Au(III): QS = 1.59 IS – 0.21      (Eq.4) 

 

Scheme 1.4.5: Gold complexes in catalysis of the cycloisomerization of propargyl amides to 

oxazolines.[126] 

Gold complexes can be used in catalysis of a variety of reactions that origin in the activation of 

carbon-carbon π-bonds e.g. the cycloisomerization of propargyl amides to oxazolines 

(Scheme 1.4.5). Because of the mild reaction conditions, it is often used in total synthesis on one 

of the last steps. For many years phosphane ligands have been used for this reactions,[126,127] but 

carbene ligands have gotten more and more interest in the last years.[128,129] The reaction 

mechanism of gold catalysis has been investigated in detail. The most important step is the 

η2-coordination of the carbon-carbon π-bond on the gold centre, showing a significant lengthening 

of the π-bond and change in configuration of the carbon atoms.[130] The π-complexes of Au are 

quite similar to π-complexes of Pd, Pt and Ag but relativistic effects lead to better reactivity caused 

by a lower coordination number and different oxidation states. 
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Scheme 1.4.6: a. Neutral mono- and dinuclear gold complexes[131], b. non-heteroatom-

stabilized gold-carbene complex[132], c. gold carbenoid complex and gold Fischer carbene 

complex[133], d. hetero-bimetallic tungsten gold complex[134], e. gold Fischer carbene complex 

with aurophilic interaction.[135] 

A lot of AuI and AuIII carbene complexes have been reported but Au0 and AuII carbene complexes 

were unknown so far. Bertrand et al. isolated neutral mono- and dinuclear gold(0) carbene 

complexes 143 and 144 (Scheme 1.4.6 a.).[131] They used cyclic (alkyl)(amino)carbene ligands with 

good π-electron accepting properties, which is necessary to form strong bonds to gold and to 

stabilize the  paramagnetic gold(0) centre. EPR spectra and DFT calculations of the mononuclear 

complex 143 showed the location of the spin density mainly on the carbene carbons and the 

nitrogen atoms giving only a weak Au0 character. The dinuclear complex 144 shows a quite short 

Au-Au distance of 2.552 Å. The Au-C distance of 1.991 Å in the mononuclear complex 143 is 

shorter than in the dinuclear complex 144 with 2.082 and 2.088 Å, respectively, which origins in 

the different binding modes: electronic 2S (d10s1p0, J=1/2) ground state for 143 vs. 2P (d10s0p1, 

J=1/2) excited state for 144. 

Typically, gold carbene complexes are stabilized by a hetero atom like a halide in the coordination 

sphere. Straub et al. reported gold carbene complex 145 without a hetero atom stabilization using 

the bulky octa-tert-butyl IPr** imino ylide ligand (IPr** = 1,3-bis{2,6-bis[bis(4-tert-

butylphenyl)methyl]-4-methylphenyl}-2,3-dihydro-1H-imidazol-2-ylidene) (Scheme 1.4.6 b.).[132] 

Three different bond orders are possible for gold carbene complexes: “carbene” character with 
Au=C bond order of two, “carbenium” character with Au-C bond order of one and also a 

“carbenoid” character with formal gold-carbon bond order of zero. Depending on the electronic 

structure one of them is preferred. In general, strong metal carbene bonds lead to metathesis 

reactions with alkenes, whereas weak metal-carbene bonds allow cyclopropanations of alkenes. 

In this case the bond order assigned by UV/Vis data is somewhere between one and zero. In 

literature the definition of gold carbene and carbenoid is discussed in detail.[136] Another 

representative of gold carbenoid complexes was synthesized by Fürstner et al. with a bis-p-anisyl 

carbene ligand 146.[133] This complex catalyses the cyclopropanation of p-methoxystyrene to 

1,1,2-tri-p-anisyl-cyclopropane. The gold carbene length in the solid state is 2.039 Å and therefore 

the same as in the corresponding gold Fischer carbene complex with the p-anisyl methoxy carbene 
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ligand 147. Calculations with Kohn-Sham DFT and the intrinsic bond orbital (IBO) approach show 

the importance of π-stabilizing effects of the organic substituents at the carbene carbon atom, 

which are compensating the low π-backbonding from the gold atom.[137] The IBOs of the π-systems 

of the two aromatic rings and the carbene σ lone pair are mainly located at the carbene carbon 

atom. Transmetalation approaches with diphenylcarbene tungsten pentacarbonyl yielded hetero-

bimetallic gold tungsten complexes 148.[134] Transmetalation of ferrocene-1,1’-diyl biscarbene 

gave interesting complex 149 with aurophilic interaction between the two gold centres.[135] With 

an Au···Au distance of 3.035 Å in the single crystal XRD structure the interaction is stronger than 

in other gold carbene complexes without a ferrocenophane bridge that show Au···Au distances 

between 3.093 and 3.307 Å. Gold carbene complexes are also accessible by transmetalation from 

dirhodium carbene complexes, which can be synthesized from diazomethanes.[138] Beside 

catalysis, ferrocene containing gold carbene complexes of the type [Au(NHC-(CH2Fc)x)2]+ (x = 1-4) 

can also be used as anticancer agents by regulating the formation of reactive oxygen species (ROS) 

in cell studies.[139] Usually, silver salts are used to abstract the halide in gold(I) carbene complexes 

to generate the active species for catalysis, but also MeOTf or simple potassium salts can be used 

instead, although the catalytic activity of the silver activated species is much higher.[140] As already 

described in chapter 1.3.1 for NHCs in general, 13C NMR spectroscopy can give a good measure for 

σ donation in gold(I) carbene complexes.[141] The counter ion influence in gold catalysis is some 

times more important, than the ligand effect. In a detailed study a variety of different counter ions 

are compared.[142] Sterically demanding but counter ions like (BArF
4)–, [B(C6F5)4]–, [Al(OC(CF3)3)4]– 

and [B(C6F5)3(OAcF)]– show higher catalytic activity than the counter ions Cl–, NTf2
–, OTf–, SbF6

–, 

BF4
–, and OTs– commonly used in industrial applications.   
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1.5 Redox Switchable Catalysis (RSC) 
In general, there are two possible representatives in redox switchable catalysis (RSC). Catalysts 

that are inactive in the reduced state and can be switched into the active state by oxidation or 

vice versa. In most cases there is also no real “on” or “off”, but only a change in the catalytic 
activity. 

 

Scheme 1.5.1: Redox switchable catalysis in cobaltocenyl metal carbonyl complexes.[143] 

One of the first examples for RSC with a metallocenyl ligand was reported by Wrighton et al. in 

1994 (Scheme 1.5.1). They used a redox-active 1,1’-bis(diphenylphosphino)cobaltocene (dppc) 

ligand to reversibly change the reactivity of rhenium metal carbonyls towards nucleophiles.[143] In 

the oxidized state 150+ the electrophilicity of the carbonyl is higher, while in the reduced state 150 

it is lower. By oxidation the reactivity towards tertiary amine N-oxides could be increased by a 

factor of 200, while the reactivity towards azide was increased by a factor of 5400 and ΔH≠ was 

decreased by 13–17 kJ mol–1. The same ligand can be used to reversibly change the rate of 

rhodium(I)-catalysed reduction and isomerization of ketones and alkenes.[144] Additionally to the 

control of the reaction rate redox switchable catalysts were also be used by Plenio et al. as phase 

tag for recycling of homogeneous catalyst 151 in Grubbs-Hoveyda ring closing metathesis (RCM) 

(Scheme 1.5.2).[145] By applying a voltage or adding an oxidant the catalyst can be oxidized twice 

and precipitates from the reaction solvent toluene. This way the metathesis can be stopped and 

the catalyst could be recovered. Reduction of the catalyst leads to redissolving and continuation 

of the metathesis reaction. 
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Scheme 1.5.2: Examples of redox switchable catalysts.[145–149] 

Gibson et al. used the ferrocenium labelled salen titanium catalyst 151 for the ring-opening 

polymerization (ROP) of rac-lactide (Scheme 1.5.2).[146] In the non-oxidized state the catalyst was 

approximately 30 times more active than in the double-oxidized state, which was attributed to 

the electron withdrawing effect of the ferrocenium groups. The catalyst could be switched from 

the oxidized to the reduced state to recover the initial catalytic activity. This could be used to form 

micro-block copolymers. Bielawski et al. used NHC ligands with a redox active naphthoquinone 

moiety to synthesize nickel-, palladium- and platinum-complexes 153 that were used in redox-

switchable Kumada coupling of different bromoarenes with phenylmagnesium chloride (Scheme 

1.5.2).[147] Addition of cobaltocene as reducing agent decreased the catalytic activity, while 

subsequent oxidation with ferrocenium tetrafluoroborate restored the initial activity. In 2013 

Bielawski et al. used the redox-switchable diaminocarbene[3]ferrocenophane Grubbs like catalyst 

154 for the ring-opening metathesis polymerization (ROMP) of cis-cis-1,5-cyclooctadiene.[148] In 

the reduced state the conversion is approximately 25 % after 10 min with 0.04 mol% catalyst 

loading. After oxidation with DDQ almost a full stop of the reaction could be observed. UV/vis 

spectroscopy suggested, that the catalyst is still soluble after oxidation. EPR spectroscopy 

indicated an iron centred radical in the oxidized state. Poyatos and Peris et al. used an imidazolium 

salt with a fused benzoferrocenyl as precursor for the synthesis of the ferrocenyl-imidazolylidene-

gold(I) complex 155, which they used for RSC in the cyclization of alkynes with furans.[149] The 

neutral complex 155 shows no activity, while the oxidized species gives 53–75 % yield depending 

on the alkynes used for the reaction. Two active species 156 and 157 could be responsible for the 

catalysis. The expected Fe(III) complex 156, but also the protonated Fe(II) complex 157 was 

observed after the oxidation. Separation of these two species to assign the catalytic activity was 
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not successful. More RSC of NHC complexes can be found in a detailed review of Peris published 

in 2017 about smart NHC ligands in catalysis.[150] 

 

Scheme 1.5.3: Central metal dependent RSC.[151] 

A quite interesting example for RSC was published by Diaconescu et al. in 2011 

(Scheme 1.5.3).[108,151] The same catalyst with different central metal shows antithetic behaviour 

in RSC polymerization reactions. While the yttrium complex is active in the reduced state 158 and 

catalyses the ROP of L-lactide and can be switched off by oxidation with ferrocenium 

tetrakis(3,5-bis(trifluoromethyl)phenyl)borate (FcBArF), the corresponding indium complex is 

active in the oxidized state 159 and can be switched off by addition of cobaltocene. 

 

Scheme 1.5.4: Mesoionic carbene complexes in RSC, 4-ferroceny 160[152], 

1,4-diferrocenyl 161[107], 1-ferrocenyl 162[106], mono/dicobaltoceniumyl 164 and 165[153],Dipp-

Rh-complex 163[154], Dipp-Au-complex 166.[155] 

The Group of Sarkar investigated several representatives of ferrocenyl containing mesoionic 

carbene (MIC) complexes of gold in RSC with a 1,2,3-triazol-5-ylidene (trz) scaffold (Scheme 1.5.4). 

The 4-ferrocenyl-1-mesityl triazolylidene gold(I) complex 160[152] shows 88 % conversion after 24 h 

in the oxidized state 160+, but only 12 % conversion in the same time in the neutral state 160 for 
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the test reaction cyclization of N(2-propyn-1-yl)benzamide to 5-methylene-2-phenyl-4,5-

dihydrooxazole with 1 mol% catalyst loading. The diferrocenyl triazolylidene gold(I) complex 

161[107] shows 10 % conversion for the same reaction. Oxidation to the mono cation 161+ leads to 

an increase of the TEP from 2045.4 cm–1 to 2056.9 cm–1 and a conversion of 30 % after 24 h. For 

the beforementioned 4-ferrocenyl,1-mesityl triazolylidene 161 the TEP changes from 2045.4 cm–

1 to 2052.8 cm–1 upon oxidation.[107] The second oxidation of 4,N-diferrocenyl triazolylidene 

complex to 1612+ further increases the TEP to 2068.3 cm–1, while the conversion of the test 

reaction shows 40 % after 24 h. For the 1-ferrocenyl,4-phenyl triazolylidene gold(I) complex 162 

the reversibility of the RSC could be shown by switching the catalyst “on” and “off” for several 

times.[106] For this ligand the TEP changes from 2047.0 cm–1 to 2054.3 cm–1 upon oxidation. The 

conversion rate for the test reaction is 30 % after 24 h for the neutral species 162 and 100 % for 

the mono cation 162+. Expanding the concept of redox switchable MIC ligands to other 

metallocene moieties leads to cobaltocenium compounds 164 and 165.[153] With TEPs of 2077.9 

cm–1 for the 1-ferrocenyl,4-cobaltocenyl triazolylidene mono cation 164 and 2108.7 cm–1 for the 

1,4-dicobaltocenyl triazolylidene dication 165 the ligands lie in the electron poor region compared 

to standard NHC ligands with TEPs between 2045–2053 cm–1. The 1,4-dicobaltocenyl 

triazolylidene gold complex 165 shows 100 % conversion in the test reaction in less than 2 h. 

Addition of two equivalents of reducing agents fully stops the reaction, while re-oxidation does 

not activate the catalyst again, as the cobaltocenium complexes show lower redox stability than 

the ferrocenyl complexes. RSC in the hydroformylation of 1-octene has been investigated by 

Bezuidenhout et al. with a ferrocenyl-bis-Dipp trz Rh(I) complex 163.[154] Similar ferrocenyl bis-

Dipp trz gold complexes 166 have been used as anticancer agents.[155] A detailed review about 

different trz complexes and their application in catalysis, medicine and photophysics was 

published by Bugarin et al. in 2018. [156] 

Also examples of RSC with more than two ferrocenyl sites are possible. Recent work of Hey-

Hawkins et al. reported a P-chiral dendritic ferrocenyl phosphine ruthenium complex with 12 

ferrocenyl units that shows RSC in the transfer hydrogenation of acetophenone to 1-

phenylethanol.[157] 
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2 Aim of Work 
 

 

Scheme 2.1: Diferrocenyl carbene and ferrocenyl aminoferrocenyl carbene. 

Redox switchable catalysis (RSC) is of great interest, as it allows to control a desired reaction and 

switch it on and off. This can be used for example in the synthesis of special block copolymers or 

also to recycle the catalyst after the reaction. The stability and good redox properties of the 

ferrocenyl moiety made it an important part of redox switchable carbene ligands. Ferrocenyl 

carbene complexes have a wide application in RSC, but most of them are based on NHCs of MICs 

and are synthesized in elaborate multi-step reactions that sometimes include explosive 

intermediates like ferrocenyl and aryl azides. Acyclic approaches showed no successful results in 

RSC so far. The primary aim of this work is the basic understanding of diferrocenyl carbene 45 and 

ferrocenyl aminoferrocenyl carbenes 167 (Scheme 2.1) as potential novel acyclic redox switchable 

carbene ligands for the application in catalysis. Different approaches for the synthesis of these 

elusive compounds are investigated. In the course of these studies, substituent patterns for 

stabilization of the carbenes are tested and unexpected side reactions are screened. One possible 

route to 45 is the base assisted Bamford-Stevens reaction of diferrocenyl tosyl hydrazone 168 

(Scheme 2.2). As previously reported 168 shows a strong nonclassical NH···Fe intramolecular 

hydrogen bond (IHB).[158] But what happens if the Fe is replaced by Ru? Investigation of the IHB 

after substitution of one or both ferrocenyl groups by ruthenocenyl groups will be performed. The 

strength of the resulting NH···Ru IHB will be evaluated and compared to the NH···Fe IHB. Possible 

isomers in the mixed ferrocenyl ruthenocenyl tosyl hydrazone will be compared.  

 

Scheme 2.2: Diferrocenyl tosyl hydrazone with IHB.[158] 

Furthermore, one or two ferrocenyl groups will be introduced into Fischer carbene complexes and 

the products will be characterized (Scheme 2.3). Detection of free carbene intermediates or 

isolation and trapping of the free carbenes will be attempted. The side reaction to diferrocenyl 

imine will be investigated in detail to prevent it in future. The unexpected formation of 

2,N-diferrocenyl acetamide from the ferrocenyl ethoxy Fischer carbene complex will be studied 

and mechanistic proposals will be given. Transmetalation of ferrocenyl ethoxy Fischer carbene 

complex to gold has been achieved by Bezuidenhout el at. but no catalytic experiment were 
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performed so far.[135] This gold(I) complex will be used as scaffolding to investigate the basics redox 

switchable catalysis of a test reaction and elucidate the nature of the active species. Further 

transmetalation approaches with the new carbene ligands will be attempted to get gold(I) 

catalysts with two active redox centres. 

 

Scheme 2.3: Ferrocenyl carbene complexes investigated in this work. 
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3 Results and Discussion 
 

The first five sections 3.1–3.5 of this dissertation have been published as scientific articles in peer 

reviewed chemistry journals. These articles will be reprinted in the following with the permission 

of the respective publisher. The section 3.6 is an unpublished manuscript that is in the submission 

process. 

In section 3.1 “Competitive NH···Ru/Fe Hydrogen Bonding in Ferrocenyl Ruthenocenyl Tosyl 

Hydrazone” the nonclassical NH…M intramolecular hydrogen bond (IHB) to ferrocenyl and 

ruthenocenyl moieties in dimetallocenyl tosyl hydrazone is compared. IR spectroscopic 

measurements suggest that the NH…Ru IHB in diruthenocenyl tosyl hydrazone is 6 kJ mol–1 stronger 

than the NH…Fe IHB in diferrocenyl tosyl hydrazone. The mixed metallocenyl species ferrocenyl 

ruthenocenyl tosyl hydrazone shows two isomers which can be interconverted from E to Z by 

thermal and photochemical experiments as well as protonation.  

In accordance to the N heterocyclic carbenes with two lone pairs of two nitrogen atoms stabilizing 

the carbene carbon atom the carbene complex (aminoferrocenyl) (ferrocenyl) carbene 

(pentacarbonyl) chromium(0) with at least one nitrogen atom in the proximity of the carbene 

carbon atom was synthesized. In section 3.2 “Preparation, Properties, and Reactivity of 
(Aminoferrocenyl) (ferrocenyl) carbene (pentacarbonyl) chromium(0) as Bulky Isolobal Trimetallo-

amide” the carbene complex is characterized and compared to the isolobal diferrocenyl amide 

and diferrocenyl thioamide. 

One big problem in the synthesis of aminoferrocenyl carbene complexes is the follow up reaction 

to an imine, that prevents the isolation of a carbene. In section 3.3 “On the mechanism of imine 
elimination from Fischer tungsten carbene complexes” the formation of the imine is investigated 

in detail by DFT calculations and kinetic and mechanistic experiments. 

To prove the applicability of ferrocenyl Fischer carbene complexes as precursor for redox-

switchable catalysis the transmetalation of the carbene fragment to gold and benchmark catalysis 

experiments were carried out. In the section 3.4 “Gold(II) in redox-switchable gold(I) catalysis” the 

synthesis of the gold complex as well as the redox-switchable catalysis experiments are described.   

During the synthesis of the aminoferrocenyl ferrocenyl Fischer carbene complexes two 

unexpected side products could be identified. Diferrocenylacetamide is formed after nucleophilic 

attack of ferrocenylamide on a carbonyl carbon and triferrocenylcyclobutenone is formed in a 

multi-step reaction of three equivalents of ferrocenyl Fischer carbene complex. Mechanistic 

studies to these two products are described in the section 3.5 “Unexpected C–C coupling reaction 

of Ferrocenyl Fischer Carbene Complexes leading to Acetamides and Cyclobutenones”. The 

reaction to the cyclobutenone is compared to the literature known Dötz benzannulation reaction 

and differences are pointed out. 

In section 3.6 “Electrochemistry of the heterotrimetallic Fischer carbene complex (N-

methylaminoferrocenyl) (ferrocenyl) carbene (pentacarbonyl) tungsten (0)” the synthesis of the 

heterotrimetallic carbene complex is reported and characterized by NMR-, IR-, UV-vis 

spectroscopy, cyclic voltammetry and DFT calculations. The compound is compared to the lighter 
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isolobal analogous diferrocenyl amide and diferrocenyl thioamide. The communication of the two 

iron centres in dependence on the bridge (C=O, C=S, C=M(CO)5) in the mixed valent 

ferrocene/ferrocenium mono cations is studied with spectroelectrochemical techniques and 

Robin Day classification is applied.  
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3.1 Competitive NH···Ru/Fe Hydrogen Bonding in Ferrocenyl 

Ruthenocenyl Tosyl Hydrazone 
 

Philipp Veit, Ephraim Prantl, Christoph Förster,* and Katja Heinze* 

Organometallics 2016, 35, 249-257. 

The literature-known diferrocenyl 

tosyl hydrazone (1) described in the 

last chapter shows a strong 

nonclassical NH···Fe intramolecular 

hydrogen bond (IHB). In this chapter, it 

is shown that an analogous NH···Ru IHB 

is present in the heavier homologue diruthenocenyl tosyl hydrazone (2). The IHB is confirmed by 

NMR and IR spectroscopy as well as by XRD methods. By IR spectroscopy it can be shown, that the 

NH···Fe IHB in 1 is weaker than the NH···Ru IHB in 2 by 6 kJ mol−1. The synthesis of the mixed 

metallocenyl compound ferrocenyl ruthenocenyl tosyl hydrazone (3) shows the E/Z isomer 

directing abilities of NH···M IHBs. 3 is obtained as a mixture of the Z and E isomers (3a,b) with 

NH···Ru and NH···Fe IHBs, respectively. At 111 °C, 3a with the NH···Ru IHB is preferred with an 

isomeric ratio of 10:1 (91% 3a). The formation of the isomeric mixture allows a direct comparison 

of the competitive NH···Ru/Fe hydrogen bonding. The underlying reason for the 3a:3b ratio is of 

thermodynamic nature, rooted in the differences in strengths of the NH···M IHBs of Fe and Ru. 

Thermal and photochemical approaches and protonation to the corresponding 

iminium/carbenium ions [H-3a]+/[H-3b]+ were employed to overcome the barrier for the E → Z 
isomerization 3b → 3a, with concomitant switching of the NH···M IHB. 

Author contributions 

The compounds were synthesized and characterized by Ephraim Prantl during his bachelor thesis 

under the supervision of Philipp Veit. The crystal structures were solved and refined by Christoph 

Förster. The irradiation experiments were conducted by Philipp Veit. All DFT-calculations were 

performed by Philipp Veit. The manuscript was written by Philipp Veit (40 %), Christoph Förster 

(20 %) and Katja Heinze (40 %). 

 

Supporting Information 

for this article is found in Chapter 6.1 at pp. 103. For full Supporting Information containing the 

coordinates of all relevant DFT calculated structures, refer to: 

https://pubs.acs.org/doi/suppl/10.1021/acs.organomet.5b00963/suppl_file/om5b00963_si_004

.pdf 

 

„Reprinted with permission from Veit, P.; Prantl, E.; Förster, C.; Heinze, K. Organometallics 2016, 

35, 249–257. Copyright © 2016 American Chemical Society. ACS AuthorChoice - This is an open 

access article published under an ACS AuthorChoice License, which permits copying and 

redistribution of the article or any adaptations for non-commercial purposes.”  
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3.2 Preparation, Properties, and Reactivity of 

(Aminoferrocenyl) (ferrocenyl) carbene (pentacarbonyl) 

chromium(0) as Bulky Isolobal Trimetallo-amide 
 

Philipp Veit, Christoph Förster,* Sebastian Seibert, and Katja Heinze* 

Z. Anorg. Allg. Chem. 2015, 641, 2083–2092. 

Nucleophilic substitution of the ethoxy substituent in 

the Fischer carbene complex (ethoxy) (ferrocenyl) 

carbene (pentacarbonyl) chromium(0) by ferrocenyl 

amide gives the hetero trimetallic complex 

(aminoferrocenyl) (ferrocenyl) carbene 

(pentacarbonyl) chromium(0) (1). As the Cr(CO)5 

fragment is isolobal to oxygen or sulfur the carbene 

complex can be viewed as an isolobal metallo 

analogue to di ferrocenylamide (Fc)(FcNH)C=O and 

diferrocenyl-thioamide (Fc)(FcNH)C=S. The impact of 

the formal replacement of O/S by Cr(CO)5 is studied 

with respect to steric and electronic consequences as 

well as reactivity by spectroscopic, diffraction, electrochemical and theoretical methods. 

 

Author contributions 

1 was first synthesized by Sebastian Seibert during a research internship in the Heinze group under 

the supervision of Christoph Förster. Single crystals suitable for XRD analysis were isolated by 

Sebastian Seibert. The crystal structure was solved and refined by Christoph Förster. The 

optimization of the synthesis strategy for 1 was done by Philipp Veit during his diploma thesis and 

the beginning of his PhD thesis, as well as the full characterization and all other experiments. All 

DFT calculations were performed by Philipp Veit. The manuscript was written by 

Philipp Veit (20 %) Christoph Förster (40 %) and Katja Heinze (40 %). 

 

Supporting Information 

for this article is found in Chapter 6.2 at pp. 117. For full Supporting Information containing a List 

of DFT calculated electronic transitions and the coordinates of all relevant DFT calculated 

structures, refer to: 

https://onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1002%2Fzaac.201500562

&file=zaac_201500562_sm_miscellaneous_information.pdf 

“Reprinted with the permission of Veit, P.; Förster, C.; Seibert, S.; Heinze, K.; Z. Anorg. Allg. Chem. 

2015, 641, 2083–2092. Copyright © 2015 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim” 
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3.3 On the mechanism of imine elimination from Fischer 

tungsten carbene complexes 
 

Philipp Veit, Christoph Förster*, Katja Heinze* 

Beilstein J. Org. Chem. 2016, 12, 1322-1333. 

Thematic Series: "Organometallic Chemistry" dedicated to the memory of Prof. Peter Hofmann.  

(Aminoferrocenyl)(ferrocenyl)carbene(pentacarbonyl)tungsten(0) (W(CO)5(E-2)) is synthesized by 

nucleophilic substitution of the ethoxy group of (CO)5W=C(OEt)Fc by ferrocenyl amide Fc-NH– 

(Fc = ferrocenyl). W(CO)5(E-2) thermally and photochemically eliminates bulky E-1,2-

diferrocenylimine (E-3) via a formal 1,2-H shift from the nitrogen atom to the carbene carbon 

atom. Kinetic and mechanistic studies to 

the formation of imine E-3 are performed 

by NMR, IR and UV–vis spectroscopy and 

liquid injection field desorption ionization 

(LIFDI) mass spectrometry as well as by 

trapping experiments for low-coordinate 

tungsten complexes with 

triphenylphosphane. W(CO)5(E-2) decays thermally in a first-order rate-law with a Gibbs free 

energy of activation of ΔG‡
298K = 112 kJ mol−1. Three proposed mechanistic pathways are taken 

into account and supported by detailed (time-dependent) density functional theory [(TD)-DFT] 

calculations. The preferred pathway is initiated by an irreversible CO dissociation, followed by an 

oxidative addition/pseudorotation/reductive elimination pathway with short-lived, elusive 

sevencoordinate hydrido tungsten(II) intermediates cis(N,H)-W(CO)4(H)(Z-15) and cis(C,H)-

W(CO)4(H)(Z-15). 

Author contributions 

All experiments were performed by Philipp Veit. All DFT calculations were performed by Christoph 

Förster. The manuscript was written by Philipp Veit (20 %), Christoph Förster (40 %) and Katja 

Heinze (40 %). 

Supporting Information 

for this article is found in Chapter 6.3 at pp. 125. For full Supporting Information containing the 

coordinates of all relevant DFT calculated structures, refer to: 

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-12-125-S1.pdf 

This is an Open Access article under the terms of the Creative Commons Attribution License 

(http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original work is properly cited.  

The license is subject to the Beilstein Journal of Organic Chemistry terms and conditions: 

(http://www.beilstein-journals.org/bjoc) The definitive version of this article is the electronic one 

which can be found at: doi:10.3762/bjoc.12.125  
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3.4 Gold(II) in redox-switchable gold(I) catalysis 
 

Philipp Veit, Carla Volkert, Christoph Förster, Vadim Ksenofontov, Steffen Schlicher, 

Matthias Bauer, Katja Heinze* 

Chem. Commun. 2019, 55, 4615-4618. 

The paper was highlighted as a cover in the journal Chemical Communications. This article is part 

of the themed collection: Switchable 

Catalysis. 

The redox switchable catalyst 

AuCl[C(Fc)OEt] is synthesized by 

transmetalation from W(CO)5[C(Fc)OEt]. 

After oxidation the gold(II) species 

catalyses the cyclisation of N-(2-propyn-

1-yl)benzamide to 2-phenyl-5-vinylidene-

2-oxazoline without halide abstraction 

while the saturated gold(I) complex is inactive. Redox-switching between gold(II) and gold(I) turns 

the catalytic turnover on and off. Reversibility is proofed by switching the catalyst “on” and “off” 

for several catalytic cycles. Detailed EPR studies and DFT calculations underline the formation of 

a gold(II) species upon oxidation. 

 

Author contributions 

The synthesis, characterization and catalysis experiments were done by Carla Volkert during her 

bachelor thesis under the supervision of Philipp Veit. The EPR-measurements, the EPR calibration, 
1H DOSY experiments and all DFT calculations were performed by Philipp Veit. The Mößbauer 

measurements were done by Vadim Ksenofontov. The Au L3-edge XANES spectra were recorded 
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3.5 Unexpected C-C Bond Formation with a Ferrocenyl Fischer 

Carbene Complex  
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Ferrocenyl ethoxy Fischer carbene complex shows two unexpected products in the thermolysis, 

that were not reported so far. In the presence of aminoferrocene the formation of 

2,N-diferrocenyl acetamide is observed which can be explained by nucleophilic attack on a 

carbonyl carbon. In the absence of any nucleophile three equivalents of Fischer carbene complex 

form 4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone in a reaction that could be similar to the Dötz 

benzannulation reaction. Both products are confirmed by single crystal X-ray diffraction. Kinetic 

experiments by IR spectroscopy and mass spectrometry as well as DFT calculations help to find 

mechanistical proposals for both reactions.  
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complex (N-methylaminoferrocenyl) (ferrocenyl) carbene 

(pentacarbonyl) tungsten (0) 
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The heterotrimetallic Fischer carbene complex (N-methylaminoferrocenyl) (ferrocenyl) carbene 

(pentacarbonyl) tungsten(0) is synthesized and characterized by NMR- , IR-, UV-vis spectroscopy, 

cyclic voltammetry, spectroelectrochemical techniques, single crystal X-ray diffraction and DFT-

calculations. The communication of the two iron centres in the mixed-valent mono cation is 

compared to the isolobal analogues diferrocenyl amide and thioamide and the role of the bridge 

is investigated (C=O, C=S, C=M(CO)5). 

Author contributions 

The synthesis, characterization and all other experiments were performed by Philipp Veit. The 

crystal structure was solved and refined by Christoph Förster. All DFT calculations were performed 

by Philipp Veit. The manuscript was written by Philipp Veit (80 %), Christoph Förster (10 %), 

Katja Heinze (10 %). 

 

Supporting Information 

for this article is found in Chapter 6.6 at pp. 183.  

 

 

“Reprinted with permission from Veit, P.; Förster, C.; Heinze, K.“ 

  



 
82 Results and Discussion 

 

  



 

 

83 Results and Discussion 

 

  



 
84 Results and Discussion 

 

  



 

 

85 Results and Discussion 

 

  



 
86 Results and Discussion 

 

  



 

 

87 Results and Discussion 

 

  



 
88 Results and Discussion 

 

  



 

 

89 Results and Discussion 

 

  



 
90 Results and Discussion 

 

  



 

 

91 Results and Discussion 

 

  



 
92 Summary and Outlook 

4 Summary and Outlook 
In this work nonclassical intramolecular hydrogen bonds to ferrocenyl and ruthenocenyl groups 

are reported (Scheme 4.1, Section 3.1). The NH···Ru IHB to diruthenocenyl tosyl hydrazone 169 is 

6 kJ mol−1 stronger than the NH···Fe IHB in diferrocenyl tosyl hydrazone 168 as confirmed by IR 

spectroscopy. In the synthesis of the mixed metal ferrocenyl ruthenocenyl tosyl hydrazone the 

NH···Ru IHB 170a is preferred with a ratio of 10:1. Thermal and photochemical approaches lead to 

E → Z isomerization and conversion of the NH···Fe IHB 170b to the preferred NH···Ru IHB 170a. 

(Scheme 4.1) 

 

Scheme 4.1: NH···M IHB in tosyl hydrazones reported in this work. 

The synthesis and characterization of ferrocenyl aminoferrocenyl Fischer carbene complexes of 

chromium 171 (Section 3.2) and tungsten 172 (Section 3.3 and 3.6) are reported (Scheme 4.2). 

They can be seen as the isolobal metal pentacarbonyl analogue of diferrocenyl amide and 

thioamide. Follow-up reactions of ferrocenyl aminoferrocenyl carbene pentacarbonyl metal 

complexes to diferrocenyl imine 173 hinder their use as ligands in redox switchable catalysis. 

Therefore, the nature of the side reaction to the imine was studied in detail (Section 3.3).  

 

Scheme 4.2: Ferrocenyl Fischer Carbene complexes and their reactions presented in this work. 

The most probable mechanism of three different proposed mechanisms for the thermal reaction 

of 172 to 173 includes the following steps: CO dissociation, E/Z isomerization, oxidative addition, 

pseudorotation, reductive elimination, imine dissociation and E/Z isomerization (Scheme 4.3). For 

the CO dissociation, E/Z isomerization and imine dissociation, E/Z isomerization also the reverse 

order might be possible. The most interesting proposed intermediates are the seven-coordinate 

hydrido WII complexes 175 and 176 which facilitate the hydrogen shift. These intermediates are 
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not possible for the chromium Fischer carbene complex 171 and could give a hint why 171 needs 

basic reaction conditions to form 173. 

 

Scheme 4.3: Proposed mechanism for the thermal reaction of the Fischer carbene complex 172 

to the imine 173. 

The methylated complex ferrocenyl N-methylaminoferrocenyl carbene tungsten(0) pentacarbonyl 

174 was studied in detail (Section 3.6, Scheme 4.2). Spectroelectrochemical measurements and 

Hush analysis of 174+ give a HAB of 593 cm1 which is more than twice the strength compared to 

diferrocenylamide and thioamide. This suggest electronic communication of the mixed valent 

mono cation with almost degenerate FeII sites occurs via the bridge and not solely through space. 

To study the principles of ferrocenyl carbenes in RSC the ferrocenyl ethoxy Fischer carbene was 

transferred to give gold complex 177 (Section 3.4). The cyclization of N-(2-propyn-1-yl) benzamide 

180 to 5-methylene-2-phenyl-4,5-dihydrooxazole 181 with 1 mol% catalyst load was used to 

compare the catalyst to other redox switchable catalysts (Scheme 4.4). After 8 h full conversion 

was achieved with the oxidized catalyst 178/179 while the neutral species 177 showed no 

conversion. The catalysis could be turned on and off several times. EPR studies and DFT 

calculations of the oxidized species suggest an AuII active species 179. 

 

Scheme 4.4: Ferrocenyl Fischer carbene gold complex presented in this work and proposed 

catalytic cycle. 
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Two new reactions from chromium ferrocenyl Fischer carbene complex 83 to 2,N-diferrocenyl 

acetamide 182 and 4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone 183 have been investigated in 

detail and mechanisms were proposed (Scheme 4.5–8, Section 3.5). 

 

Scheme 4.5: Formation of 2,N-diferrocenyl acetamide 182 and  

4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone 183. 

 

For the reaction of 83 with aminoferrocene to 182 the initial attack of the rather weak nucleophile 

aminoferrocene on the CO ligand of 83 might be assisted by an OH···Fe IHB present in the 

biscarbene 185 (Scheme 4.6). Carbene-carbene coupling and reduction gave the final product 182. 

 
Scheme 4.6: Proposed mechanism for the formation of 182 from 83 via biscarbenes 184/185, 

carbene-carbene coupling and reduction. 

 

For the proposed mechanism of the formation of 183 three equivalents of 83 are needed in total 

and the reaction can be divided into two parts (Scheme 4.7, Scheme 4.8).  

 

In the first part two equivalents of 83 react to diferrocenyl alkyne 189 (Scheme 4.7). Thermal 

release of one CO ligand could form the unsaturated tetracarbonyl carbene complex 186. By 

carbene transfer from 83 the biscarbene 187 might be formed. Carbene-carbene coupling releases 

an isomer mixture of the alkene 188 which was identified by FD mass spectrometry. In a last step 

the proposed alkyne 189 could be formed by reaction of the diethoxy alkene 188 with Cr0 species 

giving CrII alkoxides as side products. 
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In the second part the alkyne 189 reacts with the third equivalent of 83 to the cyclobutenone 183 

in a reaction which is similar to the Dötz benzannulation reaction (Scheme 4.8). This reaction is 

also initiated by thermal loss of one CO ligand to give the same unsaturated tetracarbonyl carbene 

complex 186. This time the vacant coordination site is coordinated by the alkyne 189 to give the 

alkyne complex 190. By insertion of the alkyne into the carbene bond the vinyl carbene complex 

191 is formed. Coordination of one free electron pair of the alkoxy group to the chromium could 

stabilize this intermediate. Insertion of one CO ligand into the carbene bond could give the Cr(CO)3 

coordinated vinyl ketene 192. In the final step the Cr(CO)3 coordinated cyclobutenone 193 is 

formed by ring closure. During work up the free cyclobutenone 183 is obtained.        

 

 
Scheme 4.7: Proposed mechanism for the thermal reaction of two equivalents of ferrocenyl 

Fischer carbene complex 83 to diferrocenyl alkyne 189. 

 

 
Scheme 4.8: Proposed mechanism for the thermal reaction of ferrocenyl Fischer carbene 

complex 83 to 4-ethoxy-2,3,4-triferrocenyl-cyclobut-2-enone 183 

 

In future the ferrocenyl N-methylaminoferrocenyl carbene ligand will be investigated as redox 

switchable gold catalyst 189 to find out if one or both ferrocenyl sites can be oxidized and 

influence catalysis (Figure 4.5). Further investigation of the proposed active AuII species are 

anticipated. More EPR studies of active species are planned to investigate the induction period at 

the beginning of the catalysis described in Section 3.4. 197Au Mössbauer spectroscopy[159] could 

give some interesting insights into the reaction mechanism of the redox switchable gold catalysis, 

by showing the oxidation state and the coordination number of the gold atom. Therefore, a 197Pt 

source is needed which can be produced in a nuclear reactor from 196Pt with neutron capture. So 
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far, the synthesized gold catalyst 177 was only used for intermolecular test reactions. Further 

intramolecular test reactions with different alkynes will also be investigated. The synthesis of 

acyclic diamino carbene complexes (ADC) 190 and the comparison to 189 and NHCs is planned. 

 

Scheme 4.8: Outlook.   
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6.2 Supporting Information: Preparation, Properties, and 

Reactivity of (Aminoferrocenyl) (ferrocenyl) carbene 

(penta-carbonyl) chromium(0) as Bulky Isolobal 

Trimetallo-amide 
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6.3 Supporting Information: On the mechanism of imine 
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