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1. Introduction 

 N-heterocyclic carbenes (NHC) possess the greatest importance among the hypovalent 

compounds due to their exceptional stability and widespread applicability. 1 Stable carbenes can 

be synthetized by stabilizing the singlet state of the system, since the triplet state acts as a 

reactive radical and easily dimerizes. Stabilization can be achieved by using σ-electron 

withdrawing (”pull”), π-electron donating (”push”) groups, by incorporating the hypovalent 

center into an aromatic system, or by applying bulky substituents. This type of carbenes – due 

to their nucleophilic properties – can form complexes with compounds containing p block 

elements, and can stabilize otherwise highly reactive molecules (like systems containing 

hypovalent center atoms).2 Furthermore, these carbenes can also act as catalysts in several 

organocatalytic reactions (e. g. ”umpolung” process). 3 

Since its synthesis in the 1950s4, ferrocene has a significant role in organometallic 

chemistry. Due to their optical and electrochemical properties, they are used in batteries, in 

catalytical processes, in sensors, and also in the development of anti-cancer medicines5, just to 

mention a few examples of the various applications of these systems. 

 Ferrocenophanes (or ansa-ferrocenes) can be derived from ferrocenes by linking the two 

cyclopentadienyl (Cp) rings of the ferrocene system with a bridge (the so-called ansa bridge) 

containing one or more atoms (Scheme 1). The ansa bridge tilts the angle between the two Cp 

rings in many cases, thus resulting in a different geometry compared to the initial parallel 

structure of the ferrocene system. 

 

Scheme 1 The generic structure of the [n]ferrocenophane 

 

 

                                                 
1 Bourissou, D. et al., Chem. Rev. 100, 1 (2000): 39–91. 
2 Willans, C. E., Organomet Chem 36 (2010): 1–28; Kuhn, N., Al-Sheikh, A., Coord. Chem. Rev. 249, 7–8 (2005): 

829–57. 
3 Breslow, R., J. Am. Chem. Soc. 80, 14 (1958): 3719–26; Seebach, D., Angew. Chem. Int. Ed.  18, 4 (1979): 239–

58; Enders, D., Balensiefer, T., Acc. Chem. Res. 37, 8 (2004): 534–41; Enders, D., Niemeier, O., Henseler, A., 

Chem. Rev. 107, 12 (2007): 5606–55; Marion, N., Díez-González, S., Nolan, S. P., Angew. Chem. Int. Ed. 46, 17 

(2007): 2988–3000. 
4 Kealy, T. J., Pauson, P. L., Nature 168, 4285 (1951): 1039–40. 
5 Köpf‐Maier, P., Köpf, H., Neuse, E. W., Angew. Chem. Int. Ed.  23, 6 (1984): 456–57; Ornelas, C., New J. Chem. 

35, 10 (2011): 1973–85; Gasser, G., Ott, I., Metzler-Nolte, N., J. Med. Chem. 54, 1 (2011): 3–25. 
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In recent years, [3]ferrocenophanes containing a hypovalent (e. g. a divalent carbon, 

silicon, or germanium) atom as the center of the ansa bridge have become the point of great 

interest. For the first time of these type of compounds, diaminocarbene[3]ferrocenophane, 

which possesses a N-C-N ansa bridge, could be synthetized simultaneously by two different 

groups (Bielawski6 (R=Ph, iBu) and Siemeling7 (R= Ad, Np)), which also shows the great 

importance of this field. It is worth to mention that these compounds can be used to activate 

small nucleophilic molecules such as carbon monoxide, isocyanate or amine systems 8. 

After the first successful synthesis, several heavier analogues of the diaminocarbene 

systems (germylene, stannylene and plumbylene) could be achieved9, furthermore, analogue 

diphosphinocarbene compounds are also known. 10 

In my PhD study, hypovalent systems are investigated by using different methods of 

computational chemistry. The principal focus of the work is on [3]ferrocenophanes containing 

hypovalent center atoms on the ansa bridge. By using various quantum chemical methods, the 

energy and Gibbs free energy of different processes and the activation barrier in case of different 

reactions are determined. Furthermore, in case of some specific compound types, the relative 

stabilities or the stabilities against dissociation are calculated, while nucleophilic and 

electrophilic characters, electrochemical properties and interactions between orbitals are widely 

investigated. 

This work is a part of a cooperative project between our group and the Gudat (Stuttgart) 

and Pietschnig (Kassel) groups, where the experimental studies were performed. 

 

  

                                                 
6 Khramov, D. M. et al., Angew. Chem. Int. Ed. 47, 12 (2008): 2267–70. 
7 Siemeling, U., Farber, C., Bruhn, C., Chem. Commun. 1 (2009): 98–100. 
8 Siemeling, U. et al., Chem. Sci. 1, 6 (2010): 697. 
9 Walz, F. et al., Chem. - A Eur. J. 23, 5 (2017): 1173–86; Volk, J. et al., Zeitschrift Fur Naturforsch. - Sect. B J. 

Chem. Sci. 72, 11 (2017): 785–94; Oetzel, J. et al., Chem. - A Eur. J. 23, 5 (2017): 1187–99. 
10 Kargin, D. et al., Dalton Trans. 45, 5 (2016): 2180–89; Kargin, D. et al., Chem. - A Eur. J. 24, 63 (2018): 16774–

78. 
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2. Computational methods 

 Among the numerous methods based on Denisty Functional Theory (DFT), the hybrid 

B3LYP11 was used in the dissertation, as it is the most frequently applied method in organic 

chemical calculations. If dispersion interaction had a great importance in the stabilization of the 

system (e. g. systems containing bulky substituents), total energies were corrected applying 

Grimme’s D3 dispersion correction.12  

 The hybrid M06-2X functional13 (which was developed to describe the thermochemistry 

of compounds containing main group elements), and the hybrid ωB97X-D functional14 (which 

includes Grimme’s D2 dispersion correction) were also used as a comparison between different 

DFT methods. Furthermore, several systems were validated using the LNO-CCSD(T) coupled 

cluster method with local approximation. In case of systems consisting of less than 50 atoms, 

triple-zeta basis sets were applied, while in case of greater systems, double-zeta basis sets were 

used to avoid calculations with high costs. DFT calculations were carried out with the Gaussian 

0915, while coupled cluster calculations were performed with the MRCC program package. 16 

Full geometry optimization was performed for all molecules, followed by calculation of 

harmonic vibrational frequencies at the same levels to establish the nature of the stationary 

points obtained, as characterized by only positive eigenvalues of the Hessian for minima, or by 

a single negative eigenvalue for transition states. Gibbs free energies were obtained from the 

calculated harmonic frequencies at 298 K and atmospheric pressure. For the visualization of 

the molecules and molecular orbitals, MOLDEN17 and IQmol18 programs were used. For the 

investigation of intra-, intermolecular interactions, and the structure of different bonds, Bader 

and NBO analyses were performed, while bond orders were determined using Wiberg19, and 

Mayer20 covalent bond indices. 

 

 

                                                 
11 Becke, A. D., J. Chem. Phys. 98, 7 (1993): 5648–52. 
12 Grimme, S. et al., J. Chem. Phys. 132, 15 (2010): 154104. 
13 Zhao, Y., Truhlar, D. G., J. Chem. Phys. 125, 19 (2006). 
14 Chai, J.-D., Head-Gordon, M., Phys. Chem. Chem. Phys. 10, 44 (2008): 6615–20. 
15 M. J. Frisch, G. et al., Gaussian, Inc. Wallingford, CT, 2009. 
16 Kállay, M. et al., J. Chem. Phys. 152, 7 (2020): 074107. 
17 Schaftenaar, G., Noordik, J. H., J. Comput. Aided. Mol. Des. 14, 2 (2000): 123–34. 
18 Gilbert, A. T. B., IQmol Mol. Viewer. Available Http//Iqmol.Org, n.d. 
19 Wiberg, K. B., Tetrahedron 24, 3 (1968): 1083–96. 
20 Mayer, I., J. Comput. Chem. 28, 1 (2006): 204–21. 
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3. Results and discussion 

3. 1. The investigation of [3]ferrocenophanes containing hypovalent center atoms  

In order to obtain a general view over the stability of [3]ferrocenophanes with subvalent 

heteroelements, systems containing different ansa bridges (Scheme 2 1) were investigated, 

while also taking account of possible intramolecular interactions between a hypovalent center 

and the iron atom of the ferrocene moiety. To investigate the effects of the ferrocene moiety, 

different hypovalent structures were used as references (Scheme 2 2-4). 

 

Scheme 2 The investigated [3]ferrocenophanes (1) and the five- (2 and 3) and six-membered 

(4) reference compounds 

First and foremost, the change in the structure of the ferrocene moiety was investigated in the 

optimized ferrocenophane structures. Greater deformation of the system could be observed in 

case of elements of the second row (X=O, NMe), which could result in a destabilization by up 

to 8,3 kcal/mol. At the same time, in case of elements of the third row (X=PMe, S), the 

destabilization due to the torsion was negligible (less than 1,2 kcal/mol). It is worth to mention 

that in case of X=PMe – due to the high planarization energy of the phosphorus – two different 

isomer structures (cisoid and transoid) could be observed. 

The stability of ferrocenophanes was evaluated by the singlet-triplet energy gap and the 

isodesmic reaction which is often used as a descriptor of the stability of hypovalent systems.21 

It was shown that the singlet-triplet gaps were in the 17.7–20.5 kcal/mol range for the 

ferrocenophanes (1), while in case of 2-4, the singlet-triplet gaps spanned a much wider range 

(15.7 and 84.9 kcal/mol – depending on the heteroatom X), exhibiting the already known trends. 

Furthermore, in case of the investigated ferrocenophanes, the LUMO of the system was proven 

to be the iron atom of the ferrocene moiety instead of the vacant pz orbital (which is often typical 

in case of the hypovalent systems). Thus, the triplet excitation occurred on the iron atom instead 

                                                 
21 Nyulászi, L., Veszprémi, T., Forró, A., Phys. Chem. Chem. Phys. 2, 14 (2000): 3127–29. 
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of the hypovalent system, which effect had an influence on the UV-Vis spectrum of the 

synthetized ferrocenophane system (these results can be seen in Chapter 3. 4.)  

3. 2. The organocatalytic activity of carbenes based on [3]ferrocenophanes 

The organocatalytic activity of carbenes based on [3]ferrocenophanes was investigated in the 

example of the benzoin condensation, and was compared to analogous 5- (Scheme 3 5-6), and 

6-membered (Scheme 3 7-8) carbene systems.  

 

Scheme 3 The investigated ferrocenophane-based (5, 6) carbenes, and the analogous saturated 

5-membered (7, 8), and 6-membered (9, 10) carbenes  

Among the structures formed after the addition of the first aldehyde, the oxo tautomer (Scheme 

4 5-6c) turned out to be the most stable (by 16,7-46,8 kcal/mol compared to the van der Waals 

complex of the carbene and the aldehyde at the ωB97X-D/6-31+G* level of theory), while the 

zwitterionic adduct (Scheme 4 5-6a) – which was formed immediately after the addition of the 

aldehyde – was the least stable structure (by -7,8-19.9 kcal/mol compared to the van der Waals 

complex of the carbene and the aldehyde). Also, it is worth to mention that an oxirane structure 

(Scheme 4 5-6d) could be optimized, which can form from the zwitterionic adduct. The stability 

of this structure was between the enol tautomer (so-called Breslow intermediate, Scheme 4 5-

6b) and the zwitterionic compound in most cases. 

 

Scheme 4 Structures of the catalytic process after the addition of the first aldehyde  
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By supposing a monomolecular reaction pathway, it can be stated that the barrier of the 1,2 

proton shift (Scheme 4 TS 3) and the zwitterionic structure → Breslow intermediate conversion 

(Scheme 4 TS 2) were similarly high (by 40.2-42.8 kcal/mol and 71.5-77.0 kcal/mol, 

respectively) as in case of the reference structures (by 29.0-42.6 kcal/mol and 65.2-77.5 

kcal/mol, respectively), which compounds can not form in gas phase reactions.22 The barrier of 

the formation of the oxo tautomer from the zwitterionic structure (Scheme 4 TS 1) was low in 

case of reference structures (10,2-19,4 kcal/mol), however, in case of ferrocenophanes, it 

decreased even more (3,1-12,4 kcal/mol), thus the formation of the oxo tautomer became even 

more favorable. These results show that carbene[3]ferrocenophanes can not be practically used 

as organocatalysts, as the stability of the catalytically inactive oxo tautomer increases compared 

to the active Breslow intermediate, thus hindering the formation of the benzoin product.  

3. 3. Investigations on adducts between carbenes and simple phosphorus-containing 

systems 

The diamino[3]ferrocenophane (Scheme 5 11) can form different compounds with simple 

molecules containing phosphorus (Scheme 5 A-D). As a better comparison, the study was 

spread out to investigate adducts formed from different (stabilized, medium-stabilized, and non-

stabilized, Scheme 5 12-20) carbenes. 

 

Scheme 5 The investigated carbenes (11-20) and the generic structure of the phosphorus-

containing adducts in this study (A-D) 

Beside the geometric properties of the systems, the Gibbs free energy of the dissociation to 

carbene and phosphane moieties was also investigated. All of the A type phosphinidene adducts 

turned out to be stable against dissociation (ΔGdiss>0), however, in case of the ylidic compounds 

                                                 
22 Tian, Y., Lee, J. K., J. Org. Chem. 80, 13 (2015): 6831–38. 
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(B), only non-stabilized carbenes (19-20 on Scheme 5) could form adducts with positive 

dissociation Gibbs free energy.  

In case of PF3 and PCl3, a structure with a single dative bond (Scheme 5 C) could also be 

obtained. This observation has high importance, as these compounds showed the highest 

stability among all structures in case of PCl3 adducts. A good correlation could be found 

between the dissociation Gibbs free energy of the C type adducts, and the energy difference of 

the LUMO of the T-shaped transition state of the planar PX3 (X=F, Cl) and the lone pair 

(HOMO) of the carbene system. Further investigations on the interactions between carbenes 

and phosphanes showed another structure with a longer P-C distance (C’) (2.041-3.025 Å). 

These adducts formed a typical bipyramidal arrangement, and the assembly is mainly held 

together by the so-called pnictogen interaction.23 In this case, the interaction was weaker than 

in case of C type systems, however, the stability of the PF3 adducts turned out to be higher than 

in the analogous dative bonded structures. Interestingly, in case of medium stabilized 11-14 

carbenes (which also possess good nucleophilic properties), both B, C, and C’ structures could 

be obtained as minima on the potential energy surface, which is a great example for the rarely 

observed phenomenon called ”bond-stretch” isomerism. 

3. 4. Ferrocene-based diaminophosphenium cation 

In a cooperation study with the Gudat group in Stuttgart, 1,1’-diaminoferrocenes containing 

different secondary amines were reacted with PCl3 in the presence of triethylamine base. 

Interestingly, different products were formed depending on the substituent of the amine groups: 

in case of R=SiMe3 the system 22a, in case of R=SiMe2
tBu the system 23b, while in case of 

R=neopentyl (Np), the mixture of 22c and 23c could be observed. The formation of 22c could 

be favored with the excess of PCl3, while heating the mixture resulted in the promotion of the 

22c → 23c +PCl3 conversion. DFT calculations were performed to investigate the selectivity 

of substituents leading to different products. Clearly, the first step in all reactions should involve 

condensation of 21 with one molecule of PCl3 to yield mono-substituted ferrocenes (Scheme 

6, 24).  

                                                 
23 Zahn, S. et al., Chem. - A Eur. J. 17, 22 (2011): 6034–38. 
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Scheme 6 Reaction network studied by DFT calculations. Triethylamine (R’ = Et) and 

trimethylamine (R’ =Me) were also used for calculations of the reactions. 

On the one hand, it was found that for 24a and 24b, the reduction of Gibbs free energy is slightly 

higher in case of cyclocondensation reaction (Scheme 6 (2)) than in case of PCl3 addition 

(Scheme 6 (3)) (by 1,0, and 3,1 kcal/mol, respectively at the PCM(Et2O)-B3LYP-D3/6-

31+G*//B3LYP-D3/6-31+G* level of theory). On the other hand, in case of R=Np and R=Me 

groups, the formation of bisdichlorophosphanes (23c, 23d) turned out to be thermodynamically 

more favorable (by 3,5, and 2,3 kcal/mol, respectively). In case of R=SiMe3 substituent, the 

activation barrier of the cyclocondensation was lower than the PCl3 addition, while in case of 

R=SiMe2
tBu, it depended on the amine base used as a catalyst. In case of R=Np, the formation 

of [3]ferrocenophane (22c) was kinetically more favorable, however, the activation barrier of 

the ring-opening metathesis (the opposite reaction of Scheme 6 (4)) was low enough to facilitate 

the conversion to bisdichlorophosphane (23c), which proved that a product mixture can form. 

As the length of P-Cl bond highly elongated in the optimized structures of 22a and 22c (2.26 Å 

and 2.25 Å, respectively, at the B3LYP-D3/6-31+G* level of theory), it can be supposed that 

this compound is an applicable precursor for the synthesis of a ferrocene-based 

diaminophosphenium cation. Bader analysis showed that the interaction between the 

phosphenium cation and the AlCl4
- counter anion was negligible, thus the existence of a stable 

cation could be verified. Furthermore, TD-DFT calculations indicated that the transition 

observed at 518 nm in the UV-Vis spectrum could be attributed to an MLCT (metal-to-ligand 

charge transfer) excitation, more accurately from the iron atom to the N-P-N ansa bridge. This 

result corresponds with the statement that the d orbitals of the iron of the ferrocene inserts 

between the perpendicular orbitals of the hypovalent center (more information can be found in 

Chapter 3. 1.).  
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3. 5. The investigation of 1,1’ bis(diphosphano)ferrocenes containing bulky substituents 

The goal of this cooperation with the Pietschnig group was to find the effect of the substitution 

of phenyl groups with bulky mesityl groups on the electron donating, and complex forming 

ability of the 1,1′-bis(diphenylphosphano)ferrocene (dppf) ligand. Unsubstituted, fully 

substituted (25a) and half-substituted (25b) systems were applied in this study (Scheme 7).  

 

Scheme 7 The structure of the different bis(diphosphano)ferrocenes used in the study 

It was stated that in case of mesityl groups, the sum of bond angles around the phosphorus was 

312.0°, which is a significant increase compared to the dppf system (303.4°). This expansion 

went hand in hand with the increase of the lone pair energy and the p character of phosphorus 

atoms, which increased the HOMO energy of the systems as well (from -7,90 eV to (-7,37)-(-

7,43) eV at the ωB97X-D/6-311+G** level of theory). The elevation of the p character of the 

phosphorus was further corroborated by NBO calculations.  

 

Scheme 8 The reaction of carbon-dioxide and Cu(I) complex based phenylacetylene systems  

Furthermore, to explore their ligand properties towards d-block metals and possible effects on 

catalytic systems, Cu(I) complexes were chosen in this investigation, and the carboxylation of 

phenylacetylene was selected as a model reaction to study the influence of various ligands on 

catalysis (Scheme 8). Calculations showed that the activation barrier of the carbon-dioxide 

addition, which was the rate-determining step of the reaction, was 7,1 kcal/mol lower (at the 

ωB97X-D/6-311+G**// ωB97X-D/6-31G level of theory) in case of 25b compared to 25a. This 

result verifies the experimental observations, which also state the higher activity of the less 

bulky system.  
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4. Thesis Statements  

1. It was found that the singlet-triplet gap is unable the describe the hypovalent center of 

carbene[3]ferrocenophanes due to the insertion of the iron d orbitals between the lone 

pair of the hypovalent atom and the perpendicular unoccupied pz orbital. Thus, 

determining the energy of the previously applied isodesmic reaction can lead to the 

proper description of the stability of ferrocenophane-based carbene systems. Because of 

this value, the ferrocenophane-based diaminophosphenium cation turned out to be 

synthetizable.[1] 

2. It was shown that in the investigated hypovalent [3]ferrocenophanes, due to the 

ferrocene moiety, the bond angle around the hypovalent center atom is higher than in 

the previously synthetized 5-membered ring systems without the ferrocene system. This 

property has a significant impact on the catalytic activity of these systems in the benzoin 

condensation, and on the stability of adducts formed with phosphorus-containing 

compounds.[2,3] 

3. It was stated that in case of carbene[3]ferrocenophanes and other similar carbenes with 

medium stability, adducts with dative bond, ylidic bond, and pnictogen interaction can 

simultaneously be located as minima on the potential energy surface of the system. 

Thus, these type of carbene-phosphane adducts turned out to be great examples for the 

rarely observed phenomenon called ”bond-stretch” isomerism. [3] 

4. By using computational methods, it was verified that, in case of the reaction between 

1,1’-diaminoferrocenes and trihalophosphanes, altering the substituents on the amino 

groups can result in different products. [4] 

5. It was found that in 1,1′-bis(diphenylphosphano)ferrocene chelating ligands, electron 

donating ability can be enhanced by substituting the phenyl groups with bulky mesityl 

groups. However, in the carboxylation reaction of the Cu(I) complexes, using four 

mesityl groups leads to diminishing catalytic activity due to sterical reasons.[5] 
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