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Abstract 

This thesis describes the chemistry of persistent N-heterocyclic carbene (NHC), namely, 
1,3-bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene (LDipp) and its fluoride 
salt 1,3-bis(2,6-diisopropylphenyl)imidazolium fluoride, [(LDipp)H][F], with different 
metalloid fluoride substrates. It consists of three parts summarizing the results published 
in three scientific papers. The focus of the research was the reactivity of group 14 and 15 
metalloid fluorides, namely, SiF4, GeF4 and SbF3, with [(LDipp)H][F] and (LDipp). 

In the first part we take a look at how NHCs react with antimony(III) fluoride, the 
problems that arose from this system and how we solved and explained all the unexpected 
phenomena of the reaction system. We managed to explain the reaction mechanism and 
behaviour of this system in the solution and in the solid state together with the 
characterization of the synthesized products with spectroscopic and chemical analyses. 

During the research work, we found a need for a suitable fluoride donor that would be 
based on a persistent LDipp NHC. By reacting LDipp NHC with various HF sources, we 
managed to obtain pure, anhydrous imidazolium fluoride [(LDipp)H][F] that served us as a 
good reagent. The path that led us to the isolation of the imidazolium fluoride also 
produced analogous imidazolium poly(hydrogen fluoride) salts that were all characterized 
with spectroscopic and chemical analyses. 

In the last part we explored the reactivity of imidazolium fluoride with SiF4 and GeF4 
compounds and managed to obtain discrete trigonal bipyramidal SiF5

− and GeF5
− anions, 

respectively. Trigonal bipyramidal geometry is relatively rare compared to the octahedral 
geometry of anions. Additionally, we report the first 19F NMR spectra of GeF5

− and GeF6
2− 

anions in organic solvents, namely acetonitrile. We conclude the thesis with a rich 
discussion on stability of trigonal bipyramidal vs. octahedral species along with explained 
disorder in the crystals structure that arises from either anion rotation or Berry 
pseudorotation mechanisms of the prepared anions. 
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Povzetek 

Doktorska disertacija opisuje kemijo obstojnih N-heterocikličnih karbenov, in sicer 1,3-
bis(2,6-diizopropilfenil)-1,3-dihidro-2H-imidazol-2-ilidena (LDipp) in njegove fluoridne soli, 
1,3-bis(2,6-diizopropilfenil)imidazolijevega fluorida, [(LDipp)H][F], z različnimi fluoridnimi 
viri. Razdeljena je na tri dele, ki povzemajo delo, objavljeno v treh znanstvenih člankih. 
Poudarek teh raziskav je na reaktivnosti pol-kovinskih fluoridov, in sicer SiF4, GeF4 in SbF3 
z [(LDipp)H][F] in (LDipp). 

Prvi del opisuje, kako NHC-ji reagirajo z antimonovim(III) fluoridom, težave, ki se 
pojavijo v reakcijskem sistemu, in kako smo rešili ter razložili vsa nepričakovana opažanja 
v tem sistemu. Uspešno smo razložili reakcijski mehanizem in reaktivnost v sistemu tako v 
raztopini kot v trdnem stanju. Dobljene produkte smo okarakterizirali s spektroskopskimi 
in kemijskimi analizami. 

Med raziskovalnim delom se je izkazala potreba po dobrem donorju fluoridnega iona. Z 
reakcijo LDipp in različnimi viri HF smo sintetizirali čist, brezvoden imidazolijev fluorid 
[(LDipp)H][F], ki nam je služil kot dober reagent. Pot, ki nas je vodila do izolacije 
imidazolijevega fluorida, je v ustreznih molskih razmerjih (LDipp):HF vodila do priprave 
imidazolijevih polihidrogenfluoridnih anionov, ki so bili prav tako okarakterizirani s 
spektroskopskimi in kemijskimi analizami. 

V zadnjem delu smo raziskali reaktivnost imidazolijevega fluorida [(LDipp)H][F] s 
spojinami SiF4 in GeF4 in izolirali diskretne trigonalno bipiramidalne SiF5

− in GeF5
− anione. 

Takšna geometrija anionov je relativno redka v primerjavi z oktaedrično geometrijo 
anionov. Objavili smo tudi prva 19F NMR spektra GeF5

− in GeF6
2− anionov v organskih 

topilih, in sicer v acetonitrilu. Delo smo zaključili s primerjavo stabilnosti trigonalno 
bipiramidalnih proti oktaedričnim zvrstem skupaj z razlago nereda v kristalni strukturi kot 
posledico toge rotacije ali Barryjeve psevdorotacije pripravljenih anionov.  
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Chapter 1 

1 Introduction 

I would like to begin this thesis with a short paragraph of its structure and parts. The 
work begins with a description of the group of ligands called N-heterocyclic carbenes 
(NHCs). In the first pages, I cover several questions to understand the motives and 
justification for the research performed during my PhD studies. For example, I will try to 
explain: How carbenes came to be? How diverse is their family? What is their nature and 
chemical background? What kind of reactions are they participating in? Are they useful 
and how? The answer to the last question falls partly within our research since we found 
an elegant way to transform an NHC into a good naked fluoride reagent. Consequently, 
the end of the introduction chapter investigates the selected tools for fluoride anion 
generation. After covering the Aims, Hypothesis and Methodology sections, the core of this 
thesis is presented by the three scientific papers that represent the work performed in three 
and a half years on my road of becoming the author of this thesis. At the end I summarize 
the key findings and take a look onwards. 
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1.1 Carbenes – What are They and How They Came to Be? 

1.1.1 What are carbenes? 

Carbene molecules possess a neutral carbon moiety with a valence of two and two unshared 
electrons. The simplest of all carbene molecules would be the methylene molecule with a 
chemical formula H2C:, but a whole range of substituted R2C: molecules exist. Types of 
carbenes (Figure 1.1), based on the electron situation that the carbene carbon atom 
possesses, are:  

 Simple carbenes (methylene (H2C:), dichloromethylene (Cl2C:)) 

 Electrophilic carbenes (Fischer carbenes) 

 Nucleophilic carbenes (Schrock carbenes) 

 N-heterocyclic carbenes (NHC or Arduengo carbenes) 

 Remote and mesoionic N-Heterocyclic carbenes (MIC, 1,2,3-triazolylidenes, 

pyrazolinylidenes, others based on tetrazole, thiazole and isoxazole) 

 Cyclic alkyl amino carbenes (caac or Bertrand carbenes) 

 Anionic N-heterocyclic dicarbenes 

 Bicyclic alkyl amino carbenes (BICAAC) 

 

 

Figure 1.1: Types of carbenes. 
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1.1.2 Historic overview 

Simple carbene chemistry dates back to the beginning of 1900 when methylene (H2C:) was 
postulated as an intermediate species of a reaction mechanism [1, 2]. However, real carbene 
potential and its application value was first exemplified in 1954 when William von Eggers 
Doering published in situ formation of dichloromethylidene (Cl2C:) generated from 
chloroform and its further addition to olefins [3].  

In 1964, Fischer and Maasbol introduced the first electrophilic carbenes (Fischer 
carbenes) [4]. Four years after the Fischer’s initial report of [(CO)5WC(OCH3)(CH3)] 
(Figure 1.1), in 1968, the onset of N-heterocyclic carbene chemistry comes to light. Ofele 
and Wanzlick & Schonherr published the synthesis of the first transition metal NHC 
complexes (Figure 1.2), but still were not able to synthesize a free stable NHC [5, 6]. The 
NHC species back then could only be formed in-situ from imidazolium salts and were 
considered as highly reactive intermediates, not stable in isolated form. 

 

Figure 1.2: First known NHC complexes. *[5] **[6] 

In 1974, a new type of organometallic complexes featuring C–M bond were introduced 
to the world of chemistry, called Schrock carbenes (Figure 1.1). This type of carbene, with 
nucleophilic reactivity, was named after Richard Royce Schrock who synthesized 
[(Me3CCH2)3Ta(CHMe3)] [7]. 

At the time, Schrock carbene complexes displayed reactivity not observed before and 
opened a new field in preparative organic chemistry. All types of carbenes at that time still 
shared a common disadvantage, as they were only metastable and could not be isolated in 
their free form. This final stability barrier was overcome in 1991, when the chemistry of 
NHCs and their transition metal complexes started to flourish with the introduction of the 
first solid, isolable, stable and “bottleable” NHC, synthesized by Arduengo et al. in 
laboratories at DuPont [8].  

After their isolation, researchers began to study their electronic and steric properties. 
These properties, along with their reactivity, gave them applicative momentum as ligands 
for d-block and p-block complexes amongst others. Today they are an invaluable tool as 
ligands for catalysts, for small molecule activation, metal-free catalysts, precursors for 
fluorination reagents and much more (see Section 1.2.4 General utility of NHCs).  
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1.2 Chemical Background of NHCs 

1.2.1 Electron configuration on carbene carbon atom  

Two electrons on carbene carbon atom (Figure 1.3) that are not involved in bonding can 
be unpaired (triplet state) or spin-paired (singlet state) [9].  

 

 

Figure 1.3: Two distinct sets of carbenes based on the electronic situation on the carbon 
atom. 

Two different electron configurations at carbene carbon atom exhibit different 
reactivity; while triplet carbenes usually react as biradicals in a two-step reaction 
mechanism [10, 11], the singlet carbenes participate in cheletropic reactions [3, 12]. 
Products obtained from such olefin insertion reactions are stereospecific in case of singlet 
carbene and steroselective in the case of triplet carbene insertion (Figure 1.4).  

 

Figure 1.4: Difference in reactivity of triplet vs. singlet carbenes. 

Based on the type of substituents around the carbon atom and stabilization factors 
present in either configuration, carbenes are highly reactive species prone to different side 
reactions such as dimerization that renders them unreactive [13].  

Although stabilization of triplet carbenes remains a challenge to this day and no viable 
stabilization method has been discovered [9, 14], chemists made significant progress in 
stabilization of singlet carbenes [8]. While simple, Fischer and Schrock carbenes can only 
be formed in-situ, the same is not true for the other three groups of carbenes. With isolation 
of “bottleable” NHCs, scientists were also able to obtain persistent (stable) mesoionic 
carbenes [15] and cyclic alkyl amino carbenes [16]. 
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1.2.2 N-heterocyclic carbenes (NHCs) 

In this work, the N-heterocyclic carbenes (NHCs) are defined as heterocyclic species 
containing two nitrogen atoms within the cycle. Such broad definition allows for many 
diverse structures with different cycle sizes to a great number of possible substituents. A 
general representation of NHC is shown in Figure 1.5a with the first persistent carbene 
synthesized in 1991 in Figure 1.5b [8].  

 

Figure 1.5: (a) a general representation of NHC formula; (b) first isolated persistent NHC. 

1.2.2.1 Persistent vs. non-persistent NHCs and Wanzlick equilibrium 

Structural diversity of such compounds is enormous, allowing a variety of applications. 
The substituents on nitrogen atoms are the most important from the stability point of 
view. Persistent NHCs are stabilized kinetically by the large N-substituents which prevents 
the formation of its thermodynamically more favourable olefin dimerization product 
(Figure 1.6) [17]. 

 

Figure 1.6: Wanzlick equilibrium. 

A general rule of thumb is that if R substituents are small (e.g. H, Me, Et) the 
equilibrium is shifted strongly towards the formation of the thermodynamically stabilized 
dimer (left). NHCs with such N-substituents can only be formed in-situ because their half-
life is generally short [18]. On the contrary, if larger groups are used (e.g. t-Bu, Ph, Mes, 
Ad, Dipp, etc.) the formation of the dimer is disfavoured to the kinetic stabilization of 
corresponding carbene moiety (right). These carbenes are called persistent NHCs. The 
equilibrium between the stable NHC moiety and its corresponding dimer was first proposed 
by H. W. Wanzlick in 1960 (called Wanzlick equilibrium) and has only been proven in 
2000, exactly 40 years after its proposition [13, 19-22].  

The imidazolium backbone carbon atoms (positions C4 and C5) can also be greatly 
manipulated. They can be either saturated or unsaturated [23]. Here we note that if the 
carbene backbone is unsaturated, then the carbene moiety is stabilized regardless of the N-
substituent size [22, 24]. Furthermore, one can affect the carbenes properties to achieve the 
desired effect by changing the substituents on C4 and C5 positions of the imidazole cycle, 
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leading to the first air-stable carbene [25] or functionalized ligands for asymmetric synthesis 
[26-28]. 

1.2.2.2 Synthesis and variability of persistent NHCs 

There are many possible routes for the synthesis of persistent NHCs [8, 23, 29, 30]. One of 
the simplest methods is the preparation of imidazolium chloride salts via 1,4-diazadienes, 
with subsequent deprotonation to form NHC (Figure 1.7). 

 
  *ref: [29]  ** ref: [30] 

Figure 1.7: One of the synthesis procedures of persistent NHCs. 

The R groups in Figure 1.7 are most widely used, as they are readily accessible, and 
the synthesis of their carbene precursors has been optimized [29]. However, synthesis 
procedures allow for a wide range of different alkyl or aryl substituents to be incorporated 
on the nitrogen atoms of the imidazolium ring that affect the carbene reactivity. In this 
sense we talk about functionalized NHCs with different properties for various applications 
depending on the chemists needs (Figure 1.8) [31]. 

 

Figure 1.8: Examples of NHC structural diversity. 
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1.2.2.3 Stabilization factors of NHCs 

As was previously mentioned, NHCs can be stable in their free form. Stability of a free 
NHC can be contributed to various factors. Steric hindrance of bulky groups on nitrogen 
atom certainly contributes to the stability, but the electronic situation in the N–C–N 
moiety appears to be essential (Figure 1.9) [32].  

For simple R–C–R carbenes, with R being alkyl group, triplet state structures have 
energies lower than singlet carbenes, thus, in general, the triple state is the ground state. 
The energy differences between triplet ground and excited singlet state are generally low, 
ranging from 0, where both states exist in equilibrium, to about 15 kcal/mol [9]. 
Stabilization of a triplet ground state is not trivial and straightforward, but substituents 
that can donate electron density into empty p–orbital of carbene carbon atom by 
delocalization can stabilize the singlet state. The largest stabilizing effect for NHCs is 
attributed to carbene push-pull N–C–N electronic properties. Large electron withdrawing 
effect of electronegative nitrogen atoms on the σ–electrons of C–N single bond stabilizes 
the free σ–electron pair, whilst πN–C back donating effect partially fills the empty p–orbital 
on the carbon atom (Figure 1.9) [32, 33].  

 

Figure 1.9: Electron situation on N-C-N moiety of NHCs. 

Net result of those two combining electron effects is that NHCs have a singlet state 
stabilized to the extent that it becomes the ground state. Additionally, it gives NHC a very 
large singlet-triplet gap, which is usually larger than 65 kcal/mol, making their nature 
nucleophilic rather than radical [34]. 

1.2.2.4 Synthesis of NHC→M (M = d- or p-block element) coordination compounds 

Synthesis of NHC-metal complexes can be achieved by several different methods. The 

universal and generally applied are four of them: 

 Reaction of free carbene with a metal substrate. 
 Reaction of imidazolium salt with a transition metal possessing a basic anion or a 

ligand [35-39]. 
 Via carbene transfer reagent [40]. 
 Reaction of imidazolium salt with a transition metal salt in the presence of a weak 

base [41-49]. 
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1.2.2.4.1 Reaction of free carbene with a metal substrate 

This is a simple reaction where NHC as a strong nucleophile coordinates to the metal 
compound or displaces some other weakly coordinated ligand (Figure 1.10). 

 

Figure 1.10: Reaction of a free carbene with a metal substrate. 

The possibilities for this synthetic route are broad and the choice of coordination 
compounds as a starting material for this method is far greater than for any other. The 
problem is narrowed down to solubility of either NHC or metal precursor and the tolerance 
of functional groups towards the reagents used. 

1.2.2.4.2 Reaction of imidazolium salt with a transition metal possessing a basic 

anion or a ligand 

Drawback of the free carbene ligand is its sensitivity to oxygen and water, so it must be 
handled under inert conditions. This limitation is somewhat reduced if precursor 
imidazolium salts are used to form carbene in situ in the reaction with transition metal 
complexes with basic anion or ligand, including acac, chlorate (VII), acetoxy or alkoxy 
groups. Such reactions are usually not sensitive to water and oxygen and are carried out 
under heating or reflux (Figure 1.11). 

 

Figure 1.11: Reaction of imidazolium salt with a transition metal possessing a basic anion 
or a ligand. 
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1.2.2.4.3 Via carbene transfer reagent 

The first well characterized Ag(I)–NHC complexes were synthesized by Arduengo et al. in 
reaction between free carbene and silver(I) salts, but the method got its reputation only 
after I. J. B. Lin et al. reported the formation of Ag(I)–NHC complexes by employing Ag2O 
in the reaction with benzimidazolium salt in CH2Cl2 under ambient conditions. Ag(I)–NHC 
complexes have become the most studied carbene transfer reagents due to their simple 
preparation as well as being sources of other M–NHC complexes through transmetalation 
as a consequence of weakly coordinated Ag(I) atom which can be easily replaced by another 
metal of choice (Figure 1.12). 

 

Figure 1.12: Synthesis of NHC metal coordination compounds via carbene transfer reagent. 

1.2.2.4.4 Reaction of imidazolium salt with a transition metal salt in the presence of 

a weak base 

In cases when transition metal complexes do not contain basic ligands, an additional base 
can be applied (Figure 1.13). That can be beneficial, for example in certain coupling 
reactions when an additional weak base is required to promote the reaction. The idea is 
that the NHC–M catalyst (see 1.2.4 General utility of NHCs) and coupling product are 
formed with the same base in situ and hence greatly simplifying the process by generating 
an active catalyst and coupling product from start to finish in one step.  

The equilibrium between imidazolium salt and its deprotonated base (carbene) is 
formed in the reaction mixture. This equilibrium is strongly shifted towards imidazolium 
salt, because NHCs are known as one of the strongest Lewis bases known, but in the 
presence of a metal centre the thermodynamic force of NHC coordination to metal centre 
and NHC–M complex formation is greater still. The most common bases used are Na2CO3, 
K2CO3, NEt, pyridine and NaOAc. 

 

Figure 1.13: Synthesis of NHC metal coordination compounds with a transition metal 
substrate in the presence of a weak base. 
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1.2.2.5 Properties of NHC metal coordination compounds 

NHC reactivity differs from Fischer or Schrock carbenes. NHC transition metal complexes 
exhibit exceptional stability due to N–C–N π–π bonding interactions (Figure 1.14). p–
orbital of the carbene carbon atom is partially filled by a donor effect of neighbouring 
nitrogen atoms and π–back bonding from coordinated metal, so it is no longer available 
for nucleophilic attack. Carbon atom does not have a lone π electron pair and consequently 
cannot engage in nucleophilic attack on its own, therefore it remains unreactive and takes 
the middle ground between opposing electrophilic Fischer and more nucleophilic Schrock 
carbene type [39]. Such stabilization and electron factors make them a perfect candidate 
as a ligand for substrates for most elements in the periodic table [17].   

 

Figure 1.14: Electron configuration of different carbenes in metal coordination compounds. 
Left Schrock (nucleophilic) carbene, centre NHC and right Fischer (electrophilic) carbene. 

1.2.3 Modes of NHC coordination – nNHC vs. aNHC 

NHCs most reactive site on NHC is C2 atom in N1−C2−N3 moiety (Figure 1.5a and 1.16). 
Deprotonation of imidazolium salt occurs on the most acidic proton located on the C2 
position. Subsequent coordination of NHC to a metal centre consequently takes place on 
the C2 atom. However, in 2002 Crabtree et al. observed the first example of “abnormally” 
coordinated NHC when performing in situ deprotonation reaction of an imidazolium salt 
in the presence of IrH5(PPh3)2 (Figure 1.15). Instead of normal NHC coordination (nNHC) 
this product featured “abnormal” (aNHC), mesoionic or C4 coordination on Iridium metal 
centre [50-52]. This mode of coordination opened the doors for stabilization of different 
mesoionic carbenes (MIC), dianionic carbenes [53], cyclic alkyl amino carbenes (caac) [54] 
and even bicyclic alkyl amino carbenes (BICAAC) [55], which gave chemists a new tool 
that enables them to stabilize highly reactive species, which could not be stabilized before. 

 

Figure 1.15: First example of »C4« or aNHC/MIC coordination on metal centre. 
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1.2.3.1 Characteristics of aNHCs 

The term abnormal NHC (aNHC) applies to all cases where the free ligand cannot be 
written in a neutral form and one is obliged to use the positive and negative formal charges. 
In other words, no resonance with an all-neutral form can be written [56]. Following this 
logic A is normal and B is abnormal (remote) or mesoionic carbene (Figure 1.16).  

 

Figure 1.16: "Normal" carbene vs. "abnormal" carbene representation. 

Numerous normal NHCs (nNHCs) were known decades before the abnormal ones 
(aNHC). Although nNHCs are already very strong donors amongst neutral ligands, the 
aNHCs exhibit yet a larger σ–electron donating effect. This is important because such 
mode of coordination broadens the electronic and steric properties of NHCs and in some 
rare cases, when “C2” or nNHC metal complex is inert for catalysis, its aNHC analogue 
displays catalytic activity for specific Suzuki-Miyaura and Heck reactions [57]. 

There are several important differences between nNHCs and aNHCs/MICs such as the 
absence of dimerization product and lack of viable description of carbene carbon atom with 
six valance electrons in aNHC/MIC free form. As later described by R. H. Crabtree, most 
of those discrepancies disappear once they form coordination compounds with substrates 
and are thus, rightfully so, treated as the same group of molecules [56].  

1.2.3.2 Effects on nNHC or “C2” vs. aNHC or “C4” coordination 

The fact that we sometimes observe metalation on C4 position of imidazole ring, instead 
of C2, is remarkable, especially from the standpoint of proton abstraction. As mentioned 
before, the most acidic proton on the imidazolium ring is C2−H proton. Acidity of C2−H 
has been determined experimentally as well as computationally with pKa = 24±1 [58, 59] 
versus C4−H proton with pKa = 33 determined computationally [60]. The nine units lower 
pKa value of C4−H proton suggests that aspects other than the acidity of the protons 
control the regioselectivity of coordination [61].  

Experimental and calculation methods of the coordination, by in-situ generation of 
NHC from imidazolium salts, showed that the type of anion can influence the mode of 
NHC coordination. Researchers proposed that large N-substituents on the carbene ligand 
in combination with larger anions, such as BF4, can promote C4−H activation and 
subsequent carbene coordination (abnormal reaction pathway, Figure 1.17). In contrast, 
C2−H heterotic cleavage and subsequent C2 coordination is favoured with small halide 
counter-ions because of stronger ion paring capabilities by C−H∙∙∙X (X = small anion) 
hydrogen bonding (normal reaction pathway, Figure 1.17) [52]. Counter ion effect is thus 
on par with the size of NHC nitrogen substituents “wingtips”. If smaller (e.g. R = Me, Et) 
N-substituents are used, the NHCs favour C2 coordination, whilst NHCs with bigger 
substituents (R= Mes, py, Dipp, etc.) make C4 coordination possible. Explanation to why 
this is the case can be rendered down to invoked steric hindrance of bulky “wingtip” 
substituents on nitrogen atoms and weaker ion paring of C−H∙∙∙X (X = large anion) [52, 
62]. However, the authors of the original research also note that anion-dependent selectivity 
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change is a result of several criteria and further examples would help or deny the general 
principles proposed for this reaction system [52]. 

 

Figure 1.17: Mechanisms that lead to either normal "C2" or mesoionic "C4" coordination 
complex. 

Another aspect of NHC coordination regioselectivity are additives. Research on 
Palladium substrate showed that the presence of a Cs2CO3 in the reaction mixture promotes 
C2−H activation and metalation, while without the additive NHC coordinates through 
“C4” position. Explanation to why this happens lies in the presence of basic anions. CO3

2- 
is supposed to deprotonate C2−H position and favour C2 metalation whilst without the 
presence of the base, the oxidative addition to Pd centre is favoured and thus C4 metalation 
is promoted [57]. 
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1.2.4 General utility of NHCs 

1.2.4.1 NHCs in d-block chemistry 

First notable application of NHCs as ligands in d-block metal complexes revealed itself in 
1995 when Wolfgang A. Herrmann et al. reported NHC-palladium catalyst that showed 
activity for C−C Heck coupling reaction [38]. Reported catalyst showed high thermal 
durability, long shelf life, stability towards oxidation and easy accessibility. 

In 1999, Christopher W. Bielawski and Robert H. Grubbs prepared a 2nd generation of 
Grubbs Catalysts by substitution of one P(Cy)3 ligand with NHC ligand on Ruthenium 
metal centre (Figure 1.18) [63]. The 2nd generation Grubbs Catalysts showed dramatic 
increase in catalyst activity, functional groups tolerance and decreased sensitivity for the 
presence of moisture and oxygen in different olefin metathesis system. This meant that 
organic chemists had an easily obtainable catalyst at their disposal and could now perform 
many new reactions, unachievable before, by doing simple “table” chemistry without inert 
reaction conditions. Consequently, for all this advances in olefin metathesis, the Royal 
Swedish Academy of Sciences awarded Robert H. Grubbs a shared Nobel Prize for 
chemistry in 2005 along with Yves Chauvin and Richard R. Schrock [64-66]. 

 

Figure 1.18: Synthesis of 2nd generation Grubbs catalyst. 

Of course, many other catalytic application systems were researched, such as 
hydrogenation, hydrosilylation and hydrogen transfer [67] and π-bond activation [68], but 
the most prominent areas, where applications of NHCs as ligands in d-block metal 
coordination compounds come to light, remain cross-coupling and olefin metathesis 
reactions.  
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1.2.4.2 NHCs in p-block chemistry 

Many coordination compounds of NHCs with p-block substrates were reported. The driving 
force of these complexation reactions is donation of the carbene lone electron pair into 
vacantπσ–accepting orbital of p-block substrates [17]. NHC coordinated p-block substrates 
exhibit a wide range of properties and structural motives never before achieved with any 
other ligands. Such properties include: 

 Stabilization of radicals [69, 70].  
 Stabilization of non-metals in low/zero-oxidation state [71, 72]. 
 Formation of frustrated Lewis pairs (FLPs) (Figure 1.19) [73, 74]. 
 Small molecule activation (Figure 1.19) [72, 73]. 

 

Figure 1.19: Illustration of Frustrated Lewis Pair formation and small molecule activation. 
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1.3  Importance of Fluoride Donors 

Synthesis and preparation of new fluoride sources is in demand due to specific 
characteristics of molecules bearing fluoride anion. Introduction of fluoride into molecules 
can drastically change their physical and chemical properties [75] and is thus an essential 
element in many basic or applicative fields of chemistry. Especially organofluorine 
chemistry where C–F bond is found in numerous agrochemicals, fluoridopolymers, 
refrigerants, surfactants, oil or water repellents to name just a few [76, 77]. In inorganic 
chemistry, fluorides are used as a tool to study high coordination number chemistry [78, 
79]. It is an invaluable element in materials (Teflon , Gore-Tex , Nafion, Viton, etc.), 
medicinal application (Lipitor, Prevacide, Seretide, Prozac, Celebrex, etc.) and many more, 
without which we cannot imagine our lives. 

1.3.1 Overview of selected tools for fluoride anion generation 

Among three general types of reagents for incorporation of F atom into molecules, namely 
oxidative, electrophilic and nucleophilic reagents, the latter are preferential from the 
economical point of view and ease of handling in the laboratory [80, 81]. Although 
numerous fluoride sources are known, the fluorination of organic or inorganic species to 
this day remains a challenge [82-84].  

1.3.1.1 HF as a fluoride source 

For example, the simplest and most widely used reagent for the introduction of fluoride 
anion to different species would be anhydrous HF (aHF). However, due to its low boiling 
point, high corrosiveness and toxicity, it has to be handled in specialized labware.  

Milder HF reagents can be prepared by reacting HF with different amines, producing 
HF complexes such as the Olah’s reagent or Et3N×3HF [85]. These HF complexes can be 
handled by classical chemical methods (even in glassware for short time intervals), but so 
far, they have not achieved wider acceptance (Figure 1.20).  

 
anhydrous 

hydrofluoric acid 

 
Triethylamine 

trihydrogenfluoride 
 

Olah’s reagent 

 
Potassium bifluoride 

Figure 1.20: HF based reagents. 

1.3.1.2 Metal fluorides as fluoride sources 

Metal fluorides (MF; M = K, Na, Cs, Ag …) are the next in line as fluoride sources from 
the standpoint of simplicity and economic perspective. Although easy to handle, not 
corrosive or too dangerous, their limited solubility in organic solvents prevents their 
widespread use. Poor solubility of alkali earth metal fluorides can be somewhat overcome 
by the introduction of different crown ethers, but that increases their price and the removal 
of these ancillary ligands can be problematic (Figure 1.21) [86].  

NaF 

Sodium fluoride 

KF 

Potassium fluoride 

CsF 

Cesium fluoride 

AgF 

Silver(I) fluoride 

Figure 1.21: Common metal fluorides used as fluoride sources. 
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1.3.1.3 Fluoride sources based on sulphur-fluoride bond  

The group of fluoride sources derived from SF4 are either thermally unstable or their 
synthesis and isolation is in some way problematic. Although they are too reactive to be 
used selectively for specific tasks (Figure 1.22), they proved to be excellent 
deoxyfluorination reagents [87-91].  

 
DAST 

 
Deoxo-Fluor 

 
Morpholino-DAST 

   

 
XtalFluor-M 

 
XtalFluor-E 

 
4-tert-Butyl-2,6-

dimethylphenylsulfur 

trifluoride 

Figure 1.22: Fluoride sources based on sulphur-fluoride bond. 

1.3.1.4 Quarternary ammonium/phosphorous salts and fluoride sources based on 

fluoridosilicates and fluoridostanates 

A few organic “naked” fluoride reagents are known. Tetramethyl ammonium fluoride 
(TMAF) and especially tetrabutyl ammonium fluoride (TBAF) are widely used. Despite 
reagent’s profound solubility in acetonitrile (compared to MF compounds), they slowly 
decompose and react with organic solvents (including acetonitrile). Consequently, they 
undergo a different side reaction, such as Hofmann elimination, resulting in the formation 
of amine and alkene side products [92, 93]. Additionally, the synthesis or preparation of 
most of the organic naked fluoride sources requires substitution of another anion, i.e. halide, 
with MF reagents. Such synthetic approach depends on the introduction of water to the 
reaction system because of the poor solubility of MF compounds in organic solvents, 
resulting in vigorous drying conditions of the synthesized naked fluoride reagents that often 
lead to their increased decomposition [93-97]. Water is problematic, since the research 
shows that water solvation deactivates the nucleophilic and basicity properties of “naked” 
F−

 anion due to strong H∙∙∙F bonding of the solvent and F−
 anion [86]. Here we emphasize 

that problems with a double nature of fluoride anion (as a nucleophile and base)[82, 86] 
were solved to some degree by masking the fluoride ion as an adduct with the weak Lewis 
acids [80, 98-100], by anhydrous synthesis of TBAF [101] or its solvation with tert-butanol 
(Figure 1.23) [102]. However, there is still a need for new fluoride sources that would not 
display the aforementioned problems.  
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TAMBS (R = Bu) 

TAMPS (R = Ph) 

 
Tetrabutlyammonium 

difluoridotriphenylstanate 

 
TASF 

   

 
TMAF 

 
TBAF  

pip+ F− 

 
Tetramethyl-

phosphonium fluoride 

    

Figure 1.23: Naked fluoride reagents and fluoride donors masked by a week Lewis acid. 

1.3.1.5 Novel imidazole and imidazoline based reagents 

As mentioned before, the reagents for the introduction of fluoride anion have problems 
with solubility or stability in organic solvents, others with tolerance of functional groups, 
side reactions or thermal stability. In 2011, Ritter et al. reported novel 1,3-bis(2,6-
diisopropylphenyl)-2,2-difluoro-imidazole (PhenoFluor™) [103], and in 2016 another 
reagent 1,3-bis(2,6-diisopropylphenyl)-2-fluoro-imidazolium tetrafluoridoborate 
(AlkyFluor), derived from NHC [104]. Both reagents exhibit exceptional resistance towards 
moisture and high thermal stability. Their analogues such as 2,2-difluoro-1,3-
dimethylimidazolidine (DFI) prepared by a different synthetic route have been used in 
inorganic frameworks [105, 106]. Currently, PhenoFluor™ and AlkylFluor seem to be the 
reagents of choice for aromatic and alky deoxyfluorination processes of organic molecules 
(Figure 1.24). 

 
DFI 

 
PhenoFluor™ 

 
AlkylFluor 

 
[bmim][F] 

Figure 1.24: Imidazole and imidazoline based reagents. 
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Chapter 2 

2 Aims and Hypothesis 

Metal and metalloid fluorides are used in many different applications and are utilized in a 
wide variety of research fields. However, they are scarcely soluble in organic solvents due 
to high lattice energies and are thus deactivated as a homogenous catalyst, thin-layer 
building blocks and as fluorinating reagents. To achieve numerous significant advances in 
the research field of metal fluorides in many applications, their solubility problem should 
be addressed. Solubility shortcomings can be resolved by introducing large, sterically 
hindering N-heterocyclic carbene ligands. Their coordination could prevent the formation 
of long polymer chains of bridging fluoride atoms with high lattice energies and afford NHC 
stabilized monomeric or dimeric units that would have increased solubility in non-polar 
organic solvents. The research will focus on the preparation and reactivity of an NHC with 
selected MFn compounds and other fluoride sources. 

2.1 Aim 

The aim of this thesis is to examine and explain the behaviour, mechanistic insights and 
other phenomena of combining the NHC chemistry with fluorine chemistry to better 
understand and achieve the aforementioned goals and increase the utility of 
metal/metalloid fluorides. Obtained products will be characterized by: 

1. Single crystal X-ray diffraction 
2. Multinuclear NMR analysis (1H, 19F and 13C) 
3. Raman vibrational spectroscopy 
4. CHN elemental analysis 
5. Chemical computational methods 
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2.2 Hypothesis 

Different metal fluorides, in the form of either weak or strong Lewis acids, should react 
with NHC, which was established to be a strong Lewis base. The thermodynamic driving 
force in these systems should lead to the coordination of NHC to a metal centre and 
isolation of a neutral NHC coordination product. However, in the case of metal fluorides, 
abstraction of the proton from the solvent molecule followed by the formation of a new 
imidazolium salt is possible. The reactions should produce either: 

a) an imidazolium salt with metal fluoride anion 
b) a formation of neutral NHC-MFn coordination compound 
c) a formation of NHC-HF salt 

Reaction of a persistent N-heterocyclic carbene with the addition of HF source should 
produce easy obtainable N,N-disubstituted imidazolium fluoride product which could serve 
as a new fluoride source, hopefully stable and soluble in organic solvents. Additionally, 
such approach should render the formed product anhydrous and free of any other impurities 
resulting from substitution reactions. The use of sterically hindering N-substituents on 
imidazolium cation could have beneficial stabilization properties, making it an excellent 
candidate to achieve novel structurally characterized species that could not be prepared 
before. Hypothesized reactivity of the formed product could lead to the preparation of new 
organic or inorganic fluoride bearing compounds. 
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Chapter 3 

3 Methodology and Tools 

Most of the compounds we are dealing with are air sensitive and can easily react with 
water and oxygen, so they have to be handled under inert conditions. Non-volatiles were 
handled in the M. Braun glove box (LABSTAR & MB200MOD) under an Argon 
atmosphere, where quantity of water or oxygen did not exceed 0.1 ppm. Reactions were 
carried out on a Schlenk line, whereas corrosive volatiles such as aHF, F2 and other fluoride 
gasses were handled on a Nickel/PTFE high-vacuum line. 

3.1 Handling of Air-Sensitive Chemistry 

3.1.1 Schlenk line 

One of the pioneers in air sensitive chemistry was German chemist Wilhelm Schlenk (1879 
- 1943). In his early years, he was dealing with highly unstable radicals and reported the 
preparation of first organolithium compounds in 1917 that were also unstable in air; thus, 
he had to develop new methods, glassware and apparatus for handling such delicate 
compounds. The commonly known apparatus he developed, named after him, is the Schlenk 
line (Figure 3.1) and general methods applied on it are known as the Schlenk techniques 
[107].  

 

Figure 3.1: Standard Schlenk line assembly [108]. 
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The Schlenk line (also vacuum gas manifold) consists of a dual manifold to which 
several connectors for reaction vessels are attached (B, C, D and E). One manifold is 
attached to the inlet of an inert gas (A), usually nitrogen or argon. The manifold is 
connected to exhaust through a bubbler that prevents back-flow of air and blocks the build-
up of pressure in the manifold. The second manifold is linked to a rotary vane pump via 
cold trap to accomplish vacuum in the manifold. Then, by turning the valves on reaction 
vessel ports and on Schlenk flasks, one can easily control the atmosphere in the reaction 
vessel and enable a variety of manipulations under inert conditions, such include: 

 solvent addition via cannula transfer  
 counter flow addition of air-stable solid reagents against a flow of inert gas 
 use of syringes and septa for liquid reagents addition 
 filtration  
 chromatography techniques  
 volatile compounds removal under vacuum 

3.1.2 Nickel vacuum line 

Due to reactivity with glass, aHF and other corrosive reagents have to be manipulated on 
a high-vacuum line constructed of Nickel and polytetrafluoridoethylene (PTFE, Teflon®) 
joints. Vacuum in the Nickel manifold is generated by Edwards RV3 rotary vane pump 
and achieves pressures to about 0.1 Pa. High vacuum is applied by Oil diffusion pump 
where pressures to about 0.0001 Pa can be maintained.  

Specialized reaction and crystallization vessels are manufactured from 
tetrafluoridopropylene-hexafluorido propylene block copolymer (FEP; Poltytetry, GmbH, 
Germany) tubes. Tube with inner diameter 16 mm and outer diameter 19 mm is cut at the 
desired length. One end of the tube is heat-sealed and the other end equipped with PTFE 
inlay where the PTFE T-shaped connector or PTFE valve is attached. Vessel for single 
crystal growth was designed from the combination of tubes with inner diameter 16 mm 
and outer diameter 19 mm and the second tube with 4 mm inner diameter and 6 mm outer 
diameter, connected via PTFE T-shaped connector at 90°. PTFE valve is attached directly 
to the inlay of the reaction vessel or to the T-shaped connector at 180° (in case the 
crystallization vessel is built). To ensure the strength and prevent their deformation, all 
PTFE parts are shielded with brass alloy parts (Figure 3.2).  

 

   

Figure 3.2: FEP reactor vessel assembly (picture by Dr. Z. Mazej). 

 



23 

 

 

Figure 3.3: Nickel-PTFE Vacuum line (picture by Dr. Z. Mazej). 
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Chapter 4 

4 Results and Discussion - Overview 

Results and discussion sections of this work are divided into three parts covered by three 
publications in scientific journals. The first part, describes the reaction system between N-
heterocyclic carbenes and SbF3 compound. It explains how these two systems inter-cross 
and discuss problems encountered in the research field. It addresses the reaction system 
from the mechanistic point of view and thoroughly analyses the products obtained from 
this system. The results were published in article: “B. Alič, A. Štefančič, and G. Tavčar, 
"Small molecule activation: SbF3 auto-ionization supported by transfer and mesoionic NHC 
rearrangement," Dalton Transactions, vol. 46, pp. 3338-3346, 2017”. 

The second part addresses the synthesis of three new imidazolium fluoride salts. Two 
of them can be classified as imidazolium poly(hydrogen fluoride) salts and 1,3-bis(2,6-
diisopropylphenyl)imidazolium fluoride ([(LDipp)H]F) obtained from the reaction of 
(LDipp):HF in 1:1 stoichiometry demonstrates the characteristics of a naked fluoride reagent. 
All three have potential as new nucleophilic fluoride reagents. The research takes an 
extensive look at the synthesis which is important in terms of possible mass production 
and broad use of the compounds. It investigates their physical and chemical properties in 
the solution and in solid. The results were published in article: “B. Alič and G. Tavčar, 
"Reaction of N-heterocyclic carbene (NHC) with different HF sources and ratios – A free 
fluoride reagent based on imidazolium fluoride," Journal of Fluorine Chemistry, vol. 192, 
pp. 141-146, 2016”. 

The third part demonstrates the first reactivity examples of 1,3-bis(2,6-
diisopropylphenyl)imidazolium fluoride ([(LDipp)H]F). It explains the reactivity and 
synthesis of the products obtained with this novel reagent. Reactions with MF4 (M= Si, 
Ge) Lewis acids lead to their discrete, pentacoordinated trigonal bipyramidal MF5

− anions. 
Crystal structure containing discrete GeF5

− anions was obtained for the first time. 
Additionally, we show that sterically hindering cations stabilize trigonal bipyramidal 
pentafluorido anions of silicon and germanium relative to octahedral coordinated ones. The 
results were published in article: “B. Alič, M. Tramšek, A. Kokalj, and G. Tavčar, "Discrete 
GeF5

– Anion Structurally Characterized with a Readily Synthesized Imidazolium Based 
Naked Fluoride Reagent," Inorganic Chemistry, vol. 56, pp. 10070-10077, 2017.” 

The idea behind this thesis is to intertwine the chemistry of persistent 1,3-bis(2,6-
diisopropylphenyl)-1,3-dihydro-2H-imidazol-2-ylidene N-heterocyclic carbene and its 
fluoride salts with different fluoride substrates and draw conclusions from these reaction 
systems. The second goal is to explain how this, however small, portion of chemistry deeply 
embeds in the bigger aspect of fluoride and NHC chemistry. Let us see what we found out. 
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Chapter 5  

5 Small Molecule Activation: SbF3 

Auto-Ionization Supported by 

Transfer and Mesoionic NHC 

Rearrangement 

In this chapter, article entitled: »Small molecule activation: SbF3 auto-ionization supported 
by transfer and mesoionic NHC rearrangement«, by Blaž Alič, Aleš Štefančič, and Gašper 
Tavčar is presented. For this article, the candidate performed all synthesis procedures with 
techniques for handling air-sensitive chemicals, obtained single crystals, performed X-ray 
single crystal diffraction analysis and prepared final .cif files of the obtained products. 
Furthermore, the candidate performed the multinuclear NMR spectroscopy and Raman 
spectroscopy, prepared the samples for CHN elemental analysis and actively participated 
in data interpretation. The candidate wrote the first manuscript draft and was the leading 
author during its refinement and publication process.  

Aleš Štefančič did some preliminary experiments. Gašper Tavčar proposed the idea, 
coordinated the work and actively participated in experimental data interpretation.  

In this article we showed that the reaction of SbF3 with (LDipp) in thf or MeCN forms 
the product [(LDipp)H]+[SbF4]– (1). Reactions performed in CH3CN vs. CD3CN show a 
proton abstraction from the solvent molecules and H/D exchange for all three imidazolium 
protons with solvent molecules.  

SbF3 reacts with tmen affording [SbF3(tmen)] complex (2) which can be used as SbF3 
synthon in non-polar solvents (e.g. toluene). Subsequent reaction of (2) with (LDipp) in 
toluene or benzene yields auto-ionization product (4) with [(LDipp)2SbF2]+ cation stabilized 
by two NHC ligands of which one underwent rearrangement to mesoionic carbene (mNHC). 
Product (4) is formed through neutral unstable intermediate product [(LDipp)SbF3] (3), and 
its existence was confirmed only with 1H and 19F NMR spectroscopy in the solution. It is 
surprising that no evidence of product (4) formation can be observed with the solution 
NMR analysis. That suggests that the conversion of (3) to (4) is fast and, when formed, it 
immediately precipitates out of the solution due to negligible solubility in non-polar 
solvents. Both products (3) and (4) were obtained by the presence of either tmen or dme 
in the system. Reaction mechanism was proven to be independent of tmen, which was 
suggested to be involved in similar rearrangement in previous research [109], and just like 
dme, it serves only as auxiliary ligand to help with SbF3 solubility in non-polar solvents.  

Structural analysis of (4) is in full accordance with the VSEPR model where the more 
electronegative F– ligands are both in axial positions, whereas in other three reported 
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[(L)2SbF2]+ cations that is not the case [110-112]. Product (4) also represents the first 
example of a reaction where, to the best of our knowledge, N-heterocyclic carbene ligand 
facilitates the auto-ionization product in any system reported up to date. 
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Chapter 6 

6 Reaction of N-Heterocyclic Carbene 

(NHC) with Different HF Sources 

and Ratios – a Free Fluoride Reagent 

Based on Imidazolium Fluoride 

In this chapter, article entitled: »Reaction of N-heterocyclic carbene (NHC) with different 
HF sources and ratios – a free fluoride reagent based on imidazolium fluoride«, by Blaž 
Alič and Gašper Tavčar is presented. For this article, the candidate performed all synthesis 
procedures with techniques for handling air-sensitive chemicals, obtained monocrystals, 
performed X-ray single crystal diffraction analysis and prepared the final .cif files of the 
obtained products. Furthermore, the candidate performed the multinuclear NMR 
spectroscopy and Raman spectroscopy, interpreted the NMR spectra, prepared the samples 
for CHN elemental analysis and actively participated in data interpretation. The candidate 
wrote the first manuscript draft and was the leading author during its refinement and 
publication process. He was highly involved from the conceptual stage of the research until 
the publication. The candidate was assigned as a corresponding author of the paper. 

Gašper Tavčar did the preliminary experiments, proposed the reactions, coordinated 
the work and actively participated in data interpretation. 

In this work we showed that reactions of N-heterocyclic carbene reactions with 
Et3N∙3HF readily afford [(LDipp)H]+[F]− (1), [(LDipp)H]+[(HF)F]− (2) and [(LDipp)H]+[ 
(HF)2F]− (3) salts, in 1:1, 1:2, 1:3 molar ratios between NHC and HF. Product (1) shows 
characteristics of a naked (free) fluoride reagent and can be selectively synthesized from 
reactions of (LDipp) with Et3N∙3HF or KHF2 without any halide or water impurities on a 
gram scale. 

Such reagent is of high value since the preparation of naked fluoride reagents soluble 
in organic solvents is usually difficult. Problems encountered with different fluoride sources 
are insolubility, decomposition in organic solvents and lack of metal-free or anhydrous 
synthesis. 
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Chapter 7 

7 Discrete GeF5
– Anion Structurally 

Characterized with a Readily 

Synthesized Imidazolium Based 

Naked Fluoride Reagent 

In this chapter, article entitled: »Discrete GeF5
– Anion Structurally Characterized with a 

Readily Synthesized Imidazolium Based Naked Fluoride Reagent«, by Blaž Alič, Melita 
Tramšek, Anton Kokalj and Gašper Tavčar is presented. For this article, the candidate 
performed all synthesis procedures with techniques for handling air-sensitive chemicals, 
obtained single crystals, performed X-ray single crystal diffraction analysis and prepared 
the final .cif files of the obtained products. Furthermore, the candidate performed the 
multinuclear NMR spectroscopy and Raman spectroscopy, prepared the samples for CHN 
elemental analysis and actively participated in data interpretation. The candidate wrote 
the first manuscript draft and was the leading author during its refinement and publication 
process. He was highly involved in all stages of the work from the conceptual stage of the 
research until the publication. 

Anton Kokalj and Melita Tramšek made all the theoretical calculations and interpreted 
the Raman spectra. Additionally, Anton Kokalj wrote and designed the substantial 
Supporting Information document. Gašper Tavčar proposed the experiments, and 
coordinated the work. All authors actively participated in data interpretation. 

In this work we showed that reactions of a new naked (free) fluoride reagent [(LDipp)H][F] 
treated with a surplus of gaseous MF4 (M = Si, Ge) result in isolation of [(LDipp)H][MF5] 
products. Isolation of a discrete, trigonal bipyramidal MF5

− anions of silicon and 
germanium is enabled because of specific steric characteristics of the bulky [(LDipp)H]+ 
cation. 

Research was focused on the preparation, isolation and characterization of discrete 
MF5

− anions, with an emphasis on GeF5
−. Observation of a general tendency that various 

metal halides preferentially form hexacoordinated structural motives instead of 
pentacoordinated moieties leads us to the explanation that the increasing size of a cation 
stabilizes pentacoordinated structural motives of germanium and silicon relative to the 
octahedral ones. We confirmed that the size of the cation stabilization of MF5

− anions is 
due to steric effects as well as electrostatic Coulomb interactions between the anion and 
the cation. We reported the first crystal structure of the trigonal-bipyramidal GeF5

− and 
the first 19F NMR entries for GeF5

− and GeF6
2− anions in the organic solvent.  
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Chapter 8 

8 Summary and Conclusions 

In this chapter, we summarize the fundamental conclusions and achievements of this thesis. 
At the end, we give an outlook on the possibilities for future work.  

The fundamental idea behind this thesis was to combine two fields of chemistry. On 
the one hand N-heterocyclic carbene chemistry and on the other one different fluoride 
substrates. Both types of used compounds are highly reactive and unstable on air. However, 
based on the slight of attention received, this combination of reagents is an interesting 
“mix” with a broad space to explore many possible basic and applicative ideas to take on 
the challenge of preparing soluble metal fluorides.  

8.1 Summary 

In the first part, we have managed to obtain a neutral complex of SbF3 with NHC. However, 
the reactions of SbF3 with NHC in acetonitrile or thf did not yield the desired neutral 
complex. Instead we observed a new imidazolium salt of [(LDipp)H]+[SbF4]–. The behaviour 
of the system showed that the proton responsible for [(LDipp)H]+ cation formation is 
abstracted from the solvent molecule. Additionally, we could observe that all three 
imidazolium protons are very labile and can easily undergo H/D exchange. To avoid the 
formation of the salt, we performed reactions in non-polar solvents (i.e. toluene and 
benzene) to avoid the proton abstraction from the solvent and formation of the 
[(LDipp)H]+[SbF4]– salt. To do that, we had to first prepare a SbF3tmen complex that acts 
as a SbF3 synthon soluble in non-polar solvents. Subsequent reaction of SbF3tmen complex 
with NHC in toluene or benzene forms a neutral NHC–SbF3 complex stable in the solution. 
However, in the transition from the solution to the solid, additional auto-ionization reaction 
takes place and we obtain an interesting crystal structure of [(LDipp)2SbF2]+[SbF4]–. This 
product is a: 

a) Rare example of SbF3 auto-ionization that shows amphoteric nature of SbF3. 

b) First example of mesoionic carbene coordinated to any metal/metalloid fluoride 

substrate. 

c) First example of carbon-based ligand coordinated to SbF2 moiety. 

d) First example of the reaction mechanism where NHC ligand facilitates the auto-

ionization reaction. 

Additionally, we have suggested the chemical mechanism of such conversion and 
determined that the formation of [(LDipp)2SbF2]+[SbF4]– is not induced by the presence of 
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tmen base in the reaction mixture. The mechanism could be described as “ligand-assisted 
and heat-induced auto-ionization”. 

 

In the second part, we have studied the reactivity of NHC with different HF sources. 
Initial reaction with a surplus of aHF resulted in the formation of imidazolium 
poly(hydrogen fluoride) product [(LDipp)H][F(HF)2]. This prompted the question if we could 
stabilize [(LDipp)H][F(HF)] and [(LDipp)H][F] compounds in 1:2 and 1:1 ratios of HF, 
respectively. Et3N×3HF and KHF2 reagents readily accomplished this task in 
stoichiometric quantities of HF. This way we have found an elegant solution for the 
formation of [(LDipp)H][F] that was analytically pure without water or other impurities 
usually present in analogous types of products. During the research and characterization 
we established that product [(LDipp)H][F] shows properties of a naked (free) fluoride reagent. 
Additionally, we observed that dissolution of a solid [(LDipp)H][F] in acetonitrile leads to 
the formation of [(LDipp)H][F(HF)2] and free NHC (LDipp). This is the first example where 
imidazolium salt reacts with itself and produces free NHC – a type of process not observed 
before. 

In the last part of our work we have tested the reactivity of [(LDipp)H][F] reagent and 
reacted it with SiF4 and GeF4 Lewis acids. Reaction yielded discrete, monomeric, trigonal 
bipyramidal SiF5

– and GeF5
– anions. With an additional equivalent of [(LDipp)H][F] the 

reaction yielded a GeF6
2– anion which, surprisingly, showed lower stability than the GeF5

– 
anion (visual assessment under the microscope). With the help of quantum-chemical 
calculations, we established that the large cations indeed stabilize the GeF5

– anion against 
GeF6

2– anion due to cation steric properties as well as electrostatic Coulomb interactions 
with the surrounding cations. Discrete GeF5

– anion was structurally characterized for the 
first time. The anion in the crystal structure is disordered in two distinct positions and 
occupies two distinct positions. We tried to explain the disorder in the crystal structure 
terms of rotation (R) or the Berry pseudorotation mechanism (BM). Calculated activation 
energies for both mechanisms are comparable and small, which means both mechanisms 
are equally probable. Additionally, we have reported the first 19F NMR spectra of GeF5

– 
and GeF6

2– in organic solvents (acetonitrile). Trigonal bipyramidal GeF5
– anion has two 

magnetically inequivalent sets of fluorides (equatorial and axial) but NMR shows only one 
singlet at –136.60 ppm for GeF5

– anion in acetonitrile. This observation can be explained 
by assuming that the lifetime of the anion in a single domain is very short which thus 
confirms BM, however R mechanism cannot be excluded.  
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8.2 Outlook 

Combining NHC chemistry with fluorine chemistry shows bright perspective. We would 
still like to perform other reactions with the rest of PnX3 (Pn = P, As and Bi) halides and 
analyse if they have the same reactivity or if we can observe something unexpected that 
could give insights on: 

a) NHC modes of coordination – an aspect highly important in catalysis 

b) effects of the central metal size on the system 

c) different Lewis acidity effects 

d) other unexpected phenomena  

We have characterized and performed interesting chemistry with a novel naked fluoride 
reagent [(LDipp)H][F] that is only in preliminary stages. To understand and establish the 
full scope of utility and applicability of the [(LDipp)H][F], [(LDipp)H][F(HF)] and 
[(LDipp)H][F(HF)2] reagents, they have to be tested in numerous different reaction systems 
and [(LDipp)H][F] with [(LDipp)H][F(HF)] is already showing promising results as a 
fluorination reagent of organic compounds [111]. 

8.3 Final Personal Remark  

I would like to conclude this thesis with a thought: You can either be attracted or repulsed 
by fluorine, but never does this small element leave anything or anyone without a reaction 
(except maybe He and Ne – at least until now). One could say that, in all its forms, it has 
“a mind of its own”. Its reactivity often does not behave according to the trends or 
predicted mechanisms and is thus a worthy moiety for research, because you never know 
when you will encounter the “next big thing” that will further push the boundaries of this 
fundamental science that is Chemistry. 
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