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Abstract 

In the past, the search for soluble aluminium trifluoride (AlF3) led to the discovery of 
organoaluminium compounds (AlR3) and organoaluminium fluorides. However, suitable 
methods for the introduction of fluorine into AlR3 are still scarce, making the discrete AlF3 
and organoaluminium fluoride compounds rare. Our investigation of the reactivity of cyclic 
(alkyl)(amino)carbene (CAAC) stabilised AlMe3 has shown that when a suitable neutral 
fluorinating reagent is used, one, two or three methyl groups on the aluminium centre can 
be substituted by fluorine, leading to discrete dimethylaluminium fluoride, 
methylaluminium difluoride and AlF3 adduct, respectively. Further fluorination led to the 
formation of salts with discrete fluoroaluminate anions. 

AlR3 compounds have a Lewis acidic aluminium centre that tends to react with fluoride 
anions to form various organofluoroaluminates. However, discrete anions are still rare as 
fluorine atoms tend to engage in the formation of oligomeric or polymeric species. Our 
study on the reactivity of AlR3 compounds with fluorinating reagents based on imidazolium 
salts has shown that by using a suitable fluorinating reagent with the appropriate HF 
content, compounds with discrete [R3AlF]−, [R2AlF2]− and [RAlF3]− anions can be 
selectively prepared. Compounds with [AlF4]− anions were prepared when AlR3 reacted 
with an excess of HF-based reagents. The formation of salts was accompanied by the release 
of RH. We have developed selective synthesis procedures for the synthesis of various 
organofluoroaluminates. 

Aluminium hydrides (AlH3) are important reagents in materials science and synthetic 
chemistry. However, relatively little attention has been paid to their partially substituted 
derivatives. Our study on the reactivity of N-heterocyclic carbene (NHC) stabilised AlH3 
showed that even unusual reagents such as aldiminium-based triflate and chloride salts can 
be useful reagents for hydride/triflate and hydride/chloride substitution reactions, 
respectively. We have successfully prepared the first NHC-stabilised aluminium dihydride 
triflate adduct and a new NHC-stabilised aluminium hydride chloride adduct.  

Fluorinating reagents based on imidazolium salts have recently been shown to be useful 
for the fluorination of organic and inorganic compounds. However, since the number of 
reliable methods for the introduction of fluorine into aluminium compounds is still limited 
and reagents based on imidazolium salts resulted in anionic species, we decided to prepare 
a series of new fluorinating reagents based on aldiminium salts. In our work, we prepared 
a series of poly(hydrogen fluoride) compounds starting from aldiminium-base chloride salt 
and anhydrous HF. By gradually removing HF, we also obtained an aldiminium-based 
fluoride compound. 

Finally, we tested the reactivity of the newly prepared aldiminium-based fluorinating 
reagents on AlR3 compounds. The poly(hydrogen fluoride) reagents converted the AlMe3 
into salts with discrete [RAlMe3]− and [AlF4]− anions, while the aldiminium-based fluoride 
compound successfully fluorinated the CAAC-stabilised AlMe3 to form the corresponding 
diorganoaluminium fluoride. These preliminary results show the potential of the newly 
prepared fluorinating reagents. In the future, their reactivity still needs to be exploited, 
not only in aluminium chemistry but also in other research areas.  
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Povzetek 

V preteklosti so raziskovalci precej pozornosti posvečali iskanju topnega aluminijevega 
trifluorida (AlF3). Raziskave, ki so bile izvedene na tem področju, so vodile do odkritja 
organoaluminijevih spojin (AlR3) in organoaluminijevih fluoridov. Dandanes je število 
metod, s katerimi lahko vnesemo fluor v AlR3 spojine, še vedno omejeno. Zaradi tega so 
redke tudi spojine z diskretnimi enotami AlF3 ter organoaluminijevih fluoridov. Naša 
raziskava se je osredotočala na reaktivnost AlMe3 aduktov, stabiliziranih s cikličnimi 
(alkil)(amino)karbeni (CAAC). Z uporabo primernega nevtralnega fluorirnega reagenta 
smo pokazali, da lahko eno, dve ali tri metilne skupine na aluminiju uspešno nadomestimo 
s fluorom in tako pripravimo diskretne spojine z dimetilaluminijevim fluoridom, 
metilaluminijevim difluoridom ter AlF3. Nadaljnje fluoriranje je privedlo do nastanka soli 
z diskretnimi fluoroaluminatnimi anioni. 

Spojine tipa AlR3 so znane kot močne Lewisove kisline s kislim aluminijevim centrom. 
Običajno reagirajo s fluoridnimi ioni, tako da tvorijo različne organofluoroaluminatne 
anione. Le-ti so redko določeni v diskretni obliki, saj fluorovi atomi običajno sodelujejo pri 
tvorbi oligomernih ali polimernih spojin. Pri našem delu smo raziskali reaktivnost AlR3 
spojin s fluorirnimi reagenti na osnovi imidazolijevih soli. Pokazali smo, da lahko z uporabo 
ustreznega fluorirnega reagenta s primerno vsebnostjo HF selektivno pripravimo spojine z 
diskretnimi [R3AlF]−, [R2AlF2]− in [RAlF3]− anioni. Spojine z [AlF4]− anioni smo dobili pri 
reakciji AlR3 s presežkom reagenta na osnovi HF. Pri reakcijah z [IPrH][F(HF)] in 
[IPrH][F(HF)2] so se nam kot stranski produkti tvorile RH spojine. Tekom študije smo 
razvili selektivne sintezne postopke za pripravo različnih diskretnih 
organofluoroaluminatnih spojin. 

Aluminijevi hidridi (AlH3) so pomembni reagenti v znanosti o materialih in v sintezni 
kemiji. Njihovim delno substituiranim derivatom pa je bilo do sedaj posvečeno razmeroma 
malo pozornosti. Pri našem delu smo testirali reaktivnost AlH3, stabiliziranega z 
N-heterocikličnim karbenom (NHC). Pokazali smo, da lahko tudi nenavadna reagenta, kot 
sta triflatna in kloridna sol na osnovi aldiminija, uporabimo za substitucijo hidrida na Al 
s triflatom oziroma kloridom. Uspešno smo pripravili prvi NHC stabilizirani adukt 
aluminijevega dihidrid triflata in nov NHC stabilizirani adukt aluminijevega hidrid klorida. 

Dandanes je število zanesljivih metod za vnos fluora v aluminijeve spojine še vedno 
omejeno, zato smo se odločili pripraviti serijo novih fluorirnih reagentov na osnovi 
aldiminijevih soli. Pri našem delu smo pripravili vrsto reagentov na osnovi polivodikovih 
fluoridov iz aldiminijevega klorida in brezvodnega HF. S postopnim odstranjevanjem HF 
smo pripravili tudi aldiminijev fluorid. 

Na koncu smo preizkusili reaktivnost novo pripravljenih fluorirnih reagentov pri 
reakcijah z AlR3. Reagenti na osnovi polivodikovih fluoridov so selektivno pretvorili AlMe3 
v soli z diskretnimi [RAlMe3]− in [AlF4]− anioni, medtem ko je aldiminijev fluorid uspešno 
fluoriral AlMe3 adukt, stabiliziran s CAAC-om, in tvoril ustrezen diorganoaluminijev 
fluorid. Naši rezultati kažejo na potencial pripravljenih fluorirnih reagentov. Z nadaljnjimi 
raziskavami bo potrebno njihovo reaktivnost še proučiti, ne le v kemiji aluminija, temveč 
tudi na drugih področjih. 
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Chapter 1 

1 Introduction 

1.1 Aluminium Trifluoride 

Aluminium trifluoride (AlF3) has attracted the attention of chemists for many decades. It 
is an important material that plays a crucial role in industry due to its catalytic properties 
[1]. Various aluminium fluoride phases are used in heterogeneous catalysis [2]. For example, 
they are studied as active catalysts for isomerisation, elimination and halogen exchange 
reactions or as acidic catalysts in cracking or polymerisation reactions [3]. However, the 
reactivity of AlF3 strongly depends on the structure of the material. In the gas phase, AlF3 
adopts a trigonal-planar geometry, whereas in the solid state, the fluorine and aluminium 
atoms arrange themselves into octahedral units. The AlF6 octahedra interconnect by 
corner-sharing and form a rich variety of polymeric 3D structures [2]. Fluorine, due to its 
small size and high charge density, confers the acceptor metal with the ability to form 
F−M−F bridging units that enable the assembly of clusters and frameworks via fluoride 
bridges [4]. The materials with a more open or distorted structure have been shown to be 
more catalytically active due to their higher Lewis acidity. The α-AlF3, the most stable 
crystalline form of AlF3, shows no activity, while the more open metastable phases, such 
as the β-AlF3, are active catalysts. However, the metastable β-, θ-, κ-, and η-phases tend 
to transform irreversibly to α-AlF3 upon heating [3]. The structures of the different phases 
are shown in Figure 1.1 [5]. In amorphous solids such as high surface AlF3, even higher 
Lewis acidity was observed. The amorphous phases tend to form at low temperatures when 
the AlF6 octahedra are arranged in non-periodic networks. Such phases exhibit different 
structural and catalytic properties and are also quite reactive [2]. 

According to quantum chemical calculations, pure discrete metal fluorides should be 
excellent Lewis acids. The Lewis acidity of AlF3 as a single molecule has been estimated to 
be similar to SbF5(g), which is commonly regarded as the strongest conventional Lewis acid 
[2]. But as described above, solid crystalline AlF3 does not exhibit a strong Lewis acidity. 
The same has been observed for AlCl3. In its solid crystalline state, AlCl3 exhibits almost 
no Lewis acidity. Coordinatively saturated aluminium with a coordination number of six 
does not act as an electron pair acceptor [6]. However, when coordinatively unsaturated 
aluminium species are formed and the inert sphere is broken, AlCl3 becomes a strong Lewis 
acid, which can act as an electron pair acceptor and forms adducts with Lewis bases 
[(L)AlCl3]. The tetrahedrally coordinated adducts often act as catalytically active species 
[2]. Thus, to utilise the high Lewis acidity of AlF3, the formation of adducts with Lewis 
bases is required.  
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Figure 1.1: Different crystalline AlF3 phases. 

However, the properties of AlF3 differ drastically from those of its heavier halogen 
analogues. Unlike AlCl3, which is known for its good solubility in organic solvents and its 
low melting point (192 °C), solid AlF3 does not react with coordinating solvents and has a 
much higher melting point (1291 °C) [7]. Even when exposed to strong Lewis bases, no 
molecular species of the [(L)AlF3] type are formed. Nevertheless, the Al−F bond is one of 
the strongest bonds known in fluorine chemistry. Even if uncoordinated AlF3 forms, its 
high association energy will lead to the formation of solid AlF3 [2], [7].  

1.1.1 Neutral AlF3 compounds 

As described above, AlF3 is not a suitable starting material for the synthesis of monomeric 
compounds. Therefore, the synthesis of discrete aluminium fluorides turned out to be 
challenging. To date, there are only a small number of described compounds containing 
discrete AlF3 units [8]. Of these, only three have been structurally characterised. All three 
possess octahedrally coordinated aluminium centres and are stabilised by triaza macrocyclic 
frameworks [9], [10]. The scarcity of discrete AlF3 compounds is due to the difficulties in 
preparing, isolating and growing of single crystals. 

Discrete AlF3 compounds have been prepared either by fluoride exchange reactions from 
pre-formed chloride complexes or by the use of a hydrate synthone AlF3·3H2O [8]. Recently, 
another method involving fluoride/alkyl exchange reactions has been proposed [11]. The 
pre-formed octahedral AlCl3 complexes stabilised by triaza macrocyclic frameworks were 
reacted with KF or [E4N][F] in aqueous solutions to form the corresponding AlF3 complexes 
[10], [12]. However, the same reaction between [AlCl3(py)3] and Me3SnF led to the formation 
of an ionic compound with a monomeric octahedrally coordinated cation [AlF2(Py)4][Cl] 
[13]. Otherwise, the synthon was prepared in aqueous solution by precipitating an 
aluminium salt with HF. The octahedral AlF3·3H2O molecules thus prepared were then 
reacted with various N-donor ligands in hydrothermal vessels to form octahedral complexes 
[9]. The AlF3·3H2O synthon also reacted with the O-donor ligands DMSO and pyNO to 
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form [AlF3(H2O)2(DMSO)] and [AlF3(H2O)2(pyNO)], respectively [14]. Recently, the 
tetrahedrally coordinated AlF3 adduct [(SIMes)AlF3] stabilised by an NHC was prepared 
from the corresponding AlMe3 adduct by fluoride/alkyl substitution reactions with SF4 or 
Me3SnF [11]. The compound was characterised by NMR but could not be structurally 
characterised. To the best of our knowledge, the only discrete tetrahedrally coordinated 
group 13 metal trifluoride adduct that has been structurally characterised is [(IPr)GaF3]. 
It was prepared by fluoride/halide exchange reaction starting from the [(IPr)GaCl3] and 
using AgBF4. However, the direct reaction of IPr and GaF3 did not give the desired product, 
but led to the formation of the imidazolium salt [IPrH][GaF4] [15]. 

1.1.2 Ionic fluoroaluminate compounds 

Most of the fluoride minerals found in nature are fluoroaluminates. For example, there is 
cryolite (K2NaAlF6), weberite (LiCaAlF6), elpasolite (Na2MgAlF7), cryolithionite 
(Na3Li3Al2F12), etc. The naturally occurring fluoroaluminates usually consist of octahedral 
[AlF6]3− anions or similar polynuclear derivatives. Structurally, the polynuclear 
fluoroaluminate anions could be described as associated octahedral AlF6 units connected 
by a corner or edge [5]. So far, several polynuclear fluoroaluminate anions have been 
prepared and structurally characterised, including [Al2F9]3−, [Al2F10]4−, [Al2F11]5−, [Al3F16]7−, 
[Al4F18]6−, [Al4F20]8−, [Al5F26]11−, [Al7F30]9− and [Al8F35]11− [5], [16]. Discrete octahedral 
[AlF6]3− are not only observed in natural minerals, but also in combination with organic 
cations. After the publication of the first discrete hexafluoroaluminate salt with 
guanidinium cations, which was prepared from aqueous solution by Bukovec in 1983 [17], 
many others followed. Today, there are 26 crystallographically characterised structures 
with discrete octahedral [AlF6]3− anions in the CSD database.  

Furthermore, the octahedral coordination of aluminium is also observed in salts that 
stoichiometrically appear to contain [AlF5]2− or [AlF4]− anions [18], [19]. However, 
structures with discrete [AlF5]2− or [AlF4]− anions are much less studied. Known geometries 
of discrete fluoroaluminate anions are shown in Figure 1.2. 

 

Figure 1.2: Structures of known discrete fluoroaluminate anions. 

Discrete pentacoordinated fluoroaluminates are extremely rare. Their existence was 
suggested by Gilbert in 1990. When NaF/AlF3 melts were studied by Raman spectroscopy, 
the Raman bands for [AlF6]3−, [AlF5]2− and [AlF4]− were observed and assigned at 515 cm−1, 
555 cm−1 and 622 cm−1, respectively [20]. Quantum chemical calculations of [AlF5]2− also 
confirmed its existence. Bouyer’s group calculated the Raman spectra of [AlF6]3−, [AlF5]2− 
and [AlF4]− anions in melts and confirmed the experimentally obtained results of Gilbert 
[21]. They also proved that the [AlF6]3− anions are the less stable in the series of 
fluoroaluminate anions and tend to dissociate to [AlF5]2−, which in turn dissociate to 
[AlF4]−. The latter proved to be the most stable form in melts [21], [22].  
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The first compound with discrete [AlF5]2− anions was only described by Raman and 
NMR spectroscopy in 2003 by the group of Groß and Kemnitz [23]. Moreover, the structural 
characterisation of a discrete [AlF5]2− anion in [Et4N]2[AlF5]·(H2O)2 salt was published only 
in 2015 by the group of Matsumoto [18]. The reaction of [Et4N][AlF4] with [Me4N][F] in a 
2:1 stoichiometry led to the formation of a mixture of [Et4N][Me4N][AlF5] and unreacted 
[Et4N][AlF4]. However, single crystals only formed when the mixture was in the presence 
of water. It turned out that water molecules are essential for the stabilisation of the lattice 
[18]. 

Discrete tetracoordinated fluoroaluminate anions are also rare. The first compound with 
[AlF4]− anions was described by Herron in 1993. They prepared an [AlF4]− salt by reacting 
AlMe3 with 4 equivalents of HF using a pyridine-based poly(hydrogen fluoride) reagent. 
After cation substitution, single crystals of [1,8-bis(dimethylamino)naphthalene-H][AlF4] 
and [collidine-H][AlF4] were obtained [19]. In the CSD database, there are 4 other 
structurally characterised compounds with discrete [AlF4]− anions: [PPh4][AlF4] was 
described in 2001, the [RePO3NC20H20][AlF4] in 2004 [24], [PNP][AlF4] in 2020 [25] and our 
[IPrH][AlF4] in 2022 [26]. 

Nevertheless, crystallographic data for discrete fluoroaluminate anions are still limited 
due to difficulties in growing single crystals. 

1.2 Organoaluminium Fluorides 

The non-reactive nature of AlF3 makes it an unsuitable starting material for the synthesis 
of monomeric units. To further explore the chemistry of aluminium fluorides, it is necessary 
to prepare compounds with higher solubility in organic solvents. This can be achieved 
either by replacing one or two fluorine atoms with bulky substituents or by stabilising the 
monomeric units with electron-donating ligands [9], [10]. Replacing one or two fluorine 
atoms with carbon changes the physical properties of the molecules, making them more 
volatile, lowering their melting point and improving their solubility in organic solvents. 
The increased solubility could consequently enable their use in homogeneous catalysis [27]. 
In addition, bulky substituents have the potential to form an organic shell around the 
metal centre, preventing the dimerisation or aggregation of monomeric compounds [27]. 
The use of neutral ligands to stabilise monomeric units also has a very similar effect. As 
described in the previous chapters, many discrete aluminium fluoride compounds can be 
prepared with Lewis bases.   

The search for soluble aluminium fluoride compounds led to the development of 
organoaluminium fluorides. A distinct family of compounds containing both the Al−F and 
Al−C bonds [7]. On the one hand, the Al−F bond is highly polar and very strong  
(580–670 kJ/mol), which often contributes to fluorine bridging. On the other hand, the 
much weaker and more covalent Al−C bond (255–280 kJ/mol) can be easily cleaved by 
HF or other fluorinating reagents [3], [7]. These opposing properties of the bonds play an 
important role in the chemistry of organoaluminium fluorides. 

Organoaluminium fluorides were discovered by Ziegler and co-workers in the 1950s. In 
their pioneering work, they prepared sodium salts of anionic organofluoride species to be 
used in Ziegler-Natta catalytic systems for olefin polymerisation [28]. Many years later, 
Zielger and Natta received a Nobel Prize for their work [29]. However, it was not until the 
era of the modern polymer industry that the compounds containing the C–Al–F fragment 
received much attention. In the 1970s, the development of a new type of catalysts began 
when scientists discovered that group 4 metallocene complexes (η5-C5H5)2MX2 (M = Ti, 
Zr, Hf) catalysed the polymerization of propene in the presence of MAO [MeAl(µ-O)]n [30]. 
In the 1990s, many research papers were published on the mechanism of homogeneous 
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catalysis in olefin polymerisation [28]. Several complex structures containing C–Al–F 
fragments were also published at this time by the Roesky’s group, starting with metallocene 
complexes of titanium-fluorides [31], zirconium-fluorides [32], and hafnium-fluorides [33]. 

In general, pure organoaluminium fluorides are colourless, air-sensitive compounds that 
have a trimeric or tetrameric structure in the solid state or in solution. They can act as 
electron pair acceptors and form adducts with Lewis bases. Some of them are also 
pyrophoric [34]. They can be prepared from the corresponding heavier halides or 
organoaluminium compounds and using appropriate fluorinating reagents. Pure R2AlF with 
alkyl substituents have been prepared from the corresponding halides using NaF and some 
other alkali-earth metal fluorides, and from organoaluminium compounds using XeF2, 
[(Et2O)BF3], SiF4, SF6 or other similar fluorides [28], [34]. On the other hand, data for the 
preparation of RAlF2 are limited. They were prepared from the corresponding halides using 
NaF, from organoaluminium compounds using BF3 or HF-based reagents, and by 
commutation reaction between AlR3 and freshly prepared AlF3 according to the following 
equation [34]: 

𝐴𝑙𝑅3 + 2𝐴𝑙𝐹3 → 3𝑅𝐴𝑙𝐹2 

Further developments in this field of chemistry soon led to the synthesis and 
characterisation of discrete mononuclear organoaluminium fluoride species, either in their 
neutral or ionic form. For the sake of clarity, representatives of both forms are presented 
separately in the following chapters. 

Discrete neutral compounds have been successfully prepared so far by fluoride/halide 
exchange reactions, fluoride/alkyl exchange reactions, fluoride/hydride exchange reactions 
and by oxidative additions of Al(I), while the corresponding ionic compounds were formed 
by the formation of complexes with other metal fluorides or by reactions with HF-based 
reagents [3]. The reactions are presented in the following chapters. 

1.2.1 Neutral organoaluminium fluoride compounds  

Discrete organoaluminium fluorides stabilised by electron-donating ligands are rare. This 
is mainly due to the lack of suitable methods for introducing fluorine into organoaluminium 
compounds [7]. In the following paragraphs, different types of discrete organoaluminium 
fluoride compounds are described. Their structures are shown in Figure 1.3. 

The first discrete structure of an organoaluminium fluoride compound was reported by 
Roesky’s group in 1999. The stable organoaluminium difluoride adduct with THF 
[(THF)Al(C(Me3Si)3)F2] was prepared by a fluoride/alkyl exchange reaction from the 
corresponding dimethyl parent compound and Me3SnF. However, the complex converted 
to the THF-free trimeric product [(RAlF2)3] upon heating [35]. Later, the same group found 
that polynuclear organoaluminium fluoride compounds such as [(Me2AlF)4] can be used to 
prepare aluminium fluoride clusters and cage compounds [36]. 

Me3SnF has proven to be a versatile reagent in organoaluminium chemistry. Its 
usefulness can be found in many different reaction systems. Me3SnF was introduced as a 
fluoride/chloride exchange reagent to convert main group chlorides to their corresponding 
fluorides [37]. Later, it was also used in fluoride/alkyl and fluoride/hydride exchange 
reactions [3]. In aluminium chemistry, its ability to convert organoaluminium compounds 
into their fluoride counterparts was first tested on aminodimethylaluminium compounds 
and proved to be very effective. When a methyl group was exchanged with fluorine, Me4Sn 
was formed. This volatile molecule was easily removed from the product under low pressure 
[38].  
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Figure 1.3: Different discrete organoaluminium fluoride compounds. 

In 2000, the first discrete diorganoaluminium fluoride was described by Roesky’s group. 
[((t-Bu)NH2)AlMe2F] was prepared by the reaction of (t-Bu)NH2 with Me2AlF in toluene 
[39]. Similar reactions between primary amines and organoaluminium compounds were 
already known at that time. They led to the formation of trimers [MeAlNR]3 via a two-step 
elimination reaction [40]. Similarly, Me2AlF also reacted with a more acidic primary amine 
to form a tetrameric ring system [(Me2Al)4(NH(Dipp))2F2] [39].  

An important development in the chemistry of organoaluminium fluorides is due to the 
introduction of β-diketiminato ligands [41]. These bidentate ligands are able to incorporate 
metal atoms as part of stable C3N2M six-membered rings by bonding with their two 
nitrogen atoms. They are also able to stabilise species in low oxidation state and low 
coordination number at the metal centre [27]. In 2006, a series of organoaluminium fluoride 
compounds stabilised by β-diketiminato ligands was published. The [(NacNac)AlMeF] was 
prepared by a fluoride/halide exchange reaction from the corresponding chloride 
counterpart using Me3SnF, while the aluminium difluoride compound [(NacNac)AlF2] was 
obtained by a fluoride/hydride exchange reaction from the corresponding aluminium 
dihydride using [(Et2O)BF3] [42].  

Later, β-diketiminato ligands allowed chemists to use other synthetic methods for the 
preparation of C−Al−F bonds. Oxidative addition of fluorinated organic compounds to 
the stabilised Al(I) centres by C−F bond activation produces a diverse array of 
organoaluminium fluoride compounds. Monomeric [(NacNac)Al] reacted with fluoroarenes, 
fluoroalkanes [43], [44], and fluoroalkenes giving various [(NacNac)AlArF] and 
[(NacNac)AlRF] compounds [45]. In parallel, the use of [(NacNac)AlH2] was also employed 
for the synthesis of [(NacNac)AlRF] compounds through alumination reactions. In the 
presence of a catalyst [(NacNac)AlH2] is capable of selectively converting C−F and C−H 
bonds of fluoroarenes and heteroarenes to C−Al bonds [46]. Catalytic amounts of 
zirconium, rhodium or palladium complexes were used as catalysts [46]–[48]. 

Furthermore, Uhl’s group showed that the formation of C−Al−F motifs is also possible 
by using frustrated Lewis pairs. Various molecular ambiphilic compounds were synthesised 
by the reaction of Al/P FLPs with HF [49], CsF [50], and BF3 [51]. 
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Recently, the use of NHCs proved to be efficient for the stabilisation of discrete 
organoaluminium fluoride and aluminium fluoride compounds. Kemnitz’s group prepared 
and spectroscopically characterised the [(SIMes)AlMe2F] and [(SIMes)AlF3]. They were 
prepared by fluoride/alkyl exchange reactions starting from the corresponding 
organoaluminium compound and by using Me3SnF and SF6 or Me3SnF and SF4, respectively 
[11].  

1.2.2 Ionic organofluoroaluminate compounds 

Orgaoaluminium compounds tend to react with Lewis bases to form tetrahedrally 
coordinated compounds. In the presence of fluoride anions, they usually form different 
organofluoroaluminate species [R4−nAlFn]− (n = 1–4). Furthermore, the high 
electronegativity of fluorine stimulates the formation of M−F−M bridging bonds, leading 
to the formation of polynuclear anions [3]. Depending on the number of bridging fluorides, 
dimeric [52]–[56], and sometimes even trimeric anions are formed [53]. 
Organofluoroaluminate fragments are also found in higher complex ionic compounds with 
electropositive metals such as lithium [57], sodium [58], potassium [59], titanium [31], 
zirconium [32], and hafnium [33].  

However, compounds containing discrete organofluoroaluminate anions are still rare. 
Prior to our publication [26], there was only one structurally characterised compound with 
discrete [R3AlF]− anions, three with discrete [R2AlF2]− anions and one with discrete 
[RAlF3]− anion, in the CSD database. The structurally characterized organofluoroaluminate 
anions are shown in Figure 1.4. 

 

Figure 1.4: Structurally characterised organofluoroaluminate anions, prior to our 
publication. 

Compounds containing [AlF4]− anions do not belong to the organofluoroaluminate 
family, but are related to them. The reactions with excess HF lead to the complete removal 
of the substituents and the formation of [AlF4]− anions. They also tend to form when 
HF-based reagents react uncontrollably with AlR3 compounds [19], [60]. Compounds 
containing such anions have already been described in Chapters 1.1.2. 

Prior to our publication [26], there was no suitable synthetic procedure for the 
preparation of discrete organotrifluoroaluminate anions [RAlF3]−. The only 
crystallographically known representative is the [(C2F5)AlF3]− anion, which was crystallised 
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in the [PNP][(C2F5)AlF3]·Et2O structure. It formed during the degradation of the 
[Al(C2F5)4]− anion in diethyl ether. The replacement of the C2F5 substituent by fluorine 
was associated with the loss of CF(CF3) [25].  

On the other hand, an effective synthetic procedure for the preparation of discrete 
diorganodifluoroaluminate anions [R2AlF2]− was reported by Roesky’s group in 2000. The 
syntheses were carried out by protolysis of AlR3 compounds with reagents based on 
bifluoride. During the reaction, two fluoride ions are added to the aluminium centre and 
an alkane (RH) is eliminated [60], [61]. Three discrete [R2AlF2]− anions were prepared by 
the same group and structurally characterised in the structures of [(n-Bu)4N][Me2AlF2] [61], 
[(n-Bu)4N][(C(SiMe3)3MeAlF2] [61], and [Me4N][(i-Bu)2AlF2] [60]. 

In the past, Ziegler’s group synthesised compounds with triorganofluoroaluminate 
fragments [R3AlF]− [62]. They obtained M[R3AlF] compounds by mixing AlR3 compounds 
with alkali metal fluorides. However, careful electronic and spectroscopic study of these 
species indicated that they are not fully ionic [63]. In fact, fluorine atoms tend to form 
bridging bonds between the two metals, leading to the formation of dimeric structures, 
such as the structurally characterised dimer of Cs[Me3AlF] [3], [64]. To date, there is only 
one example of structurally characterised discrete triorganofluoroaluminate anion 
[(C12F9)3AlF]−, which could be isolated due to steric stabilisation of large perfluoroaryl 
groups. The anion was prepared by the reaction of C12F9Li and AlCl3, forming 
[Li][(C12F9)3AlF]. After cation exchange with [Ph3C]+, the salt [Ph3C][(C12F9)3AlF] was 
structurally characterised [65], [66]. 

1.3 N-Heterocyclic Carbenes 

Carbenes are defined as neutral compounds with the R2C: moiety. The divalent carbon 
atom has only six electrons in its valence shell, making it coordinatively unsaturated due 
to its incomplete electron octet. For a long time, carbenes were known as highly reactive 
and unstable intermediates formed only during organic transformations [67]. However, after 
the isolation of the first carbene species in 1988 [68], and the structural characterisation of 
the first "bottleable" N-heterocyclic carbene in 1991 [69], carbene chemistry underwent a 
tremendous expansion. Nowadays, N-heterocyclic carbenes are indispensable in various 
research areas and applications, e.g. materials science, homogeneous catalysis, 
organocatalysis and medicine [70]. 

By definition, N-heterocyclic carbenes are heterocyclic species that contain a divalent 
carbon and at least one nitrogen atom within the heterocyclic ring. The size of the ring, 
the number of nitrogen atoms, the structure and the functionalisation of the ring are not 
defined. Therefore, a large number of different N-heterocyclic carbene classes can be found 
in the literature, each with different properties [67]. The most common classes are presented 
in Figure 1.5. The largest class of N-heterocyclic carbenes are still those with five-membered 
rings and two nitrogen atoms. Therefore, in this work, the abbreviation NHC is used to 
describe imidazolylidene and imidazolidinylidene compounds. Recently, the 
pyrrolidinylidenes have been the most researched group of the N-heterocyclic carbene 
family. They are also known as cyclic alkyl(amino)carbenes or CAACs [71]. The NHCs and 
CAACs are both important compounds in our work. Therefore, we will explain their 
properties and bonding to metal centres in more detail.  

In general, the properties of an N-heterocyclic carbene are influenced by its steric and 
electronic parameters. Since N-heterocyclic carbenes can have different substituents and 
different ring structures, their properties can be fine-tuned. Bulky substituents contribute 
to the kinetic stabilisation of a carbene centre. Consequently, bulky ligands usually have 
better stabilising properties, but in some cases their steric bulk may prevent the overlap of 
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orbitals between the ligand and the metal. The backbone also provides additional 
stabilisation by forming an aromatic system. In addition, the backbone can also carry other 
substituents that affect the properties of an N-heterocyclic carbene [67]. 

 

Figure 1.5: Different classes of N-heterocyclic carbenes. 

On the other hand, the electronic parameters of N-heterocyclic carbenes are strongly 
influenced by the nitrogen atoms within the imidazolium ring [72]. To understand the 
electronic effect of hetero-atoms, one needs to know where the electrons are located in a 
singlet carbene. The carbene singlet carbon atom is sp2-hybridized with two non-bonding 
electrons occupying the σ-orbital while the pπ-orbital remains unoccupied. The nitrogen 
atoms contribute to the stabilisation of the carbene moiety in two ways. First, due to their 
high electronegativity, they are able to withdraw electrons from the σ-bonds with carbon, 
lowering the energy of the occupied σ-orbital through the negative inductive effect. 
Secondly, they are able to donate their lone electron pairs into the empty pπ-orbital of the 
carbene, thus further stabilising the carbene moiety by their positive mesomeric effect [73], 
[74]. The described influences of the heteroatoms in the NHCs and CAACs are presented 
in Figure 1.6. 

 

Figure 1.6: Electronic stabilization of NHC and CAAC carbenes. 

The donating abilities of a ligand are associated with the energy of the HOMO 
(σ-orbital), while its accepting properties are characterised by the energy of the LUMO 
(pπ-orbital). A higher HOMO energy leads to ligands with better electron donating ability, 
while a lower LUMO energy gives the ligands better electron accepting properties. The 
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energy gap between HOMO and LUMO represents the energy difference between the singlet 
and triplet ground states and determines the stability of carbene ligands [75]. The steric 
and electronic nature of NHCs confers them the ability to be strong σ-donating ligands 
with strong nucleophilic and basic properties, while they also possess slight π-accepting 
ability due to the free pπ-orbital [71].  

On the other hand, CAACs possess only one nitrogen atom within the heterocyclic ring. 
Consequently, the σ-donating ability of the quaternary carbon atom next to the carbene 
carbon atom increases the energy of HOMO, while the lack of π-donating abilities decreases 
the energy of LUMO. Compared with NHCs, CAACs exhibit stronger σ-donating and 
better π-accepting properties, which makes them not only more nucleophilic and 
electrophilic than NHCs, but also more basic. In addition, the quaternary carbon atom at 
α position provides a steric environment that distinguishes CAACs from other ligands. The 
peculiar electronic and steric properties enable CAACs to stabilise unusual main group 
element species [76].  

NHCs and CAACs usually form complexes with metals of the [(NHC)MXn] type, in 
which they act as σ-donating ligands with little metal-to-ligand π-backdonation. In 
aluminium chemistry, such complexes are usually described as donor-acceptor adducts. 
Schematically the dative C−Al bonds are usually drawn as arrows, which suggest that 
carbenes act as two-electron donor ligands. Alternatively, the adducts can be represented 
as ylide imidazolium compounds with polarised bonds [70]. Both forms are shown in 
Figure 1.7. 

 

Figure 1.7: Schematic representation of donor-acceptor aluminium adducts.  

Carbenes are usually considered as spectator ligands in metal complexes or as robust 
organocatalysts [67] that do not react with metals or interfere with the catalytic process. 
However, it has been shown that N-heterocyclic carbenes are anything but innocent, as 
they can react with various compounds in a variety of ways. For example, in the presence 
of Brønsted acids such as hydrogen halides or phenols, the basic character of the carbenes 
predominates, leading to deprotonation and the formation of the corresponding NHC salt. 
Singlet carbenes can also activate some element-element bonds and undergo various 
oxidative addition reactions [77]. NHCs can undergo dehydrocoupling reactions when they 
act as hydrogen acceptors [78], ring-opening or ring-expansion reactions. Ring-opening 
reactions usually occur by solvolysis [79]. For example, the formation of ring-opening 
products has been observed in the activation of B−H and Al−H bonds [77], [80]. But this 
type of reaction is rarely studied. Ring-expansion reactions occur when a main group 
element is inserted into the five-membered carbene ring. In recent years, ring-expansion 
reactions of NHCs with Lewis acidic hydrides such as silanes, boranes or beryllium hydrides 
have been reported [77].  

CAACs, with their smaller HOMO-LUMO gap and higher electrophilicity compared to 
NHCs, allow the activation of various E−H and E−E bonds (E = B, N, Si, P) and the 
formation of bond-cleaved products [77]. CAACs are also able to activate small molecules 
under mild conditions [81]. They can react with CO to form a stable ketene CAAC=C=O 
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[82], activate molecules such as H2 and NH3 to form stable cleaved products CAACH2 and 
CAAC(H)NH2 [83], undergo intramolecular C−H activation to form a tricycle, and react 
with a variety of sp-, sp2-, and sp3-hybridised C−H groups to form CAAC(H)R compounds 
[84]. 

1.4 Aluminium Hydrides 

The chemistry of aluminium hydrides has developed enormously, since the first synthesis 
of AlH3 by Stecher and Wiberg in 1942 [85]. At that time, it was difficult to work with 
group 13 metal hydrides. All binary hydrides of group 13 metals are extremely sensitive to 
air and moisture [30]. They are also not thermally stable as they tend to decompose at 
ambient temperature. Working with such compounds requires careful handling in vacuo 
and other special procedures [86]. Because of their instability, the synthesis of binary metal 
hydrides was only studied in laboratories and had no applicable value at the time [87]. 

Binary aluminium hydrides form various polymeric AlH3 structures in the solid state 
[88]. However, only the α-AlH3 form is stable under normal conditions. Other modifications 
(α´, β and γ) eventually decompose to α-AlH3 [89]. The structure of AlH3 is very similar 
to that of AlF3. It consists of octahedrally coordinated AlH6 units arranged in a polymeric 
formation by corner or edge shearing [90], [91].  

In 1946, LiAlH4 was introduced by Schlesinger and his group as a new reducing agent 
for various organic and inorganic compounds [92]. More than 70 years later, LiAlH4 is still 
one of the most effective commercially available reducing agents. It has evolved from a 
laboratory-scale reagent to mass-produced product used on a large industrial scale. Its 
widespread use is mainly due to its good solubility in ethereal solvents, which makes it 
highly reactive towards a wide range of substrates [93]. 

In order to expand the use of aluminium hydrides, researchers have attempted to 
prepare aluminium hydride compounds with increased thermal stability that can be easily 
handled. To achieve this, the reactive AlH3 fragments can be stabilised either by forming 
adducts with Lewis bases or by replacing one or two hydride atoms with another 
substituent [87]. Stabilised and functionalised aluminium hydrides have proven to be useful 
for many applications, for example as precursors in materials science [94], or as catalysts 
in organic transformations [95]. Both approaches are described in detail in the following 
chapters. 

In the second half of the 20th century, interest in aluminium hydrides came to a halt. 
Their use was overshadowed by the growing field of transition metal catalysis. Interest in 
the chemistry of aluminium hydrides has been revived in the last 15 years as researchers 
have found that there are many advantages to using aluminium instead of transition 
metals. Aluminium is not only less toxic compared to other heavier metals, but also 
inexpensive, which makes it suitable for catalytic applications [96].  

Nowadays, aluminium hydrides are no longer used in catalysis as simple salts, but in 
the form of new, tailor-made catalysts. Aluminium hydrides with well-designed ligands and 
substituents at the metal centre have the potential to be used as catalysts for selective 
organic transformations [95]. 

1.4.1 Neutral AlH3 adducts with Lewis bases 

AlH3 stabilised by neutral Lewis bases is usually more thermally stable and more soluble 
in common organic solvents than binary AlH3, making it easier to handle. Aluminium 
hydrides can be prepared by the reaction of LiAlH4 with H2SO4 [97], poly(hydrogen 
chloride)-based reagents [98], or from other sources [99]. The reactions are usually 



12 Chapter 1. Introduction  

accompanied by the evolution of H2 and the formation of LiCl salt [98]. The aluminium 
hydrides obtained readily form adducts with neutral electron-donating ligands, such as 
ethereal solvents or amines. In THF, relatively stable adducts form, such as [(THF)2AlH3] 
and [(THF)AlH3]2 [100]. Anime adducts can also be easily obtained by displacing the ethers 
with amine bases [101]. Adducts with other Lewis bases are usually prepared by ligand 
exchange reactions, starting from the amine adducts, such as [(Me3N)AlH3] [102].  

Aluminium hydrides can react with Lewis donors in a 1:1 and 1:2 stoichiometry, 
resulting in adducts with 4- or 5-coordination at the Al centre. Adducts with 4-coordination 
generally adopt a pseudo-tetrahedral configuration at the metal centre, while the adducts 
with 5-coordinated centres usually adopt a trigonal bipyramidal arrangement in the solid 
state [103]. An overview of different structurally characterised adducts, depending on the 
coordination at the metal centre, can be found in Figures 1.8 and 1.9. 

 

Figure 1.8: Different types of 5-coordinated AlH3 adducts with trigonal bipyramidal 
arrangement at the metal centre. AlH3 and donor ligands are in 1:1 and 1:2 stoichiometry. 

In the last 70 years, a large number of aluminium hydride adducts with 
electron-donating ligands such as ethers, amines, phosphines and carbenes have been 
synthesised and structurally characterised. Small ligands, such as tertiary amines and 
ethers, tend to form adducts with AlH3 in a 1:1 and 1:2 stoichiometry [100], [104]. 1:1 
adducts usually have a dimeric structure with five-coordinated Al centres in the solid state, 
whereas in the gas phase they act as tetrahedrally coordinated monomers [105]. 1:1 adducts 
with secondary amines can also be prepared, but they are only stable at low temperatures, 
as secondary amines tend to undergo metalation in the presence of AlH3 [106]. 1:2 adducts 
have a monomeric structure with five-coordinated aluminium centres [107]. Bulkier ligands, 
such as tertiary phosphines and carbenes, tend to form tetrahedrally coordinated adducts 
with AlH3. Carbene ligands have a similar binding tendency to phosphines. However, since 
carbene chemistry is of interest to us, carbene adducts are presented separately in the 
following chapters. Tertiary phosphines react with AlH3 to form monomeric adducts such 
as [(Ph3P)AlH3], while the use of bidentate ligands leads to the formation of bridging 
products, as they do not tend to form chelating bonds [108]. Mixed complexes with 
phosphine and amine ligands have also been prepared. All of them have a five-coordinate 
configuration at the aluminium centre [109], [110].  



1.4. Aluminium Hydrides 13 

 

Figure 1.9: Different types of 4-coordinated AlH3 adducts with pseudo-tetrahedral 
configuration at the metal centre. AlH3 and donor ligands are in 1:1 and 2:1 stoichiometry. 

In the last 20 years, the chemistry of amine-stabilised aluminium hydrides has 
developed enormously. Various anionic ligands have been investigated in the search for 
highly developed ligands. Through their use, numerous aluminium dihydride compounds 
have been isolated. Such species can be obtained when one hydride atom is replaced by an 
anionic ligand while the other heteroatom of the ligand binds in a coordinative manner 
[111]. A wide range of aluminium hydride compounds have been prepared by using different 
anionic ligands, such as pyrrolyl ligands [112], and their structurally related pincer-type 
ligands [113], triazenide ligands [114], iminophosphonamide ligands [115], boraamidinate 
ligands [116], amidinate ligands [117], amido-amine ligands [118], [119], amidophosphine 
ligands [120], β-diketiminato ligands [121]–[125], their structurally related methanediide 
ligands [126], [127], phosphinimine-amide ligands [128], and guanidinate ligands [129]–[131], 
phosphinimine ligands [132], their structurally related imidazolyl-2-iminato ligands [111], 
and other amine ligands [133]–[135]. 

1.4.1.1 N-heterocyclic carbene stabilised AlH3 compounds 

The first NHC-aluminium hydride adduct [(IMes)AlH3] was prepared and structurally 
characterised by Arduengo in 1992 [136]. This first example was followed by many others, 
and today a large variety of NHC-stabilised AlH3 adducts are known [70].  

NHCs react with AlH3 as two electron donors in a similar way to tertiary phosphines 
and ethers [137]. Reactions in 1:1 stoichiometry lead to monomeric adducts with a 
tetrahedrally coordinated aluminium centre. Many complexes of this type have been 
structurally characterised, including [(IMes)AlH3] [136], [(IiPr)AlH3] [137], [(IPr)AlH3][138], 
[(IBn)AlH3] [139], [(ItBu)AlH3] and its abnormal isomer [(aItBu)AlH3] [140]. The use of a 
bidentate carbene of the NHC–CH2–CH2–NHC type led to the formation of bridging 
products rather than chelating species [141]. The same behaviour was observed for tertiary 
phosphines. NHCs form particularly strong Al−C σ-bonds, which are usually stronger than 
the corresponding M−P bonds in phosphine adducts [70]. Consequently, NHC-aluminium 
hydride adducts exhibit significantly higher thermal stability than P-donor adducts [142]. 
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The outstanding stabilisation properties of NHC ligands are also evident in the formation 
of species with aluminium in the low oxidation state. In 2010, the synthesis of an 
unprecedented NHC-stabilised dialane(4) (Al2H2) was reported [143]. 

The bulkiness of NHCs plays an important role in the kinetic stabilisation of adducts 
with main group elements [138]. In 2017, a bis-NHC-aluminium hydride adduct bearing a 
penta-coordinated aluminium centre [(NHC)2AlH3] was prepared. However, this 
penta-coordinated product was never structurally characterised [77]. Later, Trose’s group 
demonstrated that the addition of an NHC to a pre-formed [(NHC)AlH3] complex leads to 
a fluctuation of AlH3 between two NHC ligands. They proposed the formation of a 
penta-coordinated intermediate species that exists only in solution [142]. 

1.4.1.2 Cyclic alkyl(amino)carbene stabilised AlH3 compounds 

In recent years, many attempts have been made to prepare complexes between CAACs 
and AlH3. They all failed because of the special electronic properties of CAACs. In the 
presence of hydrides, these compounds do not react as two electron donors. Instead, they 
have the ability to activate Al−H bonds and insert themselves between aluminium and 
hydrogen. The products formed are the result of the oxidative addition of aluminium 
hydrides to CAACs [77]. An overview of the different CAAC-aluminium hydride species 
can be found in Figure 1.10. 

 

Figure 1.10: Structurally characterised CAAC aluminium hydride compounds. 

The insertion of CAACs into Al−H bonds was first observed by Radius’s group. They 
attempted to prepare CAAC-stabilised aluminium hydrides by ligand substitution starting 
from [(NHC)AlH3] and free CAAC. Regardless of the steric requirements of the NHC, they 
always obtained oxidative addition products [(IPr)AlH2(CAACH)] [77]. A similar result 
was published a year later by Stephen’s group. They prepared [(EtMe2N)AlH2(CAACEtH)] 
starting from amine-stabilised aluminium hydride and free CAAC [144]. Recently, Roesky 
and co-workers reported another oxidative addition product using of a mixed aluminium 
hydride chloride and CAAC in THF [(THF)AlHCl(CAACH)] [145]. 
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Stephen’s group also reported the formation of a monomeric aluminium hydride species 
[AlH(CAACEtH)2] by the reaction of amine-stabilised AlH3 with two equivalents of CAAC, 
which is the first isolated example of a neutral monomeric dialkylaluminium hydride [144]. 
Careful evaluation of this compound revealed that CCAAC−H and Al−H exchange protons. 
The migration of a CCAAC−H proton to the aluminium centre presumably produces an 
intermediate aluminium dihydride stabilised by the CAAC [(CAACEt)AlH2(CAACEtH)] 
[144]. A similar reaction was previously observed for the boron analogue 
[(CAAC)BH2(CAACH)] [146]. 

CAACs have surprising stabilising properties for low-valent and radical species. While 
Al(III) acts as a Lewis acid, Al(I) is a rare, nucleophilic variant that is thermodynamically 
unstable under ambient conditions. Recently, a monomeric CAAC-stabilised Al(I) hydride 
was prepared. It was described as an Al(I) hydride with non-negligible open-shell Al(III) 
singlet diradical character [(CAAC)2AlH] [147]. 

1.4.2 Functionalisation of AlH3  

Partial replacement of the hydride by another substituent is another method that improves 
the stability of aluminium hydride compounds. The presence of a more electronegative 
atom instead of hydrogen leads to a hydride species with improved thermal and air 
stability, higher Lewis acidity and stronger M−H bonds [148]. Functionalised aluminium 
hydride adducts have excellent catalytic properties in organic transformations comparable 
to those of parent aluminium hydrides [149]. In addition, they are non-pyrophoric due to 
their larger Lewis acidity and exhibit improved regioselectivity [150]. 

The substitution of one or two hydride atoms by bulky organic substituents allows the 
formation of monomeric derivatives of the RAlH2 and R2AlH type. The steric effect of the 
organic substituents prevents the aggregation of the MHn units and allows the formation 
of monomeric compounds even without Lewis bases [87]. Many other substituents have 
been used to functionalise Lewis base-stabilised aluminium hydride adducts, such as halides 
and triflates [148]. In our research, we were particularly interested in substituted aluminium 
hydrides stabilised by NHCs. Therefore, the literature review is mainly focused on them.  

Recently, Radius’s group proved that NHC-stabilised AlH3 adducts are susceptible to 
functionalisation with secondary amines and phenols [151]. The resulting functionalised 
compounds were thermally stable and showed no tendency to undergo ring-expansion or 
ring-opening reactions, which are readily available to [(NHC)AlH3] adducts [151]. Increased 
stability was also observed for aluminium hydride chloride [148], and aluminium hydride 
triflate compounds [149]. Both types of partially substituted aluminium hydrides are 
relevant to our work and are described in detail in the following chapters. 

1.4.2.1 Aluminium hydride halide compounds 

The chemistry of aluminium hydride halide compounds has been explored to some extent. 
In the second half of the 20th century, many aluminium hydride halides stabilised by ethers 
or tertiary amines were prepared. Many procedures have been proposed in the literature 
to obtain mono- and disubstituted products, ranging from reactions of LiAlH4 with AlX3 
or LiH with AlX3 in ethereal solvents [152], to halogenation of preformed aluminium 
hydride adducts with anhydrous HX, HgX2, ammonium or phosphonium salts (X = Cl, Br 
or I) [148].  

Some attention has also been given to NHC-stabilised aluminium hydride halide 
adducts. An overview of the synthetic methods for the preparation of various 
NHC-stabilised aluminium hydride halide adducts proposed prior to our publication [153] 
is given in Schemes 1.1 and 1.2. 
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Scheme 1.1: Reported methods for the preparation of NHC-stabilised aluminium hydride 
chloride and bromide adducts. 

Cole’s group succeeded in preparing chloro- and bromo-substituted aluminium hydrides 
by two different methods. NHC-stabilised aluminium hydride chlorides were accessible by 
ligand exchange reactions from the pre-formed tertiary amine adducts. Mono- and 
disubstituted adducts [(IMes)AlH2Cl] and [(IMes)AlHCl2] were prepared in this way [150], 
[154]. The NHC-stabilised aluminium hydride bromide was obtained by an exchange 
reaction between hydride atoms on aluminium and bromine atoms on the NHC backbone 
(BrIMes). Only the disubstituted adduct [(IMes)AlHBr2] was prepared in this way [155]. 

Recently, many NHC-stabilised aluminium hydride iodide adducts have been prepared. 
The disubstituted NHC adducts [(IPr)AlHI2] and [(IMes)AlHI2] were prepared by a 
halide/hydride exchange reaction from the corresponding [(NHC)AlH3] adduct with MeI 
[142], while the monosubstituted NHC adducts [(IPr)AlH2I] and [(IMes)AlH2I] were 
obtained by the redistribution reaction between the corresponding AlH3 and AlI3 adducts 
[142]. The monosubstituted adducts [(MeIMe)AlH2I] and [(MeIiPr)AlH2I] were also prepared 
by the reaction of the corresponding AlH3 adduct with elemental iodine [156]. 

 

Scheme 1.2: Reported methods for the preparation of NHC-stabilised aluminium hydride 
iodide adducts. 
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So far, only one mixed aluminium hydride fluoride compound has been structurally 
characterised. The [(NacNac)AlHF] stabilised by a β-diketiminato ligand was prepared by 
a redistribution reaction between [(NacNac)AlH2] and [(NacNac)AlF2] [47]. 

1.4.2.2 Aluminium hydride triflate compounds 

The substitution of hydrides by triflates is less studied compared to halides. As far as we 
know, no NHC-stabilised compounds are known, except the one we reported [153]. Only 4 
other examples of Lewis base-stabilised mixed aluminium hydride triflates have been 
structurally characterised. The 4 compounds are shown in Figure 1.11. Phosphinimine, 
imidazolin-2-imine, and amidophosphine-stabilised aluminium dihydrides reacted easily 
with Me3SiOTf affording the corresponding mixed aluminium hydride triflates [111], [132], 
while the [(NacNac)AlH2] was converted to [(NacNac)AlHOTf] with MeOTf [149].  

 

Figure 1.11: Aluminium hydride triflate compounds. They are stabilized by phosphinimine 
(upper left), imidazolyl-2-imine (upper right), amidophosphine (bottom left) and 
β-diketiminato ligands (bottom right). 

1.5 Fluorinating Reagents 

In Chapters 1.1 and 1.2 we described various synthetic approaches to the formation of 
discrete aluminium fluoride and organoaluminium fluoride compounds, either in their 
neutral or ionic forms. In both cases, the number of discrete species is very limited. On the 
one hand, this is due to the fact that there is no conventional synthetic procedure for the 
introduction of fluorine into aluminium compounds [7]. On the other hand, a bulky 
stabilising reagent is required to stabilise discrete aluminium fluoride or fluoroaluminate 
species, as they usually tend to form polymeric and polynuclear formations [7]. In 2017, 
our group showed that the stabilisation of monomeric anionic species is possible by using 
a sterically demanding cation [157]. [GeF5]− anions, which tend to polymerise and form 
infinite chains of GeF6 octahedra [158], could be stabilised in discrete form by the bulky 
[IPrH]+ cation. Stabilisation was possible not only because of the steric hindrance by the 
cation, but also because of its electrostatic interactions with the anions [157].  

In the last decades, a variety of fluorinating reagents and different fluorination methods 
have been tested on inorganic and organic compounds and some of them are already used 
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in industry [159], [160]. Nevertheless, chemists are still searching for innovative, selective 
and easy-to-use reagents. The formation of C−F bonds significantly alters the physical, 
chemical and biological properties of organic compounds [161], making them invaluable to 
the pharmaceutical industry, medicine, agrochemistry and materials science [162].  

In general, nucleophilic fluorinating reagents are based on fluoride or poly(hydrogen 
fluoride) anions. Both types are relevant to our work. Therefore, their development is 
presented in the following chapters. In a separate chapter, the imidazolium-based 
fluorination reagents are described. 

1.5.1 Fluoride reagents 

Fluorinating reagents that serve as sources of [F]− anions and have considerable solubility 
in organic solvents are often referred to as "naked fluorides". Although a truly naked 
fluoride cannot exist in solution or in the solid state, its "nakedness" can be measured by 
how easily a [F]− anion is transferred to the acceptor [163]. The use of soluble fluoride 
sources such as [R4N][F] or alkali metals has enabled the synthesis of many complexes with 
high coordination numbers [4]. They are also commonly used as nucleophilic fluorinating 
reagents in reactions to form C−F bonds [164].  

Alkali metal fluorides such as KF and CsF are natural fluoride sources that are not 
expensive, abundant and readily available. However, their use is limited due to their low 
solubility in organic solvents. On the other hand, they form strong hydrogen bonds in 
protic solvents such as water, which reduces their nucleophilicity [164]. To overcome this 
problem, many phase transfer catalysts and salts with non-coordinating cations have been 
tested to allow the use of soluble "naked" fluorides. For example, crown ethers form a 
complex with KF that acts as a "naked" fluoride [165], while TBAF has a bulky cation that 
allows the salt to be readily soluble in organic solvents [166]. These "naked" fluorides act 
not only as strong nucleophiles but also as strong bases, which implicates them in many 
side reactions and reduces their selectivity [167]. In recent years, many methods have been 
developed to make [F]− anions from [R4N][F] or MF sources more "controllable" [164]. 
Hydrogen bonding with protic solvents lowers the basicity of such compounds while 
increasing their effective nucleophilicity [167].  

Protic solvents such as water and alcohol were long considered unsuitable for 
nucleophilic fluorination. However, bulky alcohols tend to interact with [F]− anions to form 
solvated fluorides. An example can be found in Figure 1.12.  

 

Figure 1.12: Interaction of t-BuOH with CsF. 

Solvation weakens the strength of the ionic bond of the MF so that the solvated fluoride 
acts as a strong nucleophile that is much more "controllable". The nonpolar protic t-BuOH 
increased the rate of nucleophilic fluorination reactions with alkali metal fluorides and 
reduced the formation of by-products [168]. A similar effect was also obtained by using 
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t-BuOH in combination with TBAF. Furthermore, the formation of the TBAF(t-BuOH)4 
adduct was also proven by X-ray structural analysis [169]. Alcohols are not the only 
molecules that can influence the nucleophilicity of [F]− anions. Recently, the interactions 
with hydrogen bond-donating molecules such as urea have also been studied [170].  

1.5.2 Poly(hydrogen fluoride) reagents 

Hydrogen fluoride would be an ideal reagent for the fluorination of organic and inorganic 
compounds because it is cheap and atomically efficient. It can serve as both a fluoride 
donor and as a solvent [171]. However, the low boiling point, high toxicity and corrosiveness 
of gaseous HF make it difficult to handle [167]. A much safer method is to bind HF in a 
complex with a basic partner such as amine and pyridine. Both commercially available 
Et3N·3HF [172], and pyridine·nHF, also known as Olah’s reagent [173], [174], are easier 
to handle and their usefulness has been demonstrated with various substrates [175]. The 
structures of the poly(hydrogen fluoride) reagents described are shown in Figure 1.13.  

 

Figure 1.13: Poly(hydrogen fluoride)-based fluorinating reagents.  

However, the basicity of the amine or pyridine can interfere with the course of some 
organic transformations. In addition, their Lewis base character also contributes to the 
formation of complexes with metals [167]. 

Later, more specific HF-base reagents were developed to perform selective 
transformations. They were developed after it was found that HF interacts with Lewis 
bases via hydrogen bonding rather than ionic interactions. Therefore, a strong hydrogen 
bond acceptor was a better candidate for selective fluorinating reagents because it is not 
necessarily a strong base. Strong bases also tend to decrease the acidity of HF, making it 
less active [167]. One such alternative is DMPU. A hydrogen bond acceptor that forms a 
complex with HF. It is weakly coordinating to metals and less basic compared to Et3N and 
pyridine [176]. The DMPU·nHF proved to be suitable for reactions requiring more acidic 

conditions [177]–[179]. Another fluorinating reagent developed is KHSO4·nHF. It is 
characterised by high acidity, due to the -OH group on the anion, and high fluoride 
nucleophilicity, as the [HSO4]− anion is a strong hydrogen bond acceptor. It proved to be 
a suitable reagent for reactions requiring acidic conditions. It can easily engage in the 
hydrofluorination of alkenes [180].  

Imidazolium-based poly(hydrogen fluoride) fluorinating reagents are another class of 
reagents currently being explored. In the past, they were largely studied as ionic liquids 
prepared by the reaction of the corresponding chloride salt with anhydrous HF [181]–[186]. 
Today, as described earlier, they are successfully used in many organic and inorganic 
transformations. 
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1.5.3 Imidazolium-based fluorinating reagents 

In the last 20 years, many imidazolium-based fluorinating reagents have been prepared. 
Most of them are in the form of salts, while some also have a neutral form. The different 
structures of imidazolium-based fluorinating reagents are shown in Figure 1.14.  

 

Figure 1.14: Different imidazolium-based fluorinating reagents. 

Among the various imidazolium-based salts, there are those with poly(hydrogen 
fluoride) anions [187], [188], with fluoride anions [189]–[192], or salts with a halide atom on 
C2 position such as AlkylFluor or PhenoFluorMix [193], [194]. On the other hand, 
PhenoFluor and its structural analogues are neutral fluorinating reagents with the CF2 
fragments within the imidazole rings. These compounds have received much attention 
recently. Due to their neutral structure, they are soluble in nonpolar solvents and have 
proved to be indispensable in the deoxyfluorination of organic compounds [195], [196]. Some 
of the neutral difluoro-reagents have also been used as carbene precursors for the formation 
of NHC−Ge, NHC−Sn and NHC−P bonds [197], [198]. 

In 2016, the [IPrH][F] was prepared by our group from the IPr carbene and KHF2. 
Similarely, the poly(hydrogen fluoride) congeners [IPrH][(HF)F] and [IPrH][(HF)2F] were 
also prepared from IPr carbene and the corresponding amount of HF-based reagents [199]. 
The three salts were also tested as nucleophilic fluorinating reagents on inorganic and 
organic substrates. The [IPrH][F] proved to be very useful for the synthesis and stabilisation 
of discrete anionic species. In 2017, our group showed that [GeF5]− anions could be 
stabilised in discrete form by the sterically demanding [IPrH]+ cation [157]. Other discrete 
fluoride containing anions, including [VOF4]−, [NbF6]− and [TaF6]−, were also prepared by 
the use of [IPrH][F] [200], [201]. The high stability of the imidazolium-based fluorinating 
reagent and its solubility in polar organic solvents are also a major advantage compared 
to other fluoride reagents, such as alkali metal fluorides or TBAF [157]. On the other hand, 
[IPrH][(HF)2F] proved to be the most suitable for organic transformations among the 
imidazolium-based fluorinating reagents. Its stability on air and solubility in polar organic 
solvents contributed greatly to its wide usability. It proved to be useful for the fluorination 
of benzyl chlorides, bromides, and iodides, aliphatic halides, mesylates, tosylates, 
α-haloketones, acyl and sulfuryl chlorides, a silyl chloride and a nitroarene [202].  
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2 Aims and Hypothesis 

The aim of this work was to prepare discrete aluminium compounds in their neutral or 
ionic form. The focus was on aluminium fluoride compounds that are soluble in common 
organic solvents. Due to the extent of the research, the work was divided into four 
subsections: 

 
1. Discrete neutral aluminium fluorides.  
AlF3 is an important material with remarkable Lewis acidity that has attracted the 

attention of chemists for many decades. However, due to its chemical properties, AlF3 is 
insoluble. It usually adopts a polymeric 3D structure and is rarely found in discrete 
compounds. To further explore its chemistry, it is necessary to increase its solubility by 
either replacing one or two fluorine atoms with organic substituents or stabilising the 
monomeric AlF3 units with electron-donating ligands. 

The aim of our work was to synthesise a discrete AlF3 compound. In the past, many 
such attempts have proved unsuccessful, because aluminium fluorides have a strong 
tendency to polymerise and form solid AlF3 with polymeric 3D structures. In our work, we 
tested the reactivity of CAAC-stabilised AlMe3 with different fluorinating reagents. CAACs 
are strong electron donating ligands that have the ability to stabilise otherwise unstable 
main group species. In our opinion, they have the potential to stabilise discrete aluminium 
fluoride species as well as AlF3 unit. The sterically demanding nature of CAACs has the 
potential to prevent the polymerisation of AlF3 by hindering the contacts between the 
discrete AlF3 units. At the same time, their electronic nature could influence the exchange 
of carbon atoms with fluorine in the coordination sphere of aluminium, thus enabling the 
stabilisation of rare aluminium fluoride and organoaluminium fluoride species. 

 
2. Discrete organofluoroaluminates 
Organoaluminium compounds are strong Lewis acids that tend to form various anionic 

species in the presence of fluoride anions. However, discrete organofluoroaluminate anions 
are still rare. 

The aim of our work was to prepare compounds containing discrete 
triorganofluoroaluminate [R3AlF]−, diorganodifluoroaluminate [R2AlF2]− and 
organotrifluoroaluminate [RAlF3]− anions. So far, compounds containing discrete [R3AlF]− 
and [RAlF3]− anions have rarely been characterised due to the lack of suitable synthetic 
procedures and the tendency of fluorine atoms to form bridging formations leading to 
polynuclear species. In our work, we have investigated the reactivity of AlR3 compounds 
with nucleophilic fluorinating reagents based on imidazolium salts [IPrH][(HF)nF]  
(n = 0–2). The fluorinating reagents used have sterically demanding cations that have the 
ability to stabilise otherwise unstable anionic species. In our opinion, the imidazolium 
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cations in [IPrH][(HF)nF] (n = 0–2) are able to stabilise discrete organofluoroaluminate 
anions by hindering contacts between aluminium species and consequently preventing the 
formation of polyanions. Furthermore, reagents containing an appropriate amount of HF 
(1, 2 or 3 equivalents) have the potential to react selectively with AlR3 compounds, leading 
to the formation of the desired discrete [R3AlF]−, [R2AlF2]− and [RAlF3]− anions. 
 

3. Functionalisation of NHC-stabilised aluminium hydride 
Aluminium hydrides are important reagents in synthetic chemistry and materials 

science. However, relatively little is known about their partially substituted adducts.  
The aim of our work was to prepare NHC-stabilised aluminium hydride triflate and 

aluminium hydride chloride adducts and to prove that aldiminium-based triflate and 
chloride salts can be used as group transfer reagents. To date, partially substituted 
aluminium hydride compounds have been studied to some extent. However, NHC-stabilised 
aluminium hydride triflate compounds were not known. Moreover, aldiminium-based salts 
have never been tested as group transfer reagents in aluminium chemistry. NHC carbenes 
are strong electron donating ligands capable of stabilising discrete AlH3 species. We believe 
that the properties of NHC-stabilised AlH3 can be fine-tuned by replacing the hydride 
atoms with more electronegative substituents. The exchange of hydride atoms by triflate 
or chloride could be achieved by using aldiminium-based reagents. 

 
4. Aldiminium-based fluorinating reagents 
In the last decade, many new selective nucleophilic fluorinating reagents have been 

proposed. Despite that, the search for useful reagents for the fluorination of organic and 
inorganic compounds is still ongoing. 

The aim of our work was to prepare new nucleophilic fluorinating reagents based on 
aldiminium salts. We have focused on the synthesis of aldiminium-based fluoride and 
poly(hydrogen fluoride) salts. We believe that poly(hydrogen fluoride) salts can be 
prepared from the corresponding chloride salt by using anhydrous HF, while aldiminium 
salts with lower HF content can be obtained by subsequent abstraction of HF. 
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3 Methodology 

3.1 General Information 

Most compounds used and prepared in this work are not stable in the presence of water or 
oxygen. To avoid decomposition, the syntheses, storage and other manipulations were 
carried out under an inert atmosphere of dry argon. Samples were stored and weighed in a 
glovebox (M. Braun) in which the content of O2 and H2O was kept below 0.1 ppm. Samples 
were stored in glass or PP containers depending on their nature. Most reactions were 
carried out in Schlenk flasks using the standard Schlenk technique. Reactions with reagents 
based on HF or other compounds, which tend to react with glass, were carried out in 
custom-made FEP reaction vessels with PTFE valves. Anhydrous HF was handled in a 
vacuum line made entirely of perfluorinated polymers. Glassware was oven dried at 150 °C, 
while plastic vessels and containers were oven dried overnight at 60 °C before use and 
evacuated hot. 

Solvents were obtained from Acros Organics, Carlo Erba, Honeywell, Merck, Sigma-
Aldrich, and Deutero. Before their use, all solvents were degassed and dried. Toluene, 
diethyl ether and THF were dried in a mixture of sodium and benzophenone. When the 
solution turned deep purple, the solvents were distilled under an argon atmosphere, 
degassed by freeze-thaw cycles and stored over 3 Å molecular sieves for at least 48 hours 
before use. Deuterated solvents were stored over 3 Å molecular sieves in a glovebox.  

Commercially available reagents were purchased from Acros Organics, Sigma-Aldrich 
or Linde and used as received unless otherwise stated. CsF and KF were dried overnight 
in vacuum at 150 °C and stored in a glovebox. Anhydrous HF was dried by mixing with 
K2NiF6 before use. 

Caution! Anhydrous HF is an extremely corrosive and highly dangerous gas. It should 
be handled with care in a well-ventilated fume hood. Protective clothing should be worn at 
all times. 

Reagents not commercially available were prepared as described in the literature: 
[(CAAC)AlMe3] [203], Me3SnF [204], [IPrH][(HF)nF] (n = 0−2) [199], [(IPr)AlH3] [136], 
[CAACH][OTf] [205]; or by methods described previously with slight modifications: 
Al(n-Bu)3 based on [206], AlPh3 based on [207], [CAACH][H0.5Cl1.5] based on [208] (see 
Appendix A.1). 

Synthetic procedures and characterisation results for each compound prepared are given 
in Appendix A.2. 
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3.2 NMR Spectroscopy 

Samples for NMR analysis were prepared in a glovebox under an inert atmosphere in 
deuterated solvents: CD3CN, C6D6, THF-d8 and toluene-d9. Samples that tend to react with 
glass were measured using FEP inlays for NMR tubes. 1H, 13C, 1H−13C HSQC, 19F and 27Al 
NMR spectra were recorded at the Slovenian NMR Centre (National Institute of 
Chemistry) using a Bruker AVANCE NEO 400 or 600 MHz NMR spectrometer. Unless 
otherwise stated, the spectra were recorded at 298 K. The chemical shifts of 1H and 13C 
were referenced to the residual signals of the deuterated solvent and are given relative to 
(TMS). The 19F and 27Al references were calculated according to IUPAC guidelines and are 
given relative to CFCl3 and Al(NO3)3 in deuterated water, respectively [209]. 

3.3 Raman Spectroscopy 

Samples for Raman analysis were prepared under an inert atmosphere in a glovebox. Solid 
samples were placed in 0.3 mm quartz capillaries and sealed with grease at the top to 
prevent contact with air. Raman spectra were recorded at room temperature using a Horiba 
Jobin Yvon Labram-HR spectrometer coupled with an Olympus BXFM-ILHS microscope. 
The samples were excited with the 633 nm emission line of the He-Ne laser. The instrument 
was calibrated to the peak of the silicon wafer. 

3.4 Elemental Analysis 

The samples for elemental analysis were prepared in a glovebox under an inert atmosphere. 
Approximately 4 mg of the dry powdered products were transferred in silver foils and 
pressed into small discs. The contents of carbon, hydrogen and nitrogen were determined 
with a CHNS elemental analyser vario EL cube (Elementar) operating in the CHN mode. 

3.5 Crystal Structure Determination 

Single crystals suitable for X-ray analysis were prepared under an inert atmosphere by 
various methods, e.g. by storing the saturated solution at low temperature or by slowly 
evaporating the solvent under static vacuum. The crystals formed were immersed in silicon 
oil and transferred under the microscope. Single crystals suitable for X-ray analysis were 
handpicked with looped pin and mounted onto the diffractometer. 

Crystal data were collected on a Gemini A diffractometer equipped with an Atlas CCD 
detector using graphite monochromated Cu Kα radiation (λ = 1.54184 Å). All crystal data 
were collected at 150 K unless otherwise stated. The data were processed using the 
CrysAlisPro software package [210]. Analytical absorption correction was applied to all 
data sets [211]. Structures were solved with the intrinsic phase method using the SHELXT 
programme [212]. Structure refinement was performed using the SHELXL software 
implemented in the Olex2 programme package [213], [214]. All non-hydrogen atoms were 
refined anisotropically. Hydrogen atoms except hydride substituents were assigned ideal 
positions and refined with a rigid model, while hydride substituents were located and 
refined isotropically. The figures were created with Diamond 4.6.4 [215]. The 
crystallographic data for all compounds are given in Appendix A.3. 
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3.6 Molecular Calculations 

Molecular gas-phase calculations were performed with the programme Gaussian 16 [216] 
using the Perdew–Burke–Ernzerhof (PBE) exchange-correlation functional [217] and an 
empirical D3 dispersion correction of Grimme [218] with Becke-Johnson damping [219]. 
The electrons were described with all electron basis sets. We used the triple-ζ basis set 
with polarisation functions, in particular Def2-TZVP [220], [221]. In addition to the full 
crystal structures, we also calculated stand-alone [R4−nAlFn] anions (n = 1−4, R = Me, 
n-Bu, Ph) as described above. For the anion calculations, we also used the B3LYP potential 
[222]. The calculated electronic energies and the calculated reaction energies are shown in 
Appendix A.4. 
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4 Results and Discussion 

Results and Discussion section is divided into four subsections to cover the four main topics 
of our research. They represent different aspects of the chemistry of discrete aluminium 
compounds. Although they are presented separately, some parts are closely related. 

 
Chapter 4.1: "Discrete neutral aluminium fluorides" is based on previously unpublished 

results on the synthesis of discrete neutral aluminium fluorides stabilised by CAACs. 
 
Chapter 4.2: "Discrete organofluoroaluminates" is based on the results published in the 

article "Discrete Organofluoroaluminate Anions: Synthetic, Structural and Spectroscopic 
Aspects" published in Organometallics in 2022 [26].  

 
Chapter 4.3: "Functionalisation of NHC-stabilised aluminium hydride" is based on the 

results published in the article "Synthesis and characterization of partially substituted NHC 
supported alane adducts using triflate or chloride salts" published in Polyhedron in 2021 
[153]. 

 
Chapter 4.4: "Aldiminium-based fluorinating reagents" is based on previously 

unpublished results on the synthesis and reactivity of aldiminium-based poly(hydrogen 
fluoride) salts. 
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4.1 Discrete Neutral Aluminium Fluorides 

This chapter is based on as of yet unpublished results. The data presented are part of an 
ongoing study on the reactivity of organoaluminium compounds with fluorinating reagents.  

In this chapter, the reactivity of CAAC-stabilised AlMe3 adduct [(CAAC)AlMe3] with 
Me3SnF is presented. A series of CAAC-stabilised organoaluminium fluorides were prepared 
and characterised by the stepwise exchange of methyl groups for fluorine. Further 
fluorination led to the formation of salts with discrete fluoroaluminate anions. Where 
possible, the products were characterised by X-ray structural analysis and NMR 
spectroscopy. The structural features of the characterised compounds were compared with 
DTF calculations of structurally optimised salts.  

4.1.1 Synthesis and crystal structure determination 

The detailed synthesis procedures of all compounds are listed in Appendix A.2, together 
with all data obtained by their characterisation. 

4.1.1.1 Synthesis of [(CAAC)AlMe2F] (1) 

The reaction of [(CAAC)AlMe3] with 1 equivalent of Me3SnF was carried out in toluene at 
55 °C for 7 days. The reaction proceeds slowly and its progress can be monitored by the 
dissolving of Me3SnF. During the reaction, a methyl substituent at the aluminium centre 
is exchanged for a fluorine atom, as shown in Scheme 4.1. Me4Sn forms as a by-product 
and is easily removed from the reaction mixture under vacuum. After removal of the 
volatiles, single crystals of [(CAAC)AlMe2F] (1) were obtained. The crystals were collected 
and analysed without further purification.  

 

Scheme 4.1: Reactivity of [(CAAC)AlMe3] with 1 equivalent of Me3SnF. 

The preparation of organoaluminium fluorides by a fluoride/alkyl exchange reaction 
using Me3SnF has already been reported in the literature [35], [38]. Recently, it was also 
used for the synthesis of a discrete NHC-stabilised dimethylaluminium fluoride 
[(SIMes)AlMe2F] [11]. However, discrete diorganoaluminium fluorides are rarely 
structurally characterised. To our knowledge, the crystal structure of [((t-Bu)NH2)AlMe2F] 
is the only representative so far [39].  

Single crystals of [(CAAC)AlMe2F] (1) were formed by slow evaporation of toluene 
during product isolation. It crystallises in the monoclinic space group I2/a and its crystal 
structure is shown in Figure 4.1.  
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Figure 4.1: Crystal structure of [(CAAC)AlMe2F] (1). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. 

The asymmetric unit contained a molecule of [(CAAC)AlMe2F] (1) which, as expected, 
adopts a tetrahedral arrangement around the aluminium centre. The structural features of 
the adduct are consistent with similar reported structures. The Al−F distance of 1.751(2) Å 
agrees well with previously reported Al−F distances of discrete organoaluminium fluorides 
1.703(1) Å [39], and 1.761(1) Å [223]. Moreover, the Al−CCAAC distance of 2.100(2) Å and 
the Al−CMe distances of 1.890(4) Å and 1.964(4) Å are comparable to the Al−CCAAC 
distance of 2.124(1) Å and the average Al−CMe distances of 1.994 Å reported for the parent 
[(CAAC)AlMe3] [203]. The Al−CMe distances are also consistent with the Al−CMe distance 
of 1.944(2) Å of the structurally related β-diketiminato complex [42]. 

In one case we obtained single crystals of [(CAAC)AlMe2F]·LiOTf·THF (1a), when a 
small amount of LiOTf was present in the reaction mixture due to the CAAC preparation 
method. The compound crystallises in the monoclinic space group P21/c. The asymmetric 
unit contains two tetrahedrally coordinated dimethylaluminium fluoride adducts in which 
the fluorine forms bridging bonds with the Li. Two [(CAAC)AlMe2F]·LiOTf·THF units 
combine to form a dimer with an eight-membered ring via the following atoms: Li(1), O(2), 
S(1) and O(4). The crystal structure of a monomeric unit and the formation of a dimer are 
shown in Figure 4.2. The structural features of the compound are consistent with a similar 
reported fluorine bridging structure. The Al−F distance of 1.717(1) Å and Li−F distance 
of 1.820(4) Å agree well with the reported Al−F distance of 1.761(1) Å and Li−F distance 
of 1.762(4) Å of the structurally related fluorine bridging compound [223]. Moreover, the 
Al−CCAAC distance of 2.087(2) Å and the Al−CMe distances of 1.963(2) Å and 1.886(3) Å 
are similar to those described for [(CAAC)AlMe2F] (1) and the parent compound 
[(CAAC)AlMe3] [203]. The Al−CMe distances are also consistent with the distances of 
2.019(2) Å in 2.012(3) Å reported for the structurally related fluorine bridging compound 
[223]. 
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(a) 

 

(b) 

Figure 4.2: Crystal structure of [(CAAC)AlMe2F]·LiOTf·THF (1a). (a) Structure of the 
monomeric unit. The positions of the disordered atoms are shown in domain A and B 
(shaded). And (b) packing of two monomeric units in a dimer with an eight-membered 
ring. The ellipsoids are drawn at 50 % probability. For clarity, all hydrogen atoms are 
omitted, except those on the heterocyclic ring. 
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4.1.1.2 Synthesis of [(CAAC)AlMeF2] (2) 

The reaction of [(CAAC)AlMe3] with 2 equivalents of Me3SnF was carried out in toluene 
at 55 °C for 7 days. The reaction proceeds slowly and its progress can be monitored by the 
dissolving of Me3SnF. During the reaction, two methyl substituents at the aluminium 
centre are exchanged for fluorine atoms, as shown in Scheme 4.2. Me4Sn forms as a 
by-product and is easily removed from the reaction mixture under vacuum. Removal of 
the volatiles gave [(CAAC)AlMeF2] (2) as a white solid, which was purified by washing 
with hexane.  

 

Scheme 4.2: Reactivity of [(CAAC)AlMe3] with 2 equivalents of Me3SnF. 

Single crystals of [(CAAC)AlMeF2] (2) were formed by slow evaporation of toluene 
under static vacuum. It crystallises in the monoclinic space group I2/a and its crystal 
structure is shown in Figure 4.3. Discrete organoaluminium difluorides are rarely 
structurally characterised. As far as we know, only the structure of [(THF)Al(SiMe3)3F2] 
has been characterised so far, although the reported structure has extensive disorder that 
could not be modelled to a satisfactory quality [35].  

 

Figure 4.3: Crystal structure of [(CAAC)AlMeF2] (2). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 
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The asymmetric unit of [(CAAC)AlMeF2] (2) contains a molecule that, as expected, 
adopts a tetrahedral arrangement around the aluminium centre. The structural features of 
the adduct are consistent with similar reported structures. The Al−F distances of 
1.690(3) Å and 1.681(3) Å are slightly shorter than the Al−F distance of the related 
[(CAAC)AlMe2F] (1) (1.751(2) Å), but agree well with the previously reported Al−F 
distance of 1.679(1) Å [42], and 1.703(1) Å [39] of reported organoaluminium fluoride 
compounds. Moreover, the Al−CCAAC distance of 2.086(3) Å and the Al−CMe distance of 
1.898(4) Å are comparable to the Al−CCAAC distance of 2.124(1) Å and the average Al−CMe 

distances of 1.994 Å reported for the parent compound [(CAAC)AlMe3] [203]. The Al−CMe 
distances are also consistent with the Al−CMe distance of 1.944(2) Å of the structurally 
related β-diketiminato complex [42]. 

4.1.1.3 Synthesis of [(CAAC)AlF3] (3) and instability of the adducts 

The reaction of [(CAAC)AlMe3] with 3 equivalents of Me3SnF usually resulted in a mixture 
of various neutral compounds and salts. Some of the products were isolated and structurally 
characterised, but unfortunately the [(CAAC)AlF3] (3) adduct was not. To understand the 
course of the reaction, both reactants were mixed in an NMR tube in C6D6. The NMR tube 
was then sealed and the reaction was run at 55 °C for 5 days. The 1H, 19F and 27Al NMR 
spectra were measured at approximately the same time each day to monitor the progress 
of the reaction. The results of the 19F and 27Al NMR measurements are shown in Figure 
4.4.  

 

Figure 4.4: 19F and 27Al NMR spectra measuring the course of the reaction of 
[(CAAC)AlMe3] with 3 equivalents of Me3SnF in C6D6. The reaction was carried out at 
55 °C in an NMR tube. The spectra were measured daily. 
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It can be seen that the fluorination proceeded stepwise. First, the [(CAAC)AlMe2F] (1) 
adduct was formed, which was fluorinated to [(CAAC)AlMeF2] (2) and [(CAAC)AlF3] (3). 
Further fluorination also led to the formation of the salts [CAACH][MeAlF3] (4) and 
[CAACH][AlF4] (5), which are only partially soluble in nonpolar solvents. Over time, they 
precipitated out of the solution and formed a white solid at the bottom of the NMR tube. 
After five days, a mixture of [(CAAC)AlMeF2] (2) and [(CAAC)AlF3] (3) remained in 
solution. 

We concluded that [(CAAC)AlF3] (3) is definitely formed in solution but cannot be 
isolated due to competing reactions. It is known that AlF3, formed in situ, reacts with AlR3 
to form R2AlF [224]. A similar tendency was also observed by us. We believe that the 
organoaluminium fluorides are in equilibrium with each other. For example, in the synthesis 
of [(CAAC)AlMe2F] (1), part of [(CAAC)AlMe3] remained unreacted while part of 
[(CAAC)AlMeF2] (2) formed. Crystals of [(CAAC)AlMe2F] (1) could also not be purified 
as they decomposed in solution to [(CAAC)AlMe3] and [(CAAC)AlMeF2] (2). However, 
the reaction proved to be reversible, as [(CAAC)AlMe2F] (1) was also formed in a mixture 
of the other two.  

Curiously, when the reaction was carried out in toluene on a 1.4 mmol scale in a Schlenk 
flask, relatively pure [(CAAC)AlMeF2] (2) and [CAACH][AlF4] (5) were obtained. 
[CAACH][AlF4] (5) formed as a white precipitate and was separated from the other 
products by filtration, while [(CAAC)AlMeF2] (2) remained dissolved in toluene and was 
purified by washing with hexane after removal of the volatiles. Initially, we assumed that 
the formation of the salts was due to the presence of a small amount of water in the 
reaction mixture. Bour’s group reported a similar observation when adventitious water 
caused the formation of [IPrH][GaF4] during the reaction of IPr and GaF3 [15]. However, 
after repeatedly obtaining the same results, we realised that this was probably due to 
competing reactions. One such possibility would be the autoionization of the metal fluoride 
[225], another the deprotonation of the organoaluminium moiety by the carbene [226]. In 
2006, it was reported that an NHC-stabilised AlMe3 adduct [(ItBu)AlMe3] tends to react 
with an excess of AlMe3 to form a salt with a trinuclear aluminate anion 
[ItBuH][Me3Al(μ3-CH2)(AlMe2)2(μ2-CH3)] [226]. In our opinion, such a mechanism would 
also be plausible in our case, since CAACs are anything but innocent ligands. They have 
been found to be susceptible to intramolecular C−H activation, as well as to the activation 
of other sp-, sp2-, and sp3-hybridised C−H bonds [84]. 

At this point, we would like to point out that the formation of all organoaluminium 
fluorides was not straightforward. As we observed in the NMR analysis, each reaction was 
accompanied by others that led to side products. One side product observed in all reactions 
of the CAAC-stabilised organoaluminium fluorides was CAAC(H)Me (6). The mechanism 
of its formation remains unknown for now, but we were able to isolate and characterise it 
from the reaction mixtures. CAAC(H)Me (6) was washed off with hexane during product 
purification and crystallised upon slow evaporation of hexane under static vacuum. 
CAAC(H)Me (6) crystallises in the monoclinic space group P21/n and its crystal structure 
is shown in Figure 4.5. 
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Figure 4.5: Crystal structure of CAAC(H)Me (6). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 

4.1.1.4 Synthesis of [CAACH][MeAlF3] (4) 

The formation of [CAACH][MeAlF3] (4) was observed in the reaction of [(CAAC)AlMe3] 
with 3 equivalents of Me3SnF. However, this salt was only a minor component in the 
mixture with [CAACH][AlF4] (5) and could not be selectively separated. In order to 
properly characterise this compound, a different synthetic approach was used, which is 
described in detail in the following chapters of this thesis. The synthesis of pure 
[CAACH][MeAlF3] (4) is described in Chapter 4.4.3. 

Single crystals of [CAACH][MeAlF3] (4) formed in a saturated acetonitrile solution 
stored at −20 °C. It crystallises in the monoclinic space group P21/c and its crystal 
structure is shown in Figure 4.6. The asymmetric unit of [CAACH][MeAlF3] (4) contains 
a [CAACH]+ cation and a discrete, tetrahedrally coordinated [MeAlF3]− anion. The fluorine 
atoms on the fluoroaluminate anion are disordered. Their positions were modelled and 
refined in two preferred orientations, with occupancies of domain A being 58 % and domain 
B 42 %. The anion interacts with the cation and forms a hydrogen bond. Since F(1) is 
disordered in two preferred orientations, the hydrogen bonds are as follows: 
C(2)−H(2)···F(1A) with an H···F distance of 2.041(4) Å (C···F distance of 2.973(5) Å) 
and C(2)−H(2)···F(1B) with an H···F distance of 2.048(8) Å (C···F distance of 
2.996(8) Å). The Al−C distances of 1.937(3) Å and the average Al−F distance of 1.660 Å 
are consistent with the Al−C distances of 2.006(6) Å and the Al−F distances of 1.666(3) Å 
reported for the structurally characterised [(C2F5)AlF3]− anion [25]. 
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Figure 4.6: Crystal structure of [CAACH][MeAlF3] (4). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 

4.1.1.5 Synthesis of [CAACH][AlF4] (5) 

The formation of [CAACH][AlF4] (5) was observed in the reaction of [(CAAC)AlMe3] with 
Me3SnF in practically all stoichiometric ratios in different quantities. The use of a higher 
ratio of Me3SnF resulted in the formation of a higher quantity of [CAACH][AlF4] (5). Since 
it is sparingly soluble in toluene, it precipitated out of the reaction mixture as a white 
solid. After filtration, the solid was purified by washing with hexane and characterised. 
Pure [CAACH][AlF4] (5) can also be prepared by another approach, which is described in 
detail in the following chapters. The alternative synthetic approach is presented in Chapter 
4.4.3. 

Single crystals of [CAACH][AlF4] (5) were obtained by slow evaporation of acetonitrile 
under static vacuum. It crystallizes in the monoclinic space group P21/c and its crystal 
structure is presented in Figure 4.7. The asymmetric unit of [CAACH][AlF4] (5) contains 
a [CAACH]+ cation and a discrete, tetrahedrally coordinated [AlF4]− anion. The fluorine 
atoms F(3) and F(4) on the fluoroaluminate anion are disordered. Their positions were 
modelled and refined in two preferred orientations, with occupancies of domain A being 
45 % and domain B 55 %. The anion interacts with the cation and forms a hydrogen bond 
C(2)−H(2)···F(1) with an H···F distance of 2.106(1) Å (C···F distance of 3.030(2) Å). 
The average Al−F distance of 1.652 Å is consistent with the average Al−F distances 
reported for discrete [AlF4]− anions (1.636 Å [60], 1.618 Å [19], and 1.712 [25]). 
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Figure 4.7: Crystal structure of [CAACH][AlF4] (5). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 

4.1.2 NMR spectroscopy 

All compounds obtained were characterised by NMR spectroscopy. The spectra agree with 
the crystal structures of the compounds. Selected NMR peaks of the prepared 
organoaluminium fluorides and fluoroaluminate salts are listed in Table 4.1. The 1H NMR 
peaks of the organoaluminium fluorides are shifted upfield with increasing number of 
fluorine atoms. The 1H NMR chemical shifts of [(CAAC)AlMe2F] (1) are observed as a 
doublet at −0.55 ppm and agree well with the Al−CH3 peak observed as a doublet at 
−0.40 ppm in the structurally related [((t-Bu)NH2)AlMe2F] [39]. 

Table 4.1: Selected NMR peaks of [(CAAC)AlR3−nFn] (n = 1–3) and [CAACH][R4−nAlFn] 
(n = 3–4) in C6D6 (1, 2, 3) and acetonitrile (4, 5). 

Compound δ(1H) Al−CH3 δ(19F) Al−F δ(27Al) 

[(CAAC)AlMe2F] (1) −0.55 (d) −165.86 139 (br) 

[(CAAC)AlMeF2] (2) −0.80 (s) −157.79 102 (br) 

[(CAAC)AlF3] (3) / −171.04 59.88 

[CAACH][MeAlF3] (4) −1.22 (s) −167.14 84.95 

[CAACH][AlF4] (5) / −194.56 49.41 

 
The 19F NMR peaks of the organoaluminium fluorides cannot be compared with other 

discrete neutral compounds because the chemical shifts are strongly influenced by the 
nature of the ligand. Nevertheless, the chemical shifts of our compounds are in the same 
region as those for other discrete tetrahedrally coordinated R2AlF compounds at 
−169.9 ppm [11], −155.5 ppm [39], and −161.3 ppm [223], RAlF2 compounds at 
−159.2 ppm [35], and AlF3 compounds at −164.5 ppm [11]. In the literature, the chemical 
shifts for discrete octahedrally coordinated AlF3 complexes are reported at −176.1 ppm 
and −169.9 ppm [10], or −162.0 ppm and −177.3 ppm [9], and also agree well with our 
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observations. The 19F NMR peaks of organofluoroaluminate anions are in agreement with 
other reported values [3]. For more information on organofluoroaluminate anions, see 
Chapter 4.2. 

The 27Al NMR peaks of all compounds prepared are broad, which is due to the 
quadrupolar nature of 27Al (I = 5/2). The 27Al NMR signals are shifted more upfield with 
each additional fluorine atom on the Al centre. For example, the chemical shifts of 
organoaluminium fluorides arrange themselves in this order: [(CAAC)AlMe3] at 154 ppm, 
[(CAAC)AlMe2F] (1) at 139 ppm, [(CAAC)AlMeF2] (2) at 102 ppm, and [(CAAC)AlF3] 
(3) at 59.88 ppm. The same trend was observed for organofluoroaluminate anions by 
Roesky and Finze [3], [25].  

4.1.3 Computational results 

The crystal structures of the prepared organoaluminium fluorides and 
organofluoroaluminate salts were used as a starting point for calculating the optimised 
structures using DFT calculations. The optimised structures were then examined in 
comparison with experimentally obtained crystal data. The optimised structures of all 
compounds are shown in Figure 4.8, while the experimental and calculated bond distances 
of CAAC-stabilised organoaluminium fluorides and the corresponding 
organofluoroaluminate salts are summarised in Table 4.2. 

 

Figure 4.8: Optimized structures of CAAC-stabilised organoaluminium fluorides and the 
corresponding organofluoroaluminate salts. 

Table 4.2 shows that the calculated Al−C and Al−F distances are generally longer, but 
still agree with the experimental values. The only exception is the calculated Al−F distance 
of [(CAAC)AlMe2F] (1), which is slightly shorter. The difference between the calculated 
and experimental values can be explained by the fact that the effect of crystal structure 
packing was not taken into account in the gas phase calculations. In some cases, the 
difference may also be caused by the disorder of the fluorine and carbon atoms in the 
crystal structure. 
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Table 4.2: Experimental and calculated bond distances of CAAC-stabilised 
organoaluminium fluorides and the corresponding organofluoroaluminate salts. 

Compound d(Al−CH3) (Å) d(Al−F) (Å) 

 Experimental Calculated Experimental Calculated 

[(CAAC)AlMe3][a] 1.990(2) 

1.998(2) 

1.996(2) 

2.03 

2.01 

2.01 

− − 

[(CAAC)AlMe2F] (1) 1.890(4) 

1.964(4) 

2.01 

1.99 

1.751(2) 1.72 

[(CAAC)AlMeF2] (2) 1.898(4) 1.97 1.681(3) 

1.690(3) 

1.71 

1.71 

[(CAAC)AlF3] (3) − − n.a. 1.69 

1.69 

1.69 

[CAACH][MeAlF3] (4) 1.937(33) 1.96 1.692(5)[b], [c] 

1.649(4)[c] 

1.755(4)[c] 

1.74[b] 

1.74 

1.72 

[CAACH][AlF4] (5) − − 1.668(1)[b] 

1.659(2) 

1.58(2)[c] 

1.66(2)[c] 

1.74[b] 

1.72 

1.69 

1.68 
[a] Reported in reference [203]. 
[b] These Al−F distances refer to the strongest hydrogen bonds formed between the cation 
and the nearest fluorine atom of the anion.  
[c] Where fluorine atoms are disordered, Al−F distances are reported for domain A. 

 
In Table 4.2, it can be seen that within the organoaluminium fluoride series 

[(CAAC)AlMe3−nFn] (n = 0–3) both the calculated and experimental Al−C and Al−F 
bonds become shorter with each additional fluorine atom in the structure. For example, 
the calculated Al−C distances change from 2.03 (n = 0) to 2.01 (n = 1) and 1.97 (n = 2), 
while the calculated Al−F distances change from 1.72 (n = 1) to 1.71 (n = 2) and 1.69 
(n = 3). The same trend was also observed for the anionic species. Further details on the 
organofluoroaluminate anions can be found in Chapter 4.2. 

Using the DFT calculations, we also estimated the amount of energy released during 
the formation of neutral adducts. The energy of the reactions was generally calculated 
according to the following reaction: 

[(𝐶𝐴𝐴𝐶)𝐴𝑙𝑀𝑒3] + 𝑛𝑀𝑒3SnF → [(𝐶𝐴𝐴𝐶)𝐴𝑙𝑀𝑒3−𝑛𝐹𝑛] + 𝑛𝑀𝑒4𝑆𝑛 

The calculated electronic energies and the calculated energies of the reactions are given 
in Appendix A.4. The calculations show that the formation of more fluorinated products 
is favoured. Within the [(CAAC)AlMe3−nFn] (n = 0–3) series, the calculated reaction 
energies become more exothermic as the number of fluorine atoms increases. Although the 
formation of the adducts is thermodynamically favourable, their synthesis remains 
challenging due to competing reactions.  
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4.1.4 Summary 

In this chapter we have presented the reactivity of the CAAC-stabilised organoaluminium 
compound [(CAAC)AlMe3] with Me3SnF. The use of 1 or 2 equivalents of Me3SnF led to 
the formation of [(CAAC)AlMe2F] (1) and [(CAAC)AlMeF2] (2). Me4Sn formed as a by-
product and was easily removed from the reaction mixture in vacuo. The single crystals of 
the desired products were collected and analysed. Both are rare examples of structurally 
characterised discrete organoaluminium fluorides. However, further purification of the 
compounds was not possible due to their instability. In solution, they tend to be in 
equilibrium with other CAAC-stabilised organoaluminium fluorides and the parent AlMe3 
adduct. The use of higher amounts of Me3SnF led to mixtures of various neutral 
compounds, including [(CAAC)AlF3] (3), and salts, such as [CAACH][MeAlF3] (4) and 
[CAACH][AlF4] (5). The formation of [(CAAC)AlF3] (3) was observed by NMR, but the 
compound could not be isolated or characterised separately due to other competing 
reactions. In our opinion, the formation of the salts could be a consequence of autoionisation 
of the metal fluoride or deprotonation of the organoaluminium moiety by the carbene.  

All the reactions described were accompanied by a side reaction leading to CAAC(H)Me 
(6). The compound is very soluble in nonpolar solvents and can be easily washed out of 
the reaction mixtures with hexane. However, the mechanism of its formation remains 
unknown to us for the time being. 

According to DFT calculations, the stability of the discrete organoaluminium fluorides 
increases with the number of fluorine atoms at the aluminium centre. However, although 
the adducts are thermodynamically favourable, their synthesis remains a challenge. 

To summarise, in our study we have prepared some rare examples of discrete 
organoaluminium fluorides and structurally characterise them. We have shown that 
CAACs are suitable ligands for the stabilisation of discrete AlF3. Such reactive compounds 
usually tend to form dimers, trimers or higher polymeric species and are rarely 
characterised in their discrete form. 
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4.2 Discrete Organofluoroaluminates 

This chapter is based on the article "Discrete Organofluoroaluminate Anions: Synthetic, 
Structural and Spectroscopic Aspects" by E. Gruden, M. Tramšek and G. Tavčar, 
published in Organometallics in 2022 [26].  

In our work, the reactivity of alkyl- and arylaluminium compounds with the series of 
imidazolium-based fluorinating reagents [IPrH][(HF)nF] (n = 0–2) was investigated. The 
use of fluorinating reagents with an appropriate amount of HF resulted in the formation 
of discrete triorganofluoroaluminate [R3AlF]−, diorganodifluoroaluminate [R2AlF2]−, or 
organotrifluoroaluminate [RAlF3]− anions and was accompanied by the release of RH. All 
products obtained were characterised by NMR and Raman spectroscopy. Where single 
crystals could be obtained, the structural features of the compounds were determined and 
compared with DTF calculations of structurally optimised salts.  

4.2.1 Synthesis and crystal structure determination 

The detailed synthesis procedures of all compounds are presented in Appendix A.2 together 
with all data obtained by their characterisation. 

The reactivity of the two alkylaluminium compounds used, AlMe3 and Al(n-Bu)3, was 
very similar, while the reactivity of the arylaluminium compound, AlPh3, was somewhat 
different. Therefore, the reactivity of AlMe3 and Al(n-Bu)3 is presented in parallel in the 
next sections, while the reactivity of AlPh3 is discussed separately.  

4.2.1.1 Synthesis of trialkylfluoroaluminate salts 

The two alkylaluminium compounds AlR3 (R = Me, n-Bu) reacted with the imidazolium-
based fluorinating reagent [IPrH][F] to form salts with [R3AlF]− anions. AlMe3 reacted to 
form [IPrH][Me3AlF] (7) in quantitative yield, and similarly Al(n-Bu)3 formed the salt 
[IPrH][(n-Bu)3AlF] (8). Both reactions were carried out in acetonitrile at room temperature 
and proceeded according to Scheme 4.3. In the past, similar procedures have been used to 
prepare M[R3AlF] compounds with metal fluoride reagents [63], [227]. However, discrete 
[R3AlF]− anions could only be isolated later by using sterically demanding cations [65], [66]. 

 

Scheme 4.3: Reactivity of AlR3 with [IPrH][F] (R = Me, n-Bu). 

We observed that [IPrH][Me3AlF] (7) and [IPrH][(n-Bu)3AlF] (8) are stable at low 
temperatures but tend to decompose at room temperature to form the salt [IPrH][R2AlF2] 
and the adduct [(IPr)AlR3]. Decomposition was also observed when the salts were washed 
with toluene or when the salts were stirred in solution for 24 hours, as shown in Scheme 4.4. 
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For this reason, compounds 7 and 8 were stored at −20 °C under an inert atmosphere and 
used as are for characterisation and analysis. They were not further purified, although they 
contained small quantities of [IPrH][R2AlF2]. 

 

Scheme 4.4: Decomposition of [IPrH][R3AlF] in acetonitrile (R = Me, n-Bu). 

The decomposition process of [IPrH][Me3AlF] (7) and [IPrH][(n-Bu)3AlF] (8) was 
investigated by NMR spectroscopy. The results are shown in Figure 4.9.  

 

Figure 4.9: 19F and 27Al NMR spectra measuring the decomposition of [IPrH][R3AlF] 
(R = Me, n-Bu) salts in acetonitrile. The acetonitrile solution of [IPrH][Me3AlF] (7) and 
[IPrH][(n-Bu)3AlF] (8) was measured first immediately after dissolution and then after one 
week. All measurements were carried out at room temperature. 

The samples were dissolved in acetonitrile. The 19F and 27Al NMR spectra were first 
measured immediately after the dissolution and then after one week. In the meantime, the 
samples were kept at room temperature under inert conditions. The results show that the 
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[IPrH][R3AlF] salts partially decompose into more fluorinated [IPrH][R2AlF2] salts and 
[(IPr)AlR3] adducts within one week. 

Crystallisation is a relatively slow process during which decomposition of the samples 
was usually observed. Despite numerous attempts, no single crystals of [IPrH][Me3AlF] (7) 
could be obtained from different solvents. Crystallisation in DCM even led to the formation 
of single crystals of the solvate [IPrH][Me2AlF2]·0.95DCM (9b).  

Fortunately, we were able to obtain single crystals of [IPrH][(n-Bu)3AlF] (8) by slow 
evaporation of acetonitrile during product isolation. It crystallises in the monoclinic space 
group P21/c and is a rare example of a structurally characterised salt with discrete [R3AlF]− 
anions. It is also the first known anion with aliphatic substituents. The crystal structure 
of [IPrH][(n-Bu)3AlF] (8) is shown in Figure 4.10. The asymmetric unit contains an [IPrH]+ 
cation and a tetrahedrally coordinated [(n-Bu)3AlF]− anion. The n-butyl substituents of 
the anion are disordered. The cation and anion interact to form a hydrogen bond 
C(22)−H(22)···F(1) with an H···F distance of 1.889(1) Å (C···F distance of 
2.819(2) Å). The average Al−C distance of 1.997 Å and Al−F distance of 1.733(1) Å are 
comparable to the average Al−C distance and Al−F distances of previously reported 
[R3AlF]− anions (2.018 Å, 1.682(5) Å, respectively) [65]. The crystal data were collected at 
189 K, as the crystals break and lose their crystallinity at lower temperatures.  

 

Figure 4.10: Crystal structure of [IPrH][(n-Bu)3AlF] (8). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the imidazolium 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 

4.2.1.2 Synthesis of dialkyldifluoroaluminate salts 

The two alkylaluminium compounds AlR3 (R = Me, n-Bu) reacted readily with the 
bifluoride reagent [IPrH][(HF)F] to form salts with [R2AlF2]− anions and an alkane RH. 
The latter was removed from the reaction mixtures in vacuo. The reactions were carried 
out in acetonitrile at room temperature and the salts were isolated as white solids in 
quantitative yield. AlMe3 reacted to form [IPrH][Me2AlF2] (9) and methane, while 
Al(n-Bu)3 formed [IPrH][(n-Bu)2AlF2] (10) and n-butane. The reaction proceeded 
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according to Scheme 4.5. During the reaction, a RH was eliminated from the metal-bonded 
alkyl groups and 2 fluoride anions were added to the aluminium centre. Both salts proved 
to be stable at room temperature under an inert atmosphere. They were stored in a 
glovebox for long periods without decomposing. The synthesis of [R2AlF2]− anions has 
already been described by Roesky’s group, and our results agree well with their findings 
[60], [61].  

 

Scheme 4.5: Reactivity of AlR3 with [IPrH][(HF)F] (R = Me, n-Bu). 

The crystal structure was determined for both compounds. [IPrH][Me2AlF2] (9) 

crystalised as the solvate [IPrH][Me2AlF2]·C6D6 (9a) during the slow evaporation of C6D6, 

and in DCM as [IPrH][Me2AlF2]·0.95DCM (9b) during the decomposition of 
[IPrH][Me3AlF]. The crystal structure of [IPrH][Me2AlF2] (9) in the structure of 

[IPrH][Me2AlF2]·C6D6 (9a) is shown in Figure 4.11.  

 

Figure 4.11: Crystal structure of [IPrH][Me2AlF2] (9) in [IPrH][Me2AlF2]·C6D6 (9a). The 
ellipsoids are drawn at 50 % probability. For clarity, all hydrogen atoms are omitted, 
except those on the imidazolium ring. The positions of the disordered atoms are shown in 
domain A and B (shaded). 
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The data collected for [IPrH][Me2AlF2]·C6D6 (9a) are of better quality than the data 

for [IPrH][Me2AlF2]·0.95DCM (9b). Therefore, the bond lengths and crystal properties of 
the latter are not discussed further. 

[IPrH][Me2AlF2]·C6D6 (9a) crystallises in the triclinic space group P−1. Its asymmetric 
unit contains a [IPrH]+ cation and a discrete, tetrahedrally coordinated [Me2AlF2]− anion. 
In addition, it contains two halves of C6D6 located in channels along a axis and aligned to 
allow C−H -interaction between the C6D6 molecules in the channels. The unit cell packing 
in the crystal structure of [IPrH][Me2AlF2]·C6D6 (9a) is shown in Figure 4.12. The cation 
and the anion interact with each other and form two hydrogen bonds. The shortest is 
formed between the proton on C2 position and the nearest fluorine atom 
C(12)−H(12)···F(2) with H···F distances of 1.985(1) Å (C···F distances of 2.931(2) Å), 
while the second hydrogen bond is formed between the second fluorine atom and a hydrogen 
atom from the imidazolium backbone of a symmetrically generated unit 
C(15)−H(15)···F(1) with a H···F distance of 2.299(1) Å (C···F distance of 2.996(2) Å). 
The average Al−C distances of 1.958 Å and the average Al−F distances of 1.714 Å agree 
well with the average Al−C distances (1.986 Å, 1.969 Å, and 1.978 Å) and the average 
Al−F distances (1.711 Å, 1.712 Å, and 1.691 Å) reported by other groups for discrete 
[R2AlF2]− anions [60], [61]. 

 

Figure 4.12: Unit cell packing in the crystal structure of [IPrH][Me2AlF2]·C6D6 (9a). The 
ellipsoids are drawn at 50 % probability. For clarity, only atoms in domain A are shown 
and all hydrogen atoms are omitted, except those on the imidazolium ring. 

Single crystals of [IPrH][(n-Bu)2AlF2] (10) were formed by slow evaporation of 
acetonitrile. Its crystal structure is shown in Figure 4.13. It crystallises in the monoclinic 
space group P21/n. The asymmetric unit contains an [IPrH]+ cation and a discrete, 
tetrahedrally coordinated [(n-Bu)2AlF2]− anion. The two n-butyl substituents in the 
[(n-Bu)2AlF2]− anion are disordered. Two preferred orientations of the substituents were 
modelled and refined, with occupancies of domain A being 53 % and domain B 47 %. Both 
domains are shown in Figure 4.13, with domain B shaded for clarity. The cation and the 
anion interact with each other and form two hydrogen bonds. The shortest is formed 
between the proton on C2 position and the nearest fluorine atom C(12)−H(12)···F(2) 
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with H···F distances of 1.999(1) Å (C···F distances of 2.900(1) Å), while the second 
hydrogen bond is formed between the second fluorine atom and a hydrogen atom from the 
imidazolium backbone of a symmetrically generated unit C(14)−H(14)···F(1) with a 
H···F distance of 2.043(1) Å (C···F distance of 2.988(2) Å). The average Al−C distances 
of 2.026 Å (domain A), and 1.926 Å (domain B) and the average Al−F distance of 1.708 Å 
are consistent with the average Al−C distances (1.986 Å, 1.969 Å, and 1.978 Å) and the 
average Al−F distances (1.711 Å, 1.712 Å, and 1.691 Å), respectively. 

 

Figure 4.13: Crystal structure of [IPrH][(n-Bu)2AlF2] (10). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the imidazolium 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 

4.2.1.3 Synthesis of alkyltrifluoroaluminate salts 

The two alkylaluminium compounds AlR3 (R = Me, n-Bu) reacted readily with the 
trifluoride reagent [IPrH][(HF)2F] to form salts with [RAlF3]− anions and 2 equivalents of 
alkane RH. The latter was removed from the reaction mixtures in vacuo. The reactions 
were carried out in acetonitrile at room temperature and the salts were isolated as white 
solids in high yield. AlMe3 reacted to form [IPrH][MeAlF3] (11) and 2 equivalents of 
methane, while Al(n-Bu)3 formed [IPrH][(n-Bu)AlF3] (12) and 2 equivalents of n-butane. 
The reactions proceeded according to Scheme 4.6. During the reactions, 2 RH were 
eliminated from the metal-bonded alkyl groups and 3 fluoride anions were added to the 
aluminium centre. Both salts proved to be stable at room temperature under an inert 
atmosphere. They were stored in a glovebox for long periods without decomposing. 
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Scheme 4.6: Reactivity of AlR3 with [IPrH][(HF)2F] (R = Me, n-Bu). 

Prior to the publication of our article [26], no simple synthetic procedure had been 
proposed for the preparation of salts containing discrete [RAlF3]− anions. Previously, the 
only structurally characterised [(C2F5)AlF3]− anion was obtained upon decomposition of 
[(C2F5)4Al]− anions [25]. In our work, we used a trifluoride-containing reagent 
[IPrH][(HF)2F] bearing a sterically demanding cation. The reaction was very similar to the 
one described in the previous chapter, which led to [R2AlF2]− anions. It proved to be a 
useful, simple and straightforward method for the synthesis of salts with discrete [RAlF3]− 
anions from the corresponding alkylaluminium compounds. 

The crystal structure was determined for both compounds. Single crystals of 
[IPrH][MeAlF3] (11) were obtained by slow evaporation of acetonitrile. It crystallises in 
the orthorhombic space group Pnma and its crystal structure is shown in Figure 4.14.  

 

Figure 4.14: Crystal structure of [IPrH][MeAlF3] (11). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the imidazolium 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 
Symmetry code: (i) x, 1/2−y, z. 
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The structure has a mirror plane passing through C(1), Al(1), H(2) and C(2) atoms. It 
contains an [IPrH]+ cation and a discrete, tetrahedrally coordinated [MeAlF3]− anion, which 
interact with each other and form 3 hydrogen bonds. The shortest one forms between the 
hydrogen atom at C2 position and the nearest fluorine atom C(2)−H(2)···F(2) with a 

H···F distance of 2.003(3) Å (C···F distance of 2.889(3) Å), while the other hydrogen 

bonds C(3)−H(3)···F(1) with a H···F distance of 2.303(1) Å (C···F distance of 3.082(2) 
Å) are formed between the other fluorine atoms and the hydrogen atoms of the imidazolium 
backbone of a symmetrically generated unit. The Al−C distances of 1.945(3) Å and the 
average Al−F distances of 1.687 Å are consistent with the Al−C distances of 2.006(6) Å 
and the Al−F distances of 1.666(3) Å reported for the structurally characterised 
[(C2F5)AlF3]− anion [25]. 

Single crystals of [IPrH][(n-Bu)AlF3] (12) formed by slow evaporation of acetonitrile. 
It crystallises in the monoclinic space group P21/m and its crystal structure is shown in 
Figure 4.15. Crystal data for this compound were collected at 240 K. Measurements at 
lower temperatures were not possible because the crystals repeatedly broke and lost their 
crystallinity. As can be seen from Figure 4.15, the structure contains an [IPrH]+ cation and 
a discrete, tetrahedrally coordinated [(n-Bu)AlF3]− anion that is highly disordered. It suffers 
from orientational disorder. The n-butyl group and the fluorine atoms tend to adopt 
different orientations around the Al centre. The positions of the substituents were modelled 
and refined as disordered in two preferred orientations, with occupancies of domain A being 
63.5 % and domain B 36.5 %. Similar to the structure of its methyl compound, the 
structure of [IPrH][(n-Bu)AlF3] (12) features a mirror plane passing through C(4), C(3), 
C(2), F(2B), Al(1), F(1A), H(12) and C(12) atoms. However, other structural details and 
bond lengths are not discussed due to poor data quality.  

 

Figure 4.15: Crystal structure of [IPrH][(n-Bu)AlF3] (12). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the imidazolium 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 
Symmetry code: (i) x, 1/2−y, z. 
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4.2.1.4 Synthesis of tetrafluoroaluminate salts 

The reactivity of organoaluminium compounds with imidazolium-based reagents depends 
strongly on the stoichiometric ratio. We observed that the desired products were formed 
only when the reactants were used strictly in a 1:1 ratio. A slight excess of the fluorinating 
reagent led to the formation of more stable aluminate anions containing more fluorine 
atoms. Therefore, the synthesis of [IPrH][RAlF3] also gave the tetrafluoroaluminate salt 
[IPrH][AlF4] (13). Its amount was proportional to the excess of the fluorinating reagent 
used. Pure [IPrH][AlF4] (13) was prepared and characterised separately. It was formed by 
adding anhydrous HF to the [(IPr)AlMe3] adduct. After all volatiles were removed, it was 
purified by recrystallisation in acetonitrile. Single crystals formed in a saturated acetonitrile 
solution stored at −20 °C. [IPrH][AlF4] (13) crystallises in the orthorhombic space group 
Pccn and its crystal structure is shown in Figure 4.16. The structure has a mirror plane 
passing through Al(1), H(2), and C(2) atoms. It contains an [IPrH]+ cation and a discrete, 
tetrahedrally coordinated [AlF4]− anion, which interact with each other to form four weak 
hydrogen bonds. Two of them are formed between two fluorine atoms and the hydrogen 
atoms of the imidazolium backbone C(3)−H(3)···F(2) with an H···F distance of 

2.214(1) Å (C···F distance of 3.025(2) Å), while the other two bonds are formed between 
the remaining fluorine atoms and the hydrogen atom at C2 position of a symmetrically 
generated unit C(2)−H(2)···F(1) with an H···F distance of 2.403(1) Å (C···F distance 
of 3.238(2) Å). The average Al−F distance of 1.665 Å is consistent with the average Al−F 
distances reported for discrete [AlF4]− anions (1.636 Å [60], 1.618 Å [19], and 1.712 [25]). 

 

Figure 4.16: Crystal structure of [IPrH][AlF4] (13). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the imidazolium 
ring. Symmetry code: (i) 3/2−x, 3/2−y, z. 

4.2.1.5 Synthesis of phenylfluoroaluminate salts 

AlPh3 was chosen as a representative of the arylaluminium compounds. Its reactivity with 
the 3 imidazolium-based fluorinating reagents [IPrH][F], [IPrH][(HF)F] and [IPrH][(HF)2F] 
was investigated. The reactions in 1:1 stoichiometry led to the formation of different 
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mixtures of [IPrH][Ph3AlF] (14), [IPrH][Ph2AlF2] (15), [IPrH][PhAlF3] (16) and 
[IPrH][AlF4] (13). Despite all our attempts, we did not succeed in producing the pure 
products. However, we were able to prepare a relatively pure mixture of [IPrH][Ph3AlF] 
(14) and [IPrH][PhAlF3] (16) by mixing AlPh3 and 1.1 equivalents of [IPrH][(HF)F] in 
C6D6 for 2 days. The mixture proved stable under inert conditions but tended to decompose 
on air. Single crystals of [IPrH][AlF4]·C6D6 (13a) were formed when the mixture was 
crystallised by slow evaporation of the solvent on air. We also obtained a mixture of 
[IPrH][PhAlF3] (16) and [IPrH][AlF4] (13) when a small excess of [IPrH][(HF)2F] reacted 
with AlPh3. Fortunately, we were able to structurally characterise [IPrH][Ph3AlF] (14) and 
[IPrH][PhAlF3] (16). Single crystals suitable for single crystal X-ray analysis of both 
compounds were obtained from the crystallisation of mixtures. As far as we know there 
was only one structurally characterised discrete [R3AlF]− anion with perfluoroaryl 
substituents before the publication of our paper [25], [65]. On this basis, we assumed that 
phenyl substituents would also be stable and that discrete anions could be isolated. As it 
turned out, the aromatic substituents influence the reactivity of AlR3 compounds and the 
stability of the products differently than the alkyl substituents.  

Single crystals of [IPrH][Ph3AlF] (14) were formed from the reaction of AlPh3 with 
1 equivalent of [IPrH][F] in C6D6, followed by slow evaporation of the solvent. 
[IPrH][Ph3AlF] (14) crystallises in the monoclinic space group P21/n and its asymmetric 
unit is shown in Figure 4.17. The asymmetric unit contains an [IPrH]+ cation and a discrete, 
tetrahedrally coordinated [Ph3AlF]− anion that interact to form a hydrogen bond 
C(22)−H(22)···F(1) with an H···F distance of 2.078(1) Å (C···F distance of 2.910(1) 
Å). The average Al−C distances of 2.003 Å and the Al−F distance of 1.730(1) Å are 
consistent with the average Al−C distances of 2.018 Å and the Al−F distances of 
1.682(5) Å of the previously reported [(C12F9)3AlF]− anion [65]. 

 

Figure 4.17: Crystal structure of [IPrH][Ph3AlF] (14). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the imidazolium 
ring. 
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Single crystals of [IPrH][PhAlF3] (16) were formed from the reaction of AlPh3 with 
1 equivalent of [IPrH][(HF)2F] in acetonitrile, followed by slow evaporation of the solvent. 
[IPrH][PhAlF3] (16) crystallises in the triclinic space group P−1 and its asymmetric unit 
is shown in Figure 4.18. The asymmetric unit contains an [IPrH]+ cation and a discrete, 
tetrahedrally coordinated [PhAlF3]− anion. The fluorine atoms F(2) and F(3) on the 
fluoroaluminate anion are disordered. Their positions were modelled and refined in two 
preferred orientations, with occupancies of domain A being 64 % and domain B 36 %. The 
anion interacts with neighbouring cations and forms 2 hydrogen bonds. The shortest one 
forms between a fluorine atom and the hydrogen atom on C2 position from a symmetrically 
generated unit C(12)−H(12)···F(2B) with an H···F distance of 2.23(1) Å (C···F 
distance of 3.09(1) Å), while the other hydrogen bond connects another fluorine atom and 
the hydrogen atom on the imidazolium backbone C(15)−H(15)···F(1) with a H···F 
distance of 2.403(2) Å (C···F distance of 3.001(3) Å). The Al−C distance of 1.960(3) Å 
is consistent with the Al−C distance of 2.006(6) Å reported for the known [(C2F5)AlF3]− 
anion [25]. Since two fluorine atoms are disordered in this structure, the average Al−F 
distance cannot be compared with other reported distances. The average Al−F distance is 
slightly longer than expected, but the Al−F distance of the non-disordered fluorine atom 
of 1.683(2) Å is in agreement with the Al−F distance of 1.666(3) Å reported for the known 
[(C2F5)AlF3]− anion [25]. 

 

Figure 4.18: Crystal structure of [IPrH][PhAlF3] (16). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the imidazolium 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 

4.2.2 NMR spectroscopy 

All synthesised compounds were characterised by NMR spectroscopy. The spectra are 
consistent with the crystal structures of the compounds. Selected NMR peaks of the 
prepared fluoroaluminate salts are listed in Table 4.3. The 13C NMR values listed in the 
table were determined by 1H–13C HSQC experiments, since the signals of the carbon atoms 
bonded directly to aluminium could not be observed by 13C NMR experiments. Due to the 
coupling with protons, 1H–13C HSQC experiments are much more sensitive. However, the 
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signals of carbon atoms bound to aluminium in phenyl groups could not be observed. 
Table 4.3 shows that in the [IPrH][R4−nAlFn] (n = 1–4 and R = Me, n-Bu, Ph) series, the 
chemical shifts of the 13C, 19F and 27Al NMR peaks are affected by the number of fluorine 
atoms and the nature of the substituents. The effects are described in the following sections. 

The 13C NMR peaks in each [IPrH][R4−nAlFn] (n = 1–4) series are shifted upfield with 
increasing number of fluorine atoms. The peaks are also shifted upfield much more when 
the substituents are methyl groups compared to n-butyl groups. 

Table 4.3: Selected 13C, 19F and 27Al NMR peaks of [IPrH][R4−nAlFn] (n = 1–4 and R = Me, 
n-Bu, Ph) in acetonitrile. 

Compound δ(13C)[a] Al−C δ(19F) Al−F δ(27Al) 

[IPrH][Me3AlF] (7) −5.4 −158.64  150.64 

[IPrH][Me2AlF2] (9) −11.1 −154.78 123.90 

[IPrH][MeAlF3] (11) −13.7 −167.07 84.96 

[IPrH][AlF4] (13) / −194.62 49.37 

[IPrH][(n-Bu)3AlF] (8) 11.7 −167.90 147.51 

[IPrH][(n-Bu)2AlF2] (10) 10.1 −160.74 120.71 

[IPrH][(n-Bu)AlF3] (12) 6.6 −169.61 82.71 

[IPrH][Ph3AlF] (14) n.o. −169.90 97.52 

[IPrH][Ph2AlF2] (15) n.o. −166.39 86.17 

[IPrH][PhAlF3] (16) n.o. −175.48 71.38 
[a] Determined with 1H−13C HSQC experiments. 

 
The 19F NMR peaks of the organofluoroaluminate anions are broad, which is due to the 

coupling with 27Al, a quadrupolar nucleus (I = 5/2). The highly symmetrical [AlF4]− anion 
is the only exception among the fluoroaluminates. Its peak at −194.62 ppm is split into six 
lines due to scalar coupling with 27Al and agrees well with previous reports (δ −195.9 ppm, 
−194.2 ppm [19], [25]). The 19F NMR signals of the organofluoroaluminate anions with 
2 fluorine atoms are the most downfield in each [IPrH][R4−nAlFn] (n = 1–3) series, while 
the anions with 3 fluorine atoms are the most upfield. For example, the chemical shifts of 
the anions with methyl substituents arrange in the order [Me2AlF2]− at −154.78 ppm, 
[Me3AlF]− at −158.64 ppm and [MeAlF3]− at −167.07 ppm. Furthermore, anions with 
methyl substituents have the more downfield signals than anions with n-butyl substituents, 
while anions with phenyl substituents are the most upfield. For example, the signals for 
[R3AlF]− anions line up in the order [Me3AlF]− at −158.64 ppm, [(n-Bu)3AlF]− at 
−167.90 ppm and [Ph3AlF]− at −169.90 ppm. The same trend is observed for the anions 
described by other groups. 19F NMR chemical shifts for [Me3AlF]− and [Me2AlF2]− were 
reported to be −148.2 ppm and −154.82 ppm [61], [64], while the chemical shift for 
[(C12F9)3AlF]− was reported to be −176.81 ppm [65]. 

The 27Al NMR peaks of the organofluoroaluminate anions are broad, which is due to 
the coupling with 19F and the quadrupolar nature of 27Al. The highly symmetric [AlF4]− 
anion is the only exception among the fluoroaluminates. Its peak at −49.37 ppm has the 
shape of a quintet, which is due to the coupling with 19F (I = 1/2). In each [IPrH][R4−nAlFn] 
(n = 1–4) series, the 27Al NMR signals are shifted more upfield with each additional fluorine 
atom in the anions. For example, the chemical shifts of the anions with methyl substituents 
arrange in the order [Me3AlF]− at 150.64 ppm, [Me2AlF2]− at 123.90 ppm, [MeAlF3]− at 
84.96 ppm and [AlF4]− at 49.37 ppm. The same trend was also observed by Roesky and 
Finze [3], [25]. Furthermore, the nature of the substituents has a similar influence on the 
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27Al NMR peaks as on the 19F NMR signals. Anions with methyl substituent have more 
downfield signals than anions with n-butyl substituents, while those with phenyl 
substituents are most upfield. For example, the signals for [R3AlF]− anions are in the order 
[Me3AlF]− at 150.64 ppm, [(n-Bu)3AlF]− at 147.51 ppm and [Ph3AlF]− at 97.52 ppm. 

4.2.3 Raman spectroscopy 

All synthesised compounds were characterised by Raman spectroscopy. Table 4.4 lists the 
relevant vibrational bands for the organofluoroaluminate salts. The bands of the [IPrH]+ 
cation usually obscured the vibrations of the Al−F and Al−C bonds, making them difficult 
to assign. For the organofluoroaluminate anions, the Al−F vibrations could not be 
assigned. The Al−F vibrations were assigned only for [IPrH][AlF4] (13) at 321 and 634 cm−1 
and agree with the Al−F vibrations of [AlF4]− anions measured by other groups (635, 322, 
and 622 cm−1 [19], [228]). 

Table 4.4: Selected Al−C and Al−F Raman bands of [IPrH][R4−nAlFn] (n = 1–4 and 
R = Me, n-Bu, Ph). 

Compound Raman Shift / cm−1 

[IPrH][Me3AlF] (7) 505 (Al−C) 

[IPrH][Me2AlF2] (9) 533 (Al−C) 

[IPrH][MeAlF3] (11) 567 (Al−C) 

[IPrH][AlF4] (13) 321 and 634 (Al−F) 

[IPrH][(n-Bu)3AlF] (8) 493 (Al−C) 

[IPrH][(n-Bu)2AlF2] (10) 494 (Al−C) 

[IPrH][(n-Bu)AlF3] (12) 495 (Al−C) 

[IPrH][Ph3AlF] (14) and [IPrH][PhAlF3] (16) 999 and 1030 (Al−Ph) 

 
For [Me4−nAlFn]− (n = 1–3) anions, the Al−C vibrations were assigned according to the 

literature data (Al−CH3 at 530 cm−1 [229]). The full Raman spectra with the assigned Al−F 
and Al−C vibrations of the [IPrH][Me4−nAlFn] (n = 1−4) series are shown in Figure 4.19. 
Within the [Me4−nAlFn]− (n = 1–3) series of anions the Al−C vibrations are shifted to 
higher frequencies with each additional fluorine atom. This effect could be explained by 
the fact that the presence of fluorine, a rather electronegative element, strengthens the 
Al−C bond. This increases the energy of the Al−C bond energy and the Raman vibration 
shifts to higher frequencies. 

For [(n-Bu)4−nAlFn] (n = 1–3) anions, the Al−C vibrations were difficult to assign. They 
are broad and tend to be obscured by other vibrations. We assigned lower frequencies to 
them than to the methyl counterparts, which is consistent with published data (Al−C2H5 
at 489 cm−1 [229]). The full Raman spectra with the assigned Al−F and Al−C vibrations 
of the [IPrH][(n-Bu)4−nAlFn] (n = 1−4) series are shown in Figure 4.20. 

For the mixture of [IPrH][Ph3AlF] (14) and [IPrH][PhAlF3] (16), the Al−C vibrations 
were assigned according to the published data (Al−C6H5 1085 cm−1 [229]). The complete 
Raman spectra with the assigned Al−F and Al−C vibrations of the [IPrH][(Ph4−nAlFn] 
(n = 1, 3, 4) series are shown in Figure 4.21. 
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Figure 4.19: Raman spectra of [IPrH][Me4−nAlFn] (n = 1−4). Where possible, Al−F and 
Al−C vibrations are assigned. 

 

 

Figure 4.20: Raman spectra of [IPrH][(n-Bu)4−nAlFn] (n = 1−4). Where possible, Al−F and 
Al−C vibrations are assigned.  
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Figure 4.21: Raman spectra of [IPrH][Ph4−nAlFn] (n = 1, 3, 4). Where possible, Al−F and 
Al−C vibrations are assigned. 

4.2.4 Computational results 

The crystal structures of [IPrH][R4−nAlFn] (n = 1–4, R = Me, n-Bu, Ph) were used as a 
starting point for calculating optimised structures using DFT calculations. The optimised 
structures were then examined in comparison with experimentally obtained crystal 
structures. The optimised structures of the [IPrH][R4−nAlFn] (n = 1–4, R = Me, n-Bu, Ph) 
salts are shown in Figure 4.22, while the experimental and calculated bond distances of 
[IPrH][R4−nAlFn] (n = 1–4, R = Me, n-Bu, Ph) are summarised in Table 4.5. 

From Table 4.5 it can be seen that the calculated Al−C distances are slightly longer 
but still in agreement with the experimental values, while the calculated Al−F distances 
are significantly longer compared to the experimental values. For example, the calculated 
and experimental Al−C bonds of [IPrH][MeAlF3] (11) are 1.97 Å and 1.945(3) Å, 
respectively, while the calculated and experimental Al−F bonds are 1.75 Å and 1.696(3) Å, 
respectively. The difference can be explained by the fact that the calculations in the gas 
phase did not take into account the effect of crystal structure packing. In some cases, the 
difference may also be caused by the disorder of the fluorine and carbon atoms in the 
crystal structure. 

In Table 4.5, it can be seen that within each [IPrH][R4−nAlFn] (n = 1–3) series, both 
the calculated and experimental Al−C bonds become shorter with each additional fluorine 
atom in the structure. For example, in the [IPrH][(n-Bu)4−nAlFn] (n = 1–3) series, the 
calculated Al−C distances change from 2.03 (n = 1) to 2.01 (n = 2) and 1.98 (n = 3). This 
observation agrees well with the Raman results. Shorter Al−C bonds lead to higher energies 
and Raman signals at higher frequencies. 
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Table 4.5: Experimental and calculated Al−C and Al−F bond distances of [IPrH][R4−nAlFn] 
(n = 1–4, R = Me, n-Bu, Ph).  

Compound d(Al−C) (Å) d(Al−F) (Å) 

 Experimental Calculated Experimental Calculated 

[IPrH][Me3AlF] (7) n.a. 2.01 

2.00 

2.01 

n.a. 1.82[a] 

[IPrH][Me2AlF2] (9)[b] 1.951(2) 

1.965(2) 

1.98 

1.99 

1.717(1)[a] 

1.711(1) 

1.77[a] 

1.76 

[IPrH][MeAlF3] (11) 1.945(3) 1.97 1.696(3)[a],[c] 

1.683(1)[c] 

1.75[a] 

1.74 

1.70 

[IPrH][AlF4] (13) − − 1.669(1)  

1.660(1) 

 

1.73  

1.73 

1.68 

1.68 

[IPrH][(n-Bu)3AlF] (8) 2.013(3) 

1.994(3) 

1.984(3) 

2.03 

2.02 

2.02 

1.733(1)[a] 1.81[a] 

[IPrH][(n-Bu)2AlF2] (10) 2.073(4) 

1.980(2) 

2.01 

2.00 

1.7096(9)[a] 

1.7072(9) 

1.78[a] 

1.71 

[IPrH][(n-Bu)AlF3] (12) 1.923(18) 1.98 1.539(4)[c] 

1.592(5)[c] 

1.75[a] 

1.74 

1.71 

[IPrH][Ph3AlF] (14) 2.004(2) 

2.004(2) 

2.000(2) 

2.03 

2.00 

2.00 

1.730(1)[a] 1.77[a] 

[IPrH][Ph2AlF2] (15) n.a. 1.98 

1.99 

n.a. 1.76[a] 

1.75 

[IPrH][PhAlF3] (16) 1.960(3) 

 

1.97 

 

1.683(2)  

2.155(4)[c] 

1.703(6)[c] 

1.74[a]  

1.74 

1.69 
[a] These Al−F distances refer to the strongest hydrogen bonds formed between the 
hydrogen atoms on C2 position and the nearest fluorine atoms.  
[b] Reported for [IPrH][Me2AlF2]·C6D6 (9a). 
[c] Where fluorine atoms are disordered, Al−F distances are reported for domain A. 

 
By using DFT calculations, we also estimated the amount of energy released during the 

formation of organofluoroaluminate salts. The energies of the reactions were generally 
calculated according to the following reaction:  

[𝐼𝑃𝑟𝐻][𝐹 ] + 𝑛𝐻𝐹 + 𝐴𝑙𝑅3  → [𝐼𝑃𝑟𝐻][𝑅4−𝑛𝐴𝑙𝐹𝑛] + 𝑛𝑅𝐻 

The calculated electronic energies and the calculated energies of the reactions are given 
in Appendix A.4. The calculations show that the formation of more fluorinated products 
is favoured. Within each [IPrH][R4−nAlFn] (n = 1–4) series, the calculated reaction energies 
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become more exothermic as the number of fluorine atoms increases. This also contributes 
to the stability of the organofluoroaluminate anions. This observation is in agreement with 
the experimental results. We reported that [IPrH][R3AlF] (R = Me, n-Bu) salts tend to 
decompose into [IPrH][R2AlF2] and [(IPr)AlR3] adducts. The instability of the 
[IPrH][R3AlF] salts was confirmed by calculated reaction energies, which show that 
decomposition is an energetically more favourable process than the formation of two 
[IPrH][R3AlF] salts. The energies of the decomposition reactions were calculated to be 
−486 kJ/mol (R = Me) and −494 kJ/mol (R = n-Bu), while the reaction energies for the 
formation of two [IPrH][R3AlF] salts were calculated to be −346 kJ/mol (R = Me) and 
−400 kJ/mol (R = n-Bu). 

 

Figure 4.22: Optimised structures of [IPrH][R4−nAlFn] (n = 1–4, R = Me, n-Bu, Ph). 
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4.2.5 Summary 

In this chapter, we have presented the reactivity of alkyl- and arylaluminium compounds 
(AlMe3, Al(n-Bu)3 and AlPh3) with the series of imidazolium-based fluorinating reagents 
[IPrH][(HF)nF] (n = 0–2). The alkylaluminium compounds reacted with imidazolium-based 
fluorinating reagents with the appropriate amount of HF to form salts with discrete 
triorganofluoroaluminate [R3AlF]− anions (7 and 8), diorganodifluoroaluminate [R2AlF2]− 
anions (9 and 10) or organotrifluoroaluminate [RAlF3]− anions (11 and 12). The reaction 
of poly(hydrogen fluoride) reagents was accompanied by the release of an alkane RH, which 
was easily removed in vacuo. All reactions with alkylaluminium compounds were selective, 
quantitative and straightforward. In addition, the reactions were strongly dependent on 
the stoichiometric ratio, as any excess led to the formation of anions with more fluorine 
atoms. Ultimately, the excess of any fluorinating reagent led to the formation of the 
tetrafluoroaluminate [AlF4]− salt (13). The use of imidazolium-based fluorinating reagents 
with the right amount of HF proved to be very convenient. Even the sterically demanding 
cation helped stabilise the discrete anions, as its bulkiness prevented possible 
oligomerisation reactions of the organofluoroaluminate species.  

On the other hand, the arylaluminium compound reacted with imidazolium-based 
reagents to form mixtures of various salts with discrete [Ph3AlF]− (14), [Ph2AlF2]− (15) 
and [PhAlF3]− (16) anions. Pure salts could not be prepared or separated.  

The experimentally obtained results agree with the DFT calculations. The stability of 
the organofluoroaluminate salts increases with the increasing number of fluorine atoms in 
the anions within each [IPrH][R4−nAlFn] (n = 1–4) series. DFT calculations also proved 
that the decomposition of [IPrH][R3AlF] (R = Me, n-Bu) to more stable [IPrH][R2AlF2] 
and [(IPr)AlR3] is a thermodynamically favourable process. 

To summarise, this comprehensive study demonstrates that [IPrH][F], [IPrH][(HF)F] 
and [IPrH][(HF)2F] are useful reagents for the synthesis of salts containing discrete 
alkylfluoroaluminate anions from organoaluminium compounds. We have also proposed the 
first general procedure for the preparation of salts with [RAlF3]− anions. The fluorination 
ability of the anion and the stabilising properties of the bulky cation give 
imidazolium-based fluorinating reagents the potential to be used in the search for new 
discrete fluorinated anions in the future. 
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4.3 Functionalisation of NHC-Stabilised Aluminium 

Hydride 

This chapter is based on the article "Synthesis and characterization of partially substituted 
NHC supported alane adducts using triflate or chloride salts" by E. Gruden and G. Tavčar, 
published in Polyhedron in 2021 [153].  

In this work, the reactivity of the NHC adduct [(IPr)AlH3] with aldiminium-based 
triflate and chloride salt was investigated. Aldiminium-based salts were found to be suitable 
group transfer reagents in aluminium hydride chemistry. Substitution of the hydrides with 
triflate or chloride substituents led to the formation of partially substituted adducts, which 
were characterised by X-ray structural analysis, NMR and Raman spectroscopy. 

4.3.1 Synthesis and crystal structure determination 

Detailed synthetic procedures for all compounds are presented in Appendix A.2 together 
with all data obtained by their characterisation. 

4.3.1.1 Synthesis of [(IPr)AlH2OTf] (17) 

The [(IPr)AlH3] reacted with [CAACH][OTf] to form [(IPr)AlH2OTf] (17) a neutral adduct 
and CAACH2 (18). The reaction was carried out in toluene and proceeded according to 
Scheme 4.7. CAACH2 (18) was easily removed from the reaction mixture by washing with 
hexane. The [(IPr)AlH2OTf] adduct (17) was isolated in high yield as a white solid. The 
reaction proceeds rapidly and its progress can be monitored by dissolving of the aldiminium 
salt. During the reaction, one hydride atom at the aluminium centre is exchanged by a 
triflate substituent. The exchange of two hydride atoms did not take place. Despite several 
attempts, the reaction of [(IPr)AlH3] with [CAACH][OTf] in the molar ratio 1:2 gave only 
the [(IPr)AlH2OTf] (17), while part of the salt remained undissolved. These results are 
consistent with previously reported data. Inoue’s group obtained the monosubstituted 
triflate hydride product using excess Me3SiOTf. The group did not obtain a disubstituted 
product even at elevated temperature [111]. Other known monosubstituted aluminium 
hydride triflate compounds were stabilised by imidazolin-2-iminato, β-diketiminato and 
phosphinimine ligands [111], [132], [149]. As far as we know, no NHC-stabilised 
(trifluoromethanesulfonyl)oxyalane adduct was known before the publication of our paper. 
[(IPr)AlH2OTf] (17) was also the first aluminium dihydride triflate compound to be 
structurally characterised.  

 

Scheme 4.7: Reactivity of [(IPr)AlH3] with [CAACH][OTf]. 
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Single crystals of [(IPr)AlH2OTf] (17) were formed by slow evaporation of toluene under 
static vacuum. It crystallised in the orthorhombic space groups P212121 and its crystal 
structure is shown in Figure 4.23. The asymmetric unit contained a molecule of 
[(IPr)AlH2OTf] (1) which, as expected, adopts a tetrahedral arrangement at the aluminium 
centre. The structural features of the adduct are consistent with similar reported structures. 
The Al−CNHC distance of 2.048(2) Å agrees well with previously reported Al−CNHC 
distances of 2.059(2) Å and 2.041(2) Å for NHC-supported AlH3 adducts [77], [139]. 
Moreover, the Al−O distance of 1.845(2) Å, and the Al−H distances of 1.49(5) and 
1.46(4) Å, are similar to the values of 1.804(2) Å and 1.54(2) Å reported by Roesky, 
respectively [149]. 

 

Figure 4.23: Crystal structure of [(IPr)AlH2OTf] (17). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on aluminium and 
the imidazolium ring. 

CAACH2 (18) formed as a by-product and was washed out of the reaction mixture with 
hexane. It crystallised during the slow evaporation of hexane and formed single crystals 
suitable for X-ray structural analysis. CAACH2 (18) crystallises in the orthorhombic space 
groups Pbcn and its crystal structure is shown in Figure 4.24. 
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Figure 4.24: Crystal structure of CAACH2 (18). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. 

4.3.1.2 Synthesis of [(IPr)AlH3−xClx] (x = 1, 2) (19)  

The [(IPr)AlH3] reacted with aldiminium-based chloride salt to give a mixture of 
[(IPr)AlH2Cl] and [(IPr)AlHCl2], two aluminium hydride chloride adducts and CAACH2 
(18). The reaction was carried out in toluene and proceeded according to Scheme 4.8. 
CAACH2 (18) was easily removed from the reaction mixture by washing with hexane. The 
mixture of [(IPr)AlH2Cl] and [(IPr)AlHCl2] was isolated as a white solid in high yield and 
is described in this work with the formula [(IPr)AlH3−xClx] (x = 1, 2) (19). The reaction is 
also rapid and as described for the triflate counterpart, the progress of the reaction can be 
monitored by dissolving of aldiminium salt. During the reaction, the hydride atoms on 
aluminium centre are exchanged by chloride substituents. The two aluminium hydride 
chloride adducts could not be separated from each other. Selective syntheses of one or the 
other ware also unsuccessful. Despite several attempts, all reactions led to the formation 
of mixtures. Even the crystallisation of [(IPr)AlH3−xClx] (x = 1, 2) (19) ended in a 
disordered co-crystal of [(IPr)AlH2Cl] and [(IPr)AlHCl2]. The reaction of [(IPr)AlH3] with 
aldiminium-based chloride salt in a molar ration of 1:2 gave a mixture of different 
aluminium compounds in which 1, 2, or 3 hydride atoms were replaced by chlorides.  

 

Scheme 4.8: Reactivity of [(IPr)AlH3] with [CAACH][(HCl)0.5Cl]. 
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At first we assumed that the formation of the [(IPr)AlH3−xClx] (x = 1, 2) (19) was the 
result of a kinetically controlled reaction. However, it turned out that this was not the 
case. Elemental analysis of the aldiminium-based chloride salt showed that it was in fact a 
mixture of salts containing chloride and hydrogen dichloride anions. The two anions are in 
a molar ratio of about 1:1, which means that the aldiminium salt contains about 
1.5 equivalents of Cl and can be written as [CAACH][(HCl)0.5Cl]. The formation of 
aldiminium-based chloride salts containing more than one equivalent of chloride has been 
observed by other research groups [230], and is in agreement with our results. 
Consequently, mixing [(IPr)AlH3] with [CAACH][(HCl)0.5Cl] formed a mixture of 
[(IPr)AlH2Cl] and [(IPr)AlHCl2] in a ratio of about 1:1, which can be attributed to 
1.5 equivalents of Cl in the mixture. 

The exchange of hydrides with chlorides and the formation of aluminium hydride 
chloride adducts were found to be strongly dependent on the stoichiometric ratio. We 
believed that the selective synthesis of pure [(IPr)AlH2Cl] and [(IPr)AlHCl2] required the 
use of pure [CAACH][Cl] and [CAACH][(HCl)Cl] salts. By modifying the original synthesis 
for aldiminium-based chloride salts [208], we attempted to prepare salts containing only 
chloride or hydrogen dichloride anions. However, pure [CAACH][Cl] and 
[CAACH][(HCl)Cl] could not be obtained. Mixtures of both salts were always obtained, 
but in different stoichiometric ratios. Further reactions with [(IPr)AlH3] also led to the 
formation of mixtures with different numbers of substituted atoms. The synthesis of 
[CAACH][(HCl)0.5Cl] was reliable and reproducible and we used this salt for further 
research. We have also described and published the modified synthesis procedure in our 
article in Polyhedron [153]. 

Many different synthetic procedures have been proposed in the literature for the 
synthesis of aluminium hydride chlorides [148]. Some of them involve the use of salts as 
HCl sources. For example, ammonium-based chloride salts have been used in many studies 
[150], [154], [231]. However, all the proposed synthesis methods required very stringent 
reaction conditions, as they usually lead to the formation of mixtures with different 
amounts of chlorine [(L)AlHnCl3−n] (n = 1–3) [154]. So far, two pure aluminium hydride 
chloride adducts stabilised by IMes carbenes were synthesised by Cole’s group in 2009. The 
preparation of [(IMes)AlH2Cl] and [(IMes)AlHCl2] required the use of very pure reagents. 
Single-phase aluminium hydride chlorides were purified by sublimation before being used 
in ligand exchange reactions [150].  

Single crystals of [(IPr)AlH3−xClx] (x = 1, 2) (19) were obtained by slow evaporation of 
toluene under static vacuum. It crystallises in the monoclinic space group P21/c and its 
crystal structure is shown in Figure 4.25. The asymmetric unit contains two tetrahedrally 
coordinated aluminium hydride chloride adducts in which the positions of the hydrides and 
chlorides are disordered. The positions of the substituents were modelled and refined in 
two preferred orientations (domain A and B). Both domains are shown in Figure 4.25, with 
domain B shaded for clarity. The partial occupancies of the disordered atoms are as follows, 
indicating that the [(IPr)AlHCl2] and [(IPr)AlH2Cl] co-crystallise in the crystal structure: 
Cl2A 0.579(3), H2B 0.421(3), Cl4A 0.500, H4B 0.500, H5A 0.801(2) and Cl5B 0.199(2). 
We have calculated that molecule 1 contains 1.58 equivalents of chloride and 1.42 
equivalents of hydride, while molecule 2 carries 1.70 equivalents of chloride and 1.30 
equivalents of hydride substituents.  
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Figure 4.25: Crystal structure of [(IPr)AlH3−xClx] (x = 1, 2) (19). The ellipsoids are drawn 
at 50 % probability. For clarity, all hydrogen atoms are omitted, except those on 
aluminium and the imidazolium ring. The positions of the disordered atoms are shown in 
domain A and B (shaded). 

The structural features of the [(IPr)AlH3−xClx] (x = 1, 2) (19) adduct are consistent 
with other similar structures reported by other groups. The Al−CNHC distance of 2.038(2) Å 
agrees well with the previously reported Al−CNHC distances of 2.059(2) Å and 2.041(2) Å 
for NHC-supported aluminium hydride adducts [77], [139]. Although the positions of the 
chloride and hydride substituents in this structure are disordered, the average Al−Cl 
distance of 2.11 Å and the average Al−H distance of 1.68 Å are in agreement with the 
reported Al−Cl distance of 2.164(1) Å and the average Al−H distance of 1.72 Å of the 
[(IMes)AlH2Cl] adduct [150]. 

4.3.1.3 Synthesis of [(IPr)AlCl3] (20)  

The AlCl3 adduct [(IPr)AlCl3] (20) was prepared separately to complete the 
[(IPr)AlH3−nCln] (n = 0–3) series and to compare their properties easily. The reaction of 
the IPr carbene with AlCl3 was carried out in toluene and proceeded according to Scheme 
4.9. After removal of the volatiles, [(IPr)AlCl3] (20) was isolated in high yield as a white 
solid. Single crystals of [(IPr)AlCl3] (20) were obtained by slow evaporation of toluene 
under static vacuum. It crystallises in the monoclinic space group P21/c and its crystal 
structure is shown in Figure 4.26. 
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Scheme 4.9: Synthesis of [(IPr)AlCl3] (20). 

 

Figure 4.26: Crystal structure of [(IPr)AlCl3] (20). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. 

The asymmetric unit contains two tetrahedrally coordinated AlCl3 adducts. The 
structural features are consistent with similar reported structures. The Al−CNHC distance 
of 2.019(2) Å is consistent with previously reported Al−CNHC distances of 2.009(5) Å [232] 
and 2.017(2) Å [233] for [(NHC)AlCl3] adducts. Furthermore, the average Al−Cl distance 
of 2.13 Å is similar to the average Al−Cl distances of 2.10 Å [232] and 2.12 Å [233] reported 
for other [(NHC)AlCl3] adducts. 

The adduct was prepared by a procedure similar to that described in the literature for 
[(NHC)AlCl3] adducts with various NHC ligands [232]–[234]. Shortly after the publication 
of our article, a different approach for the synthesis of the [(IPr)AlCl3] (20) adduct was 
described. It was prepared using the copper(I)-NHC transfer reagent [235].  
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4.3.2 NMR spectroscopy 

All synthesised compounds were characterised by NMR spectroscopy. The spectra agree 
with the crystal structures of the compounds. In the 1H NMR spectra of all products, the 
distinct peaks of the IPr carbene ligands can be seen. The two doublets belonging to the 
methyl groups on the isopropyl group are split in a way typical for coordinated NHCs 
[138]. The NMR spectra of [(IPr)AlH3−xClx] (x = 1, 2) (19) show the presence of two 
compounds that are structurally related. The spectrum contains two groups of peaks that 
are slightly shifted against each other.  

NMR spectroscopy was used to compare the properties of [(IPr)AlH3] [77] and the 
substituted counterparts. Selected 1H and 27Al NMR peaks of [(IPr)AlH3−nCln] (n = 0–3) 
are listed in Table 4.6. The Al−H peaks in the 1H and 27Al NMR spectra are broad and 
were not easy to find. In part, the broadening of the Al−H peaks is caused by the 
quadrupolar nature of the aluminium centre (I = 5/2); in part, broad signals may also be 
caused by the reduced symmetry of the substituted adducts compared with AlH3 
counterpart [77].  

Table 4.6: Selected 1H and 27Al NMR peaks of [(IPr)AlH2OTf] (17) and [(IPr)AlH3−nCln] 
(n = 0–3) series in C6D6.  

Compound δ(1H) Al−H δ(1H) CH=CH  δ(27Al) 

[(IPr)AlH3][a] 3.67 6.44 107.9 

[(IPr)AlH2OTf] (17) 3.94 6.37 118 (broad) 

[(IPr)AlH3−xClx] (x = 1, 2) (19) 3.7–4.1 6.41, 6.40 113 (broad) 

[(IPr)AlCl3] (20) / 6.41 103.8  
[a] Values reported in reference [77]. 
 

The Al−H peaks in the 1H NMR are hidden in the baseline as broad singlets. The peaks 
belonging to the substituted adducts [(IPr)AlH2OTf] (17) at 3.94 ppm and [(IPr)AlH3−xClx] 
(x = 1, 2) (19) at 3.7–4.1 ppm are shifted downfield compared to the parent [(IPr)AlH3] 
at 3.67 ppm. The shift can be explained as a consequence of the more electronegative 
substituents at the aluminium centre.  

The 1H NMR shifts of the proton at the CH=CH carbene backbone provide us with 
useful information about the Lewis acidity of the adduct. The Lewis acidity of the metal 
centre influences the Lewis acidity of the adduct and the delocalisation of the electrons of 
the NHC heterocycle. Consequently, the signals of the CH=CH protons shift [150], [236]. 
In our case, the CH=CH 1H signals of the substituted adducts [(IPr)AlH2OTf] (17) at 
6.37 ppm and [(IPr)AlH3−xClx] (x = 1, 2) (19) at 6.41 and 6.40 ppm are shifted upfield 
compared to the parent compound [(IPr)AlH3] at 6.45 ppm. This effect can be explained 
by the increase in Lewis acidity of the metal centres [148]. The CH=CH 1H NMR peaks 
within the [(IPr)AlH3−nCln] (n = 0–3) series show that the peaks of [(IPr)AlH3] at 6.44 ppm 
are more downfield compared to the peaks of [(IPr)AlH3−xClx] (x = 1, 2) (19) at 6.41 and 
6.40 ppm, and [(IPr)AlCl3] (20) at 6.41 ppm. The latter two adducts have very similar 
CH=CH shifts, implying that the aluminium hydride chlorides and the AlCl3 adducts have 
similar Lewis acidities. This observation is consistent with the results of Cole, who reported 
that the Lewis acidity of substituted aluminium hydride halide adducts increases with each 
additional halide in the structure [150]. 

The Al−H peaks in the 27Al NMR are broad for aluminium hydride adducts and were 
difficult to find due to the high background signal from the probe. The peaks belonging to 
the substituted adducts [(IPr)AlH2OTf] (17) at 118 ppm and [(IPr)AlH3−xClx] (x = 1, 2) 
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(19) at 113 ppm were observed in the range typical for NHC-supported aluminium hydride 
adducts (between 100 and 140 ppm) [77]. The 27Al NMR peak of [(IPr)AlCl3] (20) is much 
sharper compared to aluminium hydride counterparts and is observed at 103.8 ppm. This 
is consistent with previous reports for [(NHC)AlCl3] adducts [232].  

4.3.3 Raman spectroscopy 

All synthesised compounds were characterised by Raman spectroscopy. The complete 
Raman spectra with the assigned Al−H, Al−Cl, S−O, C−S and C−F vibrations are shown 
in Figure 4.27.  

 

Figure 4.27: Raman spectra of NHC-stabilised AlH3, functionalised aluminium hydrides 
and related compounds. Spectra of [(IPr)AlH3], [(IPr)AlH2OTf] (17), CAACH2 (18), 
[(IPr)AlH3−xClx] (x = 1, 2) (19) and [(IPr)AlCl3] (20) have assigned bands for Al−H, 
Al−Cl, S−O, C−S, and C−F vibrations where possible. 

Relevant vibrational bands for [(IPr)AlH3] and the substituted counterparts are listed 
in Table 4.7. The bands of the IPr carbene ligand generally obscured the relevant 
vibrations, making them difficult to assign. For [(IPr)AlH3−xClx] (x = 1, 2) (19) the Al−Cl 
vibrations could not be assigned. 

Table 4.7: Selected Raman bands of Al−H and Al−Cl stretching of [(IPr)AlH2OTf] (17) 
and [(IPr)AlH3−nCln] (n = 0–3) series. 

Compound ν / cm−1 Al−H  ν / cm−1 Al−Cl  

[(IPr)AlH3] 1775 / 

[(IPr)AlH2OTf] (17) 1841, 1893 / 

[(IPr)AlH3−xClx] (x = 1, 2) (19) 1777, 1818 n.o. 

[(IPr)AlCl3] (20) / 318 
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The determined vibrational bands of [(IPr)AlH3] were compared with the vibrations of 
the substituted counterparts and the effect of the substituents was evaluated. The Al−H 
Raman bands of the substituted aluminium hydride adducts are shifted to higher 
frequencies. The shift may be a consequence of the Al−H bond elongation in the presence 
of more electronegative substituents. The same effect was also observed in 1H NMR spectra 
for Al−H peaks. The negative inductive effect of an electronegative element strengthens 
the Al−H bond and increases its energy. Consequently, the Raman shifts are observed at 
higher frequencies [150]. This is in agreement with other reports in which the Al−H bonds 
of aluminium hydride chloride adducts were studied with IR spectroscopy [150], [237]. 

4.3.4 Summary 

In this chapter, we have presented the use of aldiminium-based salts in the functionalisation 
of aluminium hydride adducts. The reaction of [(IPr)AlH3] and [CAACH][OTf] gave 
[(IPr)AlH2OTf] (17), the first structurally characterised (trifluoromethanesulfonyl)-
oxyalane NHC adduct and the first aluminium dihydride triflate compound. Meanwhile, 
the use of [CAACH][(HCl)0.5Cl] gave the mixture of [(IPr)AlH2Cl] and [(IPr)AlHCl2] in a 
ratio of about 1:1, written as [(IPr)AlH3−xClx] (x = 1, 2) (19). In both reactions, the 
protonated CAACH2 (18) was formed as a by-product, which was easily removed from the 
products with hexane. The mixture [(IPr)AlH3−xClx] (x = 1, 2) contains about 1.6 
equivalents of chlorine and is formed because the aldiminium-based chloride salt is a 
mixture of [CAACH][Cl] and [CAACH][(HCl)Cl] containing about 1.5 equivalents of 
chlorine. Although the [CAACH][(HCl)0.5Cl] was prepared by a modified method in our 
research, we believe that similar mixtures can also be obtained by using published methods. 
Since the aldiminium-based chloride salts are mostly used as precursors for CAACs, the 
formation of salts with more than 1 equivalent of chlorine probably goes unnoticed. 

The analysis of the obtained products showed that the substitution of a hydride by a 
more electronegative element affects the Lewis acidity of the adducts by strengthening the 
Al−H bonds. The Lewis acidity of [(IPr)AlH3−xClx] (x = 1, 2) was found to be more similar 
to that of [(IPr)AlCl3] (20) than that of the starting compound [(IPr)AlH3]. [(IPr)AlCl3] 
(20) was prepared separately from IPr carbene and AlCl3.  

To summarise, we have shown that even unconventional reagents such as 
aldiminium-based salts can be used as group transfer reagents in the chemistry of 
aluminium hydrides. So far, the reactivity of aldiminium-based salts has not been well 
explored. The field of aldiminium-based salts and their use as group transfer reagents 
therefore has the potential to be further explored.  
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4.4 Aldiminium-Based Fluorinating Reagents 

This chapter is based on as of yet unpublished results. Most of the data presented here are 
gathered in an unpublished manuscript currently entitled "From Cyclic 
(Alkyl)(Amino)Carbene (CAAC) Precursors to Fluorinating Reagents". This chapter also 
includes some results that are not part of the manuscript, but an ongoing study on the 
reactivity of aldiminium-based fluorinating reagents. 

As shown in the previous chapter, aldiminium-based salts can be used as group transfer 
reagents. To extend the knowledge and explore the reactivity of this class of compounds, 
we prepared a group of aldiminium-based poly(hydrogen fluoride) salts. Starting from the 
aldiminium-based chloride salt [CAACH][(HCl)0.5Cl] prepared by our modified synthetic 
procedure, we have obtained aldiminium-based salts with a high content of HF by the 
addition of anhydrous HF. By removing HF step by step, we selectively prepared a series 
of poly(hydrogen fluoride) salts [CAACH][(HF)nF] (n = 1–3) and a fluorinated compound 
with remarkable properties.  

All the obtained products were characterised by X-ray structural analysis, NMR and 
Raman spectroscopy.  

The compounds that were found to be stable enough were tested for their fluorination 
ability on alkylaluminium compounds. 

4.4.1 Synthesis and crystal structure determination 

The detailed synthesis procedures of all compounds are given in Appendix A.2, together 
with all the data obtained by their characterisation. 

The syntheses of the aldiminium-based fluorinating reagents required the use of 
anhydrous HF. Caution! Anhydrous HF should be handled with care by an experienced 
experimenter. Since HF etches glass, all reactions were carried out in FEP vessels with 
PTFE valves. The products obtained were stored in plastic containers, as most of them 
also tend to react with glass. 

4.4.1.1 Synthesis of [CAACH][(HF)3F] (21) 

The [CAACH][(HCl)0.5Cl] was dissolved in anhydrous HF, which served as both solvent 
and reactant. The reaction proceeded rapidly and according to Scheme 4.10. The excess 
HF was then removed overnight under reduced pressure, yielding [CAACH][(HF)3F] (21) 
in quantitative yield. According to the literature, similar procedures involving the addition 
of anhydrous HF have been used to synthesise imidazolium-based poly(hydrogen fluoride) 
salts [186], [199]. 

 

Scheme 4.10: Synthesis of [CAACH][(HF)3F] (21). 
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[CAACH][(HF)3F] (21) is a solid product that can be easily transferred and handled. 
However, over time it tends to slowly release HF and form a more stable salt. To minimise 
its decomposition, we stored [CAACH][(HF)3F] (21) under an inert atmosphere at −20 °C.  

Single crystals of [CAACH][(HF)3F] (21) were obtained during product isolation by 
slow evaporation of HF. It crystallises in the monoclinic space group P21/c and its crystal 
structure is shown in Figure 4.28. The asymmetric unit contains a [CAACH]+ cation and 
a [(HF)3F]− anion in the form of a branched chain. The structure of the anion is virtually 
planar and is consistent with similar reported structures [238]. The cation and the anion 
interact with each other and form a hydrogen bond C(2)−H(2)···F(1) with H···F 
distances of 2.111(1) Å (C···F distances of 3.037(2) Å). The average F···F distance 

between the central and terminal F atoms of 2.357 Å is comparable to the average F···F 
distances of previously reported [(HF)3F]− anions (2.377 Å, 2.379 Å) [238]. The angles 
between fluorine atoms at the central F(2) (average F-F(2)-F angle of 119.7°) are also 
comparable to reported data (average angles of 119.8° and 116.5°) [238]. There are many 
examples in the literature of similar star-shaped [(HF)3F]− anions, which generally have a 
trigonal pyramidal shape [239]. Our anion also falls into this category. On the other hand, 
the chain-like structures of [(HF)3F]− anions are rare [239]. 

 

Figure 4.28: Crystal structure of [CAACH][(HF)3F] (21). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except of the [(HF)3F]− anion and 
those on the heterocyclic ring. 

4.4.1.2 Synthesis of [CAACH][(HF)2F] (22) 

The compound [CAACH][(HF)2F] (22) was obtained by removing 1 equivalent HF from 
[CAACH][(HF)3F] (21), as shown in Scheme 4.11. Although [CAACH][(HF)3F] (21) slowly 
releases HF by itself, the complete transition to [CAACH][(HF)2F] (22) takes a long time. 
We kept [CAACH][(HF)3F] (21) under high vacuum for 2 days to ensure complete 
conversion to [CAACH][(HF)2F] (22). This compound proved to be the most stable among 
the aldiminium-based compounds described in this chapter. It can be stored on air in plastic 
containers without decomposing, and in the absence of moisture it does not react with 
glass.   
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Scheme 4.11: Synthesis of [CAACH][(HF)2F] (22). 

Single crystals of [CAACH][(HF)2F] (22) were obtained from a saturated acetonitrile 
solution stored at −20 °C. It crystallises in the monoclinic space group P21/n and its crystal 
structure is shown in Figure 4.29. The asymmetric unit contains a [CAACH]+ cation and 
a non-linear [(HF)2F]− anion. The cation and the anion interact with each other and form 
two hydrogen bonds, as F(1) and F(2) are almost equidistant from H(2). F(1) forms the 
hydrogen bond C(2)−H(2)···F(1) with H···F distances of 2.343(2) Å (C···F distances 
of 3.173(2) Å), while F(2) forms the bond C(2)−H(2)···F(1) with H···F distances of 

2.542(2) Å (C···F distances of 3.398(2) Å). The F···F distances of 2.263(2) Å and 
2.320(2) Å are consistent with those reported for other [(HF)2F]− anions [192], [199]. The 
anion is bent, with the angle between the fluorine atoms F(1)-F(2)-F(3) being 108.54(8)°. 

 

Figure 4.29: Crystal structure of [CAACH][(HF)2F] (22). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. 

4.4.1.3 Synthesis of higher poly(hydrogen fluorides) 

The reaction of [CAACH][(HCl)0.5Cl] with excess HF resulted in the formation of a liquid 
mixture containing higher poly(hydrogen fluoride) salts. By removing the excess HF, 
different fractions could be obtained. In an attempt to prepare or characterise higher 
poly(hydrogen fluoride) salts, a mixture was prepared and the excess HF was removed 
stepwise by evacuation to constant weight at −20 °C, 0 °C, 25 °C and under high vacuum. 
The four samples prepared under different conditions were characterised by NMR analysis. 
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A comparison of the four 19F NMR spectra measured in acetonitrile is shown in Figure 4.30. 
It can be seen that the 19F NMR peaks of the sample prepared under high vacuum and the 
sample evacuated at 25 °C correspond to [CAACH][(HF)2F] (22) and [CAACH][(HF)3F] 
(21), respectively. The chemical shifts of the peaks also shift upfield with an increasing 
amount of HF. As expected, the samples prepared by evacuation at 0 °C and −20 °C have 
an even higher amount of HF than [CAACH][(HF)3F] (21). Both samples prepared at low 
temperatures were liquid and readily released HF even when stored at −20 °C. Due to their 
constantly changing HF contents, further characterisation was not possible.  

Fortunately, when the sample isolated at 0 °C was stored at −20 °C, single crystals 
were obtained. We characterised them as [CAACH][(HF)3.5F] (23), which is indeed a 
co-crystal of [CAACH][(HF)3F] and [CAACH][(HF)4F] in a 1:1 ratio. The formation of a 
co-crystal proves that higher poly(hydrogen fluorides) actually exist in this system. 

 

Figure 4.30: 19F NMR spectra of aldiminium-based poly(hydrogen fluoride) salts. Samples 
were prepared by evacuation to constant weight at −20 °C, 0 °C, 25 °C and under high 
vacuum. Spectra were measured in acetonitrile solutions. 

[CAACH][(HF)3.5F] (23) crystalises in the monoclinic space group P21/n and its crystal 
structure is shown in Figure 4.31. The asymmetric unit contains two [CAACH]+ cations 
and two poly(hydrogen fluoride) anions. The [(HF)3F]− anion is disordered. The positions 
of the fluorine atoms were modelled and refined in two preferred orientations, with 
occupancies of domain A being 70 % and domain B 30 %. The shape of the [(HF)3F]− anion 
is the same as in [CAACH][(HF)3F] (21) and therefore its structure is not described further.  

On the other hand, the [(HF)4F]− anion has the form of a branched chain and is a rare 
example of such isomers. For [(HF)4F]− anions, there are three possible isomers. The most 
commonly observed is the tetrahedral type [239], the branched isomer has so far only been 
found in Me3N·5HF [238], while to our knowledge, the chain type has yet to be discovered 
[240]. The [(HF)4F]− anion in [CAACH][(HF)3.5F] (23) is virtually centred. It has one 
notably short inner hydrogen bond F(22)−H(22A)···F(23) with an F···F distance of 
2.274(3) Å, which is typical for [FHF]− anions. This means that the [(HF)4F]− anion has a 
[FHF]− core surrounded by 3 HF molecules. The chemical formula of the anion could also 
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be written as [(FH)(FHF)(HF)2]−. The structural features of the [(HF)4F]− anion are 
consistent with the previously reported branched isomers [238]. The [(HF)4F]− anion 
interacts with the cation and forms a hydrogen bond C(22)−H(22)···F(21) with H···F 

distances of 2.304(2) Å (C···F distances of 3.146(3) Å). 
 

 

Figure 4.31: Crystal structure of [CAACH][(HF)3.5F] (23). The ellipsoids are drawn at 50 % 
probability. For clarity, all hydrogen atoms are omitted, except those on the heterocyclic 
ring. The positions of the disordered atoms are shown in domain A and B (shaded). 

4.4.1.4 Synthesis of CAAC(H)F (24) 

[CAACH][(HF)2F] (22) was mixed with excess CsF or KF and suspended in toluene. The 
reaction was stirred for 3 days and resulted in the quantitative formation of CAAC(H)F 
(24). CsHF2 or KHF2 formed as by-products and were easily separated from the reaction 
mixture by filtration. The reaction proceeded according to Scheme 4.12.  

 

Scheme 4.12: Synthesis of CAAC(H)F (24). 
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[CAACH][(HF)2F] (22) is the most stable of the aldiminium-based poly(hydrogen 
fluoride) salts. Compounds with a lower amount of HF could not be prepared simply by 
evacuation, but required a different approach. The use of reagents that form very stable 
bifluorides proved to be a very effective method for the synthesis of CAAC(H)F (24). 

Single crystals of CAAC(H)F (24) were obtained from a saturated acetonitrile solution 
at −20 °C. It crystallises in the monoclinic space group P21/c and its crystal structure is 
shown in Figure 4.32.  

 

(a) 

 

(b) 

Figure 4.32: Crystal structure of CAAC(H)F (24). (a) Structure of the monomeric unit, 
and (b) packing of two monomeric units. The ellipsoids are drawn at 50 % probability. For 
clarity, all hydrogen atoms are omitted, except those on the heterocyclic ring. Symmetry 
code: (i) 1−x, 1−y, 1−z. 
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The asymmetric unit contains a chiral fluorinated organic compound with hydrogen 
and fluorine bonded at C2 position. We had expected CAAC(H)F (24) to have an ionic 
form, just as the imidazolium-based fluoride [IPrH][F] consists of an ion pair. But unlike 
[IPrH][F], where the [IPrH]+ cation has a delocalised aromatic ring, the saturated 
CAAC(H)F (24) prefers sp3 hybridisation at C2 in the solid state [161]. Fluorine is the 
most electronegative element in the periodic table, which makes the C−F bond strongly 
polarised [161]. In the crystal structure, the length of the C−F bond is 1.450(3) Å, which 
is significantly longer compared to bonds of other structurally related compounds 
(1.378(8) Å [241], 1.402(5) Å [242]). It is interesting that two CAAC(H)F units interact 
with each other in the crystal structure and form dimers through hydrogen bonding. The 
two units orient themselves in such a way that the hydrogen and fluorine atom at C2 
position of the first molecule interact with the same fluorine and hydrogen atoms of the 
second molecule. Consequently, the two fluorine bonds C(2)−H(2)···F(2) with H···F 

distance of 2.800(1) Å (C···F distance of 3.646(3) Å) allow the formation of a six-
membered ring. Within the molecule, another hydrogen bond forms as the fluorine atom 
interacts with a proton on a methyl group of i-Pr wingtips C(21)−H(21A)···F(1) with 
the H···F distance of 2.509(2) Å (C···F distance of 3.472(3) Å). 

4.4.1.5 Synthesis of [CAACH][(HF)F] (25) 

[CAACH][(HF)F] (25) was prepared by mixing CAAC(H)F (24) and [CAACH][(HF)2F] 
(22) in a 1:1 ratio in acetonitrile. After 24 hours, all volatiles were removed and 
[CAACH][(HF)F] (25) was isolated. The reaction proceeded according to Scheme 4.13. 
Unfortunately, the reaction is reversible and the bifluoride salt tends to decompose readily 
back into the reactants.  

 

Scheme 4.13: Synthesis of [CAACH][(HF)F] (25). 

Crystallisation of [CAACH][(HF)F] (25) usually ended with the formation of either 
single crystals of [CAACH][(HF)2F] or CAAC(H)F, depending on the conditions. 
Fortunately, we were able to structurally characterise [CAACH][(HF)F] (25) as it 
crystallised in a co-crystal with 2 CAAC(H)F molecules. Its crystal structure is shown in 
Figure 4.33. Single crystals of [CAACH][(HF)F]·2CAAC(H)F (25a) were obtained by 
slowly evaporating the solvent from the solution of [CAACH][(HF)F] (25) in t-BuOH and 
acetonitrile. At the same time, the formation of [CAACH][(HF)2F] (22) single crystals 
occurred during crystallisation. This result shows us that [CAACH][(HF)F] (25) exists in 
equilibrium with other fluorinated species. A polar environment, such as the mixture of 
t-BuOH and acetonitrile, promoted the formation of ionic species and enabled the 
crystallisation of [CAACH][(HF)F]. On the other hand, [CAACH][(HF)F] (25) is 
thermodynamically less favourable in less polar solvents and tends to decompose to 
CAAC(H)F (24) and [CAACH][(HF)2F] (22). It is worth noting that single crystals of 

[CAACH][(HF)F]·2CAAC(H)F (25a) were formed even when CAAC(H)F (24) was 
crystallised under the same conditions as [CAACH][(HF)F] (25). This indicates that the 
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fluoride species are in equilibrium with each other depending on the environment they are 
in. 

 

Figure 4.33: Crystal structure of [CAACH][(HF)F] (25) in the co-crystal 

[CAACH][(HF)F]·2CAAC(H)F (25a). The ellipsoids are drawn at 50 % probability. For 
clarity, all hydrogen atoms are omitted, except those on the imidazolium ring. 

[CAACH][(HF)F]·2CAAC(H)F (25a) crystallises in the triclinic space group P−1. Its 
asymmetric unit contains a central [CAACH][(HF)F] unit surrounded by two CAAC(H)F 
molecules, each on one side of the [FHF]− anion. The two CAAC(H)F molecules are aligned 
so that the hydrogen and fluorine atoms at the C2 position are opposite one of the fluorine 
atoms of the [FHF]− anion. The structures of the CAAC(H)F molecules are disordered. 
Their structural features are as described in the previous section and will not be discussed 
further here. The crystal structure of [CAACH][(HF)F] (25) contains a [CAACH]+ cation 

and a [FHF]− anion that interact to form a hydrogen bond C(2)−H(2)···F(1) with H···F 
distances of 2.043(2) Å (C···F distances of 2.988(3) Å). The F···F distance between 
fluorine atoms in the [FHF]− anion of 2.234(2) Å is shorter than for other bifluoride salts 
(typically 2.26−2.28 Å), but according to the literature, shorter distances have also been 
reported for [FHF]− anions (2.213(4) Å) [243].   

4.4.2 NMR spectroscopy 

All synthesised compounds were characterised by NMR spectroscopy. The spectra agree 
with the crystal structures of the compounds. Selected 1H and 19F NMR peaks of the 
aldiminium-based fluoride and poly(hydrogen fluoride) salts are listed in Table 4.8. The 
measurements were carried out in acetonitrile solutions at room temperature and at 
−30 °C, since the species exist in equilibrium and could not otherwise be properly 
characterised. In 1H NMR spectra of [CAACH][(HF)2F] (22) and [CAACH][(HF)3F] (21) 
distinct peaks of the [CAACH]+ cation can be seen. Their 19F NMR peaks at −168.57 ppm 
and −173.45 ppm are also in good agreement with the chemical shifts to the [(HF)2F]− and 
[(HF)3F]− anions [244]. These two compounds are completely ionic and their structure does 
not change with temperature. For this reason, the NMR measurements for them were not 
carried out at low temperatures. 
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Table 4.8: Selected 1H and 19F NMR peaks of aldiminium-based fluoride and poli(hydrogen 
fluoride) compounds in acetonitrile at room temperature and at −30 °C. 

Compound Room temperature (25 °C) Low temperature (−30 °C) 

 δ(1H) C−H δ(19F) δ(1H) C−H δ(19F) 

CAAC(H)F (24) 5.25 (s) −106.85 5.13 (d,  

J = 82.9 Hz) 

−105.30 (d,  

J = 82.9 Hz) 

[CAACH][(HF)F] (25) 7.90 (br) n.o. 9.34 (br) −105.18 (s) 

−144.51 (br) 

−166.42 (br) 

[CAACH][(HF)2F] (22) 8.84 (s) −168.57 (br) − − 

[CAACH][(HF)3F] (21) 8.78 (s) −173.45 (br) − − 

 
On the other hand, the compound CAAC(H)F (24) does not behave like a salt in 

solution. In its solid state, CAAC(H)F (24) adopts the form of a neutral chiral compound 
with hydrogen and fluorine bonded at C2 position. The NMR spectra measured at low 
temperature confirm this observation. In the 1H NMR spectra of CAAC(H)F (24) at low 
temperature, the peaks are split in a manner typical for two pyrrolidine conformers. 
Moreover, the proton-fluorine coupling can be observed in both the 1H and 19F NMR spectra 
as a doublet at 5.13 ppm (J = 82.9 Hz) and −105.30 ppm (J = 82.9 Hz), respectively. 
With increasing temperature, the signals for the two conformers disappear together with 
the proton-fluorine coupling. We assume that at elevated temperature the compound 
CAAC(H)F (24) exists in equilibrium with the [CAACH][F] ion pair. 

The compound [CAACH][(HF)F] (25) does not behave like a salt in solution, but 
neither does it behave like a neutral compound. As described earlier, [CAACH][(HF)F] 
(25) is not stable and tends to decompose into [CAACH][(HF)2F] and CAAC(H)F. We 
believe that in solution there is an equilibrium between the two forms. No peaks could be 
observed in 19F NMR because fluorides are constantly changing from one form to the other. 
Therefore, measurements at low temperature were necessary to slow down the transition 
between the species. Three distinct peaks were observed in the 19F NMR measurement at 
low temperature. They were assigned to CAAC(H)F (24) at −105.18 ppm, 
[CAACH][(HF)F] (25) at −144.51 ppm and [CAACH][(HF)2F] (22) at −166.42 ppm.  

4.4.3 Reactivity with AlMe3 compounds 

The compounds [CAACH][(HF)3F] (21), [CAACH][(HF)2F] (22) and CAAC(H)F (24), 
which were found to be stable enough, were tested for their fluorination ability on AlMe3 
compounds. The two salts were reacted with AlMe3 to test their efficiency in the synthesis 
of discrete anionic compounds. On the other hand, the CAAC(H)F (24) was tested for its 
reactivity as a neutral group transfer reagent in the chemistry of CAAC-supported 
organoaluminium fluorides.  

4.4.3.1 Reactivity of AlMe3 with [CAACH][(HF)3F] (21) 

The AlMe3 reacted with [CAACH][(HF)3F] (21) to form [CAACH][AlF4] (5), a salt with 
discrete [AlF4]− anions, and 3 equivalents of methane. The reaction was carried out in 
acetonitrile at 0 °C and proceeded according to Scheme 4.14. During the reaction, methane 
was eliminated from the metal-bonded methyl groups and 4 fluoride anions were added to 
the aluminium centre. The salt proved stable at room temperature under an inert 
atmosphere. It was stored in a glovebox for long periods without decomposition. The 
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synthesis of [CAACH][AlF4] (5) is very similar to the reactions described in Chapter 4.2 
for the formation of discrete organofluoroaluminate salts and represents an alternative 
approach to the synthesis of [CAACH][AlF4] (5) described in Chapter 4.1. The structural 
characterisation of [CAACH][AlF4] (5) is described in Chapter 4.1. 

 

Scheme 4.14: Reactivity of AlMe3 with [CAACH][(HF)3F] (21). 

Discrete [AlF4]− anions are generally formed when AlR3 compounds react with excess 
HF, leading to the complete removal of the substituents [19], [60]. In our case, the use of 
the aldiminium-based reagent with the corresponding amount of HF led to the same result.   

4.4.3.2 Reactivity of AlMe3 with [CAACH][(HF)2F] (22) 

The AlMe3 reacted with [CAACH][(HF)2F] (22) to form [CAACH][MeAlF3] (4), a salt with 
discrete [MeAlF3]− anions, and 2 equivalents of methane. The reaction was carried out in 
acetonitrile at room temperature and proceeded according to Scheme 4.15. During the 
reaction, methane was eliminated from the metal-bonded methyl groups and 3 fluoride 
anions were added to the aluminium centre. The salt proved to be unstable at room 
temperature even under an inert atmosphere. It slowly decomposed to the more fluorinated 
[CAACH][AlF4] (5). To avoid rapid decomposition, it was stored in a glovebox at −20 °C.  

 

Scheme 4.15: Reactivity of AlMe3 with [CAACH][(HF)2F] (22). 

The synthesis proceeds according to the reactions described in Chapter 4.2 for the 
synthesis of discrete organotrifluoroaluminate salts. This procedure allowed us to 
characterise [CAACH][MeAlF3] (4), the formation of which was only observed in the 
reaction of [(CAAC)AlMe3] with 3 equivalents of Me3SnF in Chapter 4.1. The structural 
characterisation of [CAACH][MeAlF3] (4) is described in Chapter 4.1. 

4.4.3.3 Reactivity of [(CAAC)AlMe3] with CAAC(H)F (24) 

The reactivity of [(CAAC)AlMe3] with CAAC(H)F (24) was tested on a small scale in 
NMR tubes. The reaction of [(CAAC)AlMe3] with 1 equivalent of CAAC(H)F (24) was 
carried out in C6D6 at room temperature overnight. During the reaction, a methyl 
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substituent at the aluminium centre was exchanged for a fluoride atom, as shown in Scheme 
4.16. NMR analysis of the reaction mixture showed the formation of [(CAAC)AlMe2F] (1) 
and CAAC(H)Me (6), while some [(CAAC)AlMe3] remained unreacted. 

 

Scheme 4.16: Reactivity of [(CAAC)AlMe3] with CAAC(H)F (24). 

The synthesis represents an alternative approach to the discrete organoaluminium 
fluorides described in Chapter 4.1. In Chapter 4.3, we presented the use of 
aldiminium-based chloride and triflate salts as group transfer reagents in the chemistry of 
aluminium hydrides. CAAC(H)F (24) does not have a salt structure like its chloride and 
triflate counterpart, but it reacted in a similar way. It formed neutral aluminium fluoride 
compounds from organoaluminium compounds by a fluoride/alkyl exchange reaction.  

Little research has been done on the reactivity of CAAC(H)F (24). However, it proved 
to be a potentially useful reagent in the fluorination of organoaluminium compounds. 
Further studies are needed to evaluate its use as a group transfer reagent. 

4.4.4 Summary 

In this chapter we describe the synthesis of aldiminium-based fluoride and poly(hydrogen 
fluoride) compounds and their application in the fluorination of organoaluminium 
compounds. Addition of anhydrous HF to [CAACH][(HCl)0.5Cl] resulted in the formation 
of an aldiminium-based poly(hydrogen fluoride) salt with a high HF content. By removing 
the excess HF in vacuo under various conditions, we selectively obtained [CAACH][(HF)3F] 
(21) and [CAACH][(HF)2F] (22). The latter proved to be the most stable aldiminium-
based poly(hydrogen fluoride) salt and, unlike its heavy counterpart, did not tend to release 
HF by itself. 

Compound CAAC(H)F (24) was accessible by using KF or CsF. It was prepared by 
the reaction of [CAACH][(HF)2F] (22) with an excess of CsF or KF in toluene, while 
[CAACH][(HF)F] (25) was obtained by the combination of [CAACH][(HF)2F] (22) and 
CAAC(H)F (24) in acetonitrile. CAAC(H)F (24) adopts the form of a neutral compound 
in the solid state and in solution, while [CAACH][(HF)F] (25) is rather unstable and tends 
to decompose back into the reactants. In solution, [CAACH][(HF)F] (25) is in equilibrium 
with the other two aldiminium-based compounds (22 and 24).  

The compounds described have the potential to be used as fluorinating reagents. The 
reactivity of [CAACH][(HF)3F] (21) and [CAACH][(HF)2F] (22) was tested on AlMe3. 
Their use led to the formation of salts (5 and 4) with discrete [AlF4]− and [MeAlF3]− anions, 
respectively. The reactivity of CAAC(H)F (24) was tested on [(CAAC)AlMe3] and led to 
the formation of [(CAAC)AlMe2F] (1) and CAAC(H)Me (6) by fluoride/alkyl exchange 
reaction. 

The aldiminium-based fluoride and poly(hydrogen fluoride) compounds are useful 
fluorinated reagents in organoaluminium chemistry. Further research is needed to properly 
assess their utility not only for aluminium but also for other areas of chemistry. 
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5 Conclusions 

The first part of our study focused on the search for stable discrete AlF3 and 
organoaluminium fluoride compounds by testing the reactivity of [(CAAC)AlMe3] with 
Me3SnF. The reactions in 1:1 and 1:2 stoichiometry resulted in the formation of 
[(CAAC)AlMe2F] (1) and [(CAAC)AlMeF2] (2). During the reactions, Me4Sn was formed 
as a by-product. The reactions with higher amounts of Me3SnF resulted in the formation 
of mixtures of various neutral adducts and salts. The formation of the adducts 
[(CAAC)AlMe2F] (1), [(CAAC)AlMeF2] (2) and [(CAAC)AlF3] (3) was observed by NMR 
together with the formation of salts [CAACH][MeAlF3] (4) and [CAACH][AlF4] (5). The 
neutral adducts proved to be rather unstable. In solution, they were in equilibrium with 
the [(CAAC)AlMe3] and other organoaluminium fluorides. Therefore, further purification 
of the compounds was not possible. All compounds were characterised by NMR analysis, 
while compounds 1, 2, 4, and 5 were also structurally characterised. The reactions of 
[(CAAC)AlMe3] with Me3SnF were accompanied by the formation of the side product 
CAAC(H)Me (6), whose formation mechanism is still unknown. DFT calculations proved 
that CAAC-stabilised discrete organoaluminium fluorides are thermodynamically 
favourable products, with their stability increasing with the number of fluorine atoms. 
However, their synthesis remains a challenge. 

In the end, CAACs turned out to be suitable ligands for the stabilisation of discrete 
AlF3 and organoaluminium fluoride adducts and that the formation of discrete species is 
possible by the fluorination of [(CAAC)AlMe3] with Me3SnF. Some rare examples of 
discrete organoaluminium fluorides have been prepared and structurally characterised.  

The second part of our study focused on testing the reactivity of different 
organoaluminium compounds (AlMe3, Al(n-Bu)3 and AlPh3) with nucleophilic fluorinating 
reagents based on imidazolium salts [IPrH][(HF)nF] (n = 0–2). Salts with discrete 
triorganofluoroaluminate [R3AlF]−, diorganodifluoroaluminate [R2AlF2]− and 
organotrifluoroaluminate [RAlF3]− anions have been prepared. Alkylaluminium compounds 
reacted with [IPrH][F] to form [IPrH][Me3AlF] (7) and [IPrH][(n-Bu)3AlF] (8), with 
[IPrH][(HF)F] to form [IPrH][Me2AlF2] (9) and [IPrH][(n-Bu)2AlF2] (10), and with 
[IPrH][(HF)2F] to form [IPrH][MeAlF3] (11) and [IPrH][(n-Bu)AlF3] (12). The reactions 
with [IPrH][(HF)F] and [IPrH][(HF)2F] were accompanied by the evolution of an alkane 
(methane or n-butane). The reactions were selective, quantitative and straightforward, but 
depended strongly on the stoichiometric ratio. The excess of any fluorinating reagent led 
to more fluorinated species, which eventually led to the formation of [IPrH][AlF4] (13). On 
the other hand, arylaluminium compounds reacted with [IPrH][(HF)nF] (n = 0–2) to form 
salt mixtures, including [IPrH][Ph3AlF] (14), [IPrH][Ph2AlF2] (15) and [IPrH][PhAlF3] 
(16), which could not be separated or prepared separately. All compounds were 
characterised by NMR and Raman spectroscopy, while compounds 8, 9, 10, 11, 12, 13, 
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14, and 16 were also structurally characterised. DFT calculations proved that the stability 
of the anions increases with a higher number of fluorine atoms in the anions. They also 
demonstrated that the decomposition of [IPrH][R3AlF] (R = Me, n-Bu) to [IPrH][R2AlF2] 
and [(IPr)AlR3] is thermodynamically favourable, which is consistent with our experimental 
observation.  

The second part of the study showed that fluorinating reagents based on imidazolium 
salts [IPrH][(HF)nF] (n = 0–2) can be used as fluorinating reagents in organoaluminium 
chemistry. By using them, compounds with discrete [R3AlF]−, [R2AlF2]− and [RAlF3]− 
anions were selectively prepared. The fluorinating reagents with the right amount of HF 
and a sterically demanding cation proved to be very convenient. The right amount of HF 
enabled selective fluorination, as the reactions require strict stoichiometric conditions, while 
the bulky cation helped stabilise the anion by preventing possible oligomerisation reactions. 

The third part of our research was directed towards the synthesis of partially 
substituted NHC-stabilised aluminium hydride compounds using nucleophilic reagents 
based on aldiminium salts. The [(IPr)AlH3] reacted with [CAACH][OTf] to form 
[(IPr)AlH2OTf] (17), while the reaction with [CAACH][(HCl)0.5Cl] gave [(IPr)AlH3−xClx] 
(x = 1, 2) (19), a mixture of [(IPr)AlH2Cl] and [(IPr)AlHCl2] in approximately equimolar 
ratio. Both reactions were accompanied by the formation of CAACH2 (18), which was 
easily removed by washing with hexane. Despite our efforts, we were not able to selectively 
synthesise [(IPr)AlH2Cl] or [(IPr)AlHCl2] or to separate them from the mixture. The 
formation of a mixture was due to the presence of about 1.5 equivalents of chlorine in the 
aldiminium salt. In addition, the compound [(IPr)AlCl3] (20) was prepared from IPr 
carbene and AlCl3 to compare the effect of substituents within the [(IPr)AlH3−xClx] (x = 1, 
2) series. It turned out that the substitution of a hydride atom by a more electronegative 
element strengthens the Al−H bonds, which affects the Lewis acidity of the neutral 
adducts. It was found that the Lewis acidity of [(IPr)AlH3−xClx] (x = 1, 2) is more similar 
to that of [(IPr)AlCl3] (20) than that of the parent compound [(IPr)AlH3]. Compounds 17, 
18, 19, and 20 were characterised by NMR and Raman spectroscopy as well as with X-
ray structural analysis. 

Aldiminium-based triflate and chloride salts proved to be useful group transfer reagents 
in the chemistry of aluminium hydrides. The first aluminium dihydride triflate compound 
stabilised by NHC and a mixture of NHC-supported aluminium hydride chloride adducts 
were successfully prepared by hydride/triflate and hydride/chloride exchange reactions. 

The last part of our study focused on the development of a series of nucleophilic 
fluorinating reagents based on aldiminium salts. In the third part of our study, the 
aldiminium-based salts were found to be good group transfer reagents. Therefore, the utility 
of the new fluorinating reagents was tested on aluminium compounds. The 
[CAACH][(HCl)0.5Cl] reacted with the anhydrous HF to form a poly(hydrogen fluoride) salt 
with a high HF content. By stepwise removal of HF under vacuum, [CAACH][(HF)3F] (21) 
and [CAACH][(HF)2F] (22) were selectively prepared. Next, a neutral molecule CAAC(H)F 
(24) was prepared by the reaction of [CAACH][(HF)2F] (22) with an excess of CsF or KF 
in toluene. To complete the series, [CAACH][(HF)F] (25) was obtained by the reaction of 
[CAACH][(HF)2F] (22) and CAAC(H)F (24) in acetonitrile. However, [CAACH][(HF)F] 
(25) is rather unstable and readily decomposes back into the reactants. All compounds 21, 
22, 24, and 25 were characterised by NMR and Raman spectroscopy as well as X-ray 
structural analysis.  

In this part of the study we proved that poly(hydrogen fluoride) salts can be prepared 
from the corresponding chloride salts by using anhydrous HF, while CAAC(H)F (24) can 
be obtained by abstraction of HF from the salt [CAACH][(HF)2F] (22). 
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In addition, the reactivity of [CAACH][(HF)3F] (21) and [CAACH][(HF)2F] (22) was 
tested on AlMe3, while the reactivity of CAAC(H)F (24) was tested on [(CAAC)AlMe3]. 
The reaction of AlMe3 with 21 and 22 led to the formation of [CAACH][AlF4] (5) and 
[CAACH][MeAlF3] (4), respectively. The formation of both salts was also observed in the 
first part of our study during the reaction of [(CAAC)AlMe3] with excess Me3SnF. This 
time the reactions were selective and quantitative. The reaction of [CAACH][(HF)2F] (22) 
is consistent with the procedures described in the second part of our study for the 
organofluoroaluminate anions, while the reaction of [CAACH][(HF)3F] (21) is an extension 
of the same work. The CAAC(H)F (24) reacted with [(CAAC)AlMe3] to form 
[(CAAC)AlMe2F] (1) and CAAC(H)Me (6) by a fluoride/alkyl exchange reaction. The 
reaction is an alternative process to [(CAAC)AlMe2F] (1), which was first prepared with 
[(CAAC)AlMe3] and Me3SnF in the first part of our study. 

To summarize, we have shown that discrete AlF3 and organoaluminium fluoride 
compounds can be prepared by using suitable fluorinating reagents. We have demonstrated 
that aldiminium-based reagents can act as group transfer reagents and have prepared a 
series of aldiminium-based fluoride salts. They have the potential to be used as nucleophilic 
fluorinating reagents, however, little research has been done on the reactivity of such 
compounds. Further research is needed to evaluate their utility in discrete aluminium 
fluoride chemistry, main group element chemistry or other research areas. 
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Appendix A 

Appendix A Experimental Results 

A.1 Modified Synthetic Procedures of Starting Materials 

A.1.1 Al(n-Bu)3  

The synthesis is based on a previously reported procedure with a slight modification [206]. 
AlCl3 (2 g, 15 mmol) and 80 mL of hexane were placed in a 100 mL Schlenk flask and 

cooled to −78 °C. 3 equivalents of n-BuLi in hexane (18 mL, 2.5 M, 45 mmol) were added 
slowly and the mixture was allowed to warm to room temperature overnight while stirring. 
The solution was filtered and dried under dynamic vacuum at 0 °C, yielding Al(n-Bu)3 as 
a light pale-yellow liquid. Yield: 1.6 g (54 %). Calculated for C12H27Al 
(Mw = 198.32 g/mol).  

1H NMR (C6D6, 25 °C, 400.14 MHz) δ 1.54 (m, 2H, n-Bu-C2H2), 1.42 (m, 2H, 
J = 7.3 Hz, n-Bu-C3H2), 0.98 (t, 3H, J = 7.2 Hz, n-Bu-C4H3), 0.45 (m, 2H, 
Al−n-Bu-C1H2) ppm.  

13C NMR (C6D6, 25 °C, 100.62 MHz) δ 28.5 (CH2), 27.6 (CH2), 13.6 (n-Bu-C4H3), 10.2 
(Al−n-Bu-C1H2) ppm. 

A.1.2 AlPh3  

The synthesis is based on a previously reported procedure with a slight modification [207]. 
AlCl3 (1.6 g, 12 mmol) and 80 mL of hexane were placed in a 100 mL Schlenk flask and 

cooled to −78 °C. 3 equivalents of PhLi in dibutyl ether (19 mL, 1.9 M, 36 mmol) were 
added slowly and the mixture was allowed to warm to room temperature overnight while 
stirring. The solution was filtered and dried under dynamic vacuum at 0 °C, yielding 
[(n-Bu2O)1.25AlPh3] as a pale-yellow liquid. Yield: 1.4 g (28 %). Calculated for C28H37,5O1,25Al 
(Mw = 421,12 g/mol).  

1H NMR (C6D6, 25 °C, 400.14 MHz): δ 8.10–8.02 (m, 6H, m-PhH), 7.43–7.26 (m, 9H, 
o-PhH and p-PhH), 3.55 (t, 5H, J = 7.7 Hz, n-Bu-C1H2), 1.24 (quint, 5H, J = 7.6 Hz, 
n-Bu-C2H2), 0.76 (m, 5H, J = 7.4 Hz, n-Bu-C3H2), 0.53 (t, 7.5H, J = 7.3 Hz, 
n-Bu-C4H3) ppm.  

13C NMR (C6D6, 25 °C, 100.62 MHz): δ 138.5 (PhH), 137.8 (PhH), 72.1 (n-Bu-C1H2), 
29.5 (n-Bu-C2H2), 18.0 (n-Bu-C3H2), 13.1 (n-Bu-C4H3). 

A.1.3 [CAACH][(HCl)0.5Cl] 

The synthesis is based on a previously reported procedure with a slight modification [208]. 
The corresponding alkenyl aldimine (2.00 g, 7.0 mmol) and approximately 30 mL of 

hexane were added into a 100 mL Schlenk flask and cooled to −78 °C. 2 equivalents of HCl 
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in diethyl ether solution (7 mL, 3.5 mmol) were added. After 15 minutes, the mixture was 
left to warm to room temperature and the stirring was continued for 30 minutes. All 
volatiles were removed under dynamic vacuum. The product was dissolved in 
approximately 50 mL of acetonitrile and heated at 50 °C for 24 h, affording the 
aldiminium-based chloride salt. All volatiles were removed under dynamic vacuum. The 
remaining solid was purified by washing with toluene.  

1H NMR (CD3CN, 25 °C, 600.18 Hz): δ 9.75 (s, 1H, C2−H), 7.60 (t, 1H, J = 7.8 Hz, 
p-ArH), 7.47 (d, 2H, J = 7.8 Hz, m-ArH), 2.73 (sept, 2H, J = 6.7 Hz, i-Pr-CH), 2.43 (s, 
2H, CH2), 1.61 (s, 6H, C5-CH3), 1.51 (s, 6H, C3-CH3), 1.34 (d, 6H, J = 6.7 Hz, i-Pr-CH3), 
1.13 (d, 6H, J = 6.8 Hz, i-Pr-CH3) ppm. The 1H NMR data was in accordance with the 
aldiminium-based chloride salt prepared in the literature [208].  

Elemental analysis: calculated for C20H32.5NCl1.5 (Mw = 340.14 g/mol): C 70.62, H 9.63, 
N 4.12 %; found: C 70.12, H 10.27, N 4.13 %. 

A.2 Synthesis and Characterization of Products 

A.2.1 [(CAAC)AlMe2F] (1) 

[(CAAC)AlMe3] (500 mg, 1.40 mmol) and Me3SnF (257 mg, 1.40 mmol) were weighed into 
a Schlenk flask. 50 mL of toluene was added and the reaction mixture was stirred for 7 days 
at 55 °C. Small amounts of white precipitate remained. The solution was filtered through 
a PTFE filter and the solvent was removed under vacuum. [(CAAC)AlMe2F] (1) was 
obtained in a mixture with equivalent amounts of [(CAAC)AlMe3], and [(CAAC)AlMeF2] 
(2). The solid was purified by washing with dry hexane. Single crystals of 
[(MeCAAC)AlMe2F] (1) suitable for X-ray analysis were obtained by slow evaporation of 
toluene under static vacuum.  

1H NMR (C6D6, 25 °C, 600.18 MHz): δ 7.14–7.09 (m, 1H, p-ArH), 7.04–6.98 (m, 2H, 
m-ArH), 2.66 (sept, 2H, J = 6.5 Hz, i-Pr-CH), 1.44 (s, 6H, C5-CH3), 1.38–1.36 (m, 8H, 
CH2 and i-Pr-CH3), 1.07 (m, 6H, i-Pr-CH3), 0.86 (s, 6H, C3-CH3), −0.55 (d, 6H, J = 2.6 Hz, 
Al−CH3) ppm.  

19F NMR (C6D6, 25 °C, 564.73 MHz): δ −165.86 ppm.  
27Al NMR (C6D6, 25 °C, 104.26 MHz): δ 139 (br) ppm. 

A.2.2 [(CAAC)AlMeF2] (2) 

[(CAAC)AlMe3] (500 mg, 1.40 mmol) and Me3SnF (514 mg, 2.80 mmol) were weighed into 
a Schlenk flask. 50 mL of toluene was added and the reaction mixture was stirred for 7 days 
at 55 °C. Small amounts of white precipitate remained. The solution was filtered through 
a PTFE filter and the solvent was removed under vacuum. [(CAAC)AlMeF2] (2) was 
obtained in a mixture with other adducts and salts such as [(CAAC)AlMe2F] (1), 
[(CAAC)AlF3] (3), [CAACH][MeAlF3] (4), and [CAACH][AlF4] (5). The solid was purified 
by washing with dry hexane. Single crystals of [(MeCAAC)AlMeF2] (2) suitable for X-ray 
analysis were obtained by slow evaporation of toluene under static vacuum.  

1H NMR (C6D6, 25 °C, 600.18 MHz): δ 7.11 (t, 1H, J = 7.7 Hz, p-ArH), 6.99 (d, 2H, 
J = 7.8 Hz, m-ArH), 2.65 (sept, 2H, J = 6.7 Hz, i-Pr-CH), 1.51 (s, 6H, C5-CH3), 1.38 (d, 
6H, J = 6.7 Hz, i-Pr-CH3), 1.34 (s, 2H, CH2), 1.06 (d, 6H, J = 6.7 Hz, i-Pr-CH3), 0.81 (s, 
6H, C3-CH3), −0.80 (s, 3H, Al−CH3) ppm.  

19F NMR (C6D6, 25 °C, 564.73 MHz): δ −157.79 ppm. 
27Al NMR (C6D6, 25 °C, 104.26 MHz): δ 102 (br) ppm. 
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A.2.3 [(CAAC)AlF3] (3) 

Formation of [(CAAC)AlF3] (3) was observed with NMR spectroscopy when following the 
reaction process. [(CAAC)AlMe3] (30 mg, 0.08 mmol) and 3 equivalents of Me3SnF (45 mg, 
0.25 mmol) were weighed into an NMR tube and dissolved in C6D6. The tube was heated 
in an oil bath at 50 °C for 5 days. [(CAAC)AlF3] (3) formed in the mixture of 
[(CAAC)AlMe2F] (1), [(CAAC)AlMeF2] (2), [CAACH][MeAlF3] (4), [CAACH][AlF4] (5) 
and other side products.   

1H NMR spectra could not be assigned. 
19F NMR (CD3CN, 25 °C, 376.51 MHz): δ −171.04 ppm. 
27Al NMR (C6D6, 25 °C, 104.26 MHz): δ 59.88 ppm. 

A.2.4 [CAACH][MeAlF3] (4) 

[CAACH][(HF)2F] (22) (197 mg, 0.6 mmol) was weighed into a Schlenk flask and dissolved 
with 15 mL of acetonitrile. 1 equivalent of AlMe3 (0.3 mL, 2 M, 0.6 mmol) was slowly 
added to the solution, which was stirred overnight at room temperature. All volatiles were 
removed under dynamic vacuum, yielding a white solid. Concentration and storage of the 
reaction mixture at −20 °C gave colourless crystals of [CAACH][MeAlF3] (4) suitable for 
X-ray analysis.  

1H NMR (CD3CN, 25 °C, 600.06 MHz): δ 8.78 (s, 1H, C2−H), 7.61 (t, 1H, J = 7.8 Hz, 
p-ArH), 7.48 (d, 2H, J = 7.9 Hz, m-ArH), 2.72 (sept, 2H, J = 6.7 Hz, i-Pr-CH), 2.45 (s, 
2H, CH2), 1.60 (s, 6H, C5-CH3), 1.53 (s, 6H, C3-CH3), 1.35 (d, 6H, J = 6.7 Hz, i-Pr-CH3), 
1.10 (d, 6H, J = 6.8 Hz, i-Pr-CH3) ppm, −1.22 (s, 3H, Al−CH3).  

19F NMR (CD3CN, 25 °C, 564.62 MHz): δ −167.14 (br, Al−F) ppm. 
27Al NMR (CD3CN, 25 °C, 156.36 MHz): δ 84.95 (q, J = 66.9 Hz, Al−F) ppm. 

A.2.5 [CAACH][AlF4] (5) 

[(CAAC)AlMe3] (500 mg, 1.40 mmol) and Me3SnF (514 mg, 2.80 mmol) were weighed into 
a Schlenk flask. 50 mL of toluene was added and the reaction mixture was stirred for 7 days 
at 55 °C. Substantial amounts of white precipitate formed. The solid was separated by 
filtration, dried under vacuum and purified by washing with dry hexane. Single crystals of 
[CAACH][AlF4] (5) suitable for X-ray analysis were obtained by slow evaporation of 
acetonitrile under static vacuum. 

1H NMR (CD3CN, 25 °C, 600.18 MHz): δ 8.72 (s, 1H, C2−H), 7.61 (t, 1H, J = 7.8 Hz, 
p-ArH), 7.48 (d, 2H, J = 7.8 Hz, m-ArH), 2.72 (sept, 2H, J = 6.7 Hz, i-Pr-CH), 2.46 (s, 
2H, CH2), 1.59 (s, 6H, C5-CH3), 1.53 (s, 6H, C3-CH3), 1.35 (d, 6H, J = 6.7 Hz, i-Pr-CH3), 
1.10 (d, 6H, J = 6.8 Hz, i-Pr-CH3) ppm.  

19F NMR (CD3CN, 25 °C, 564.73 MHz): δ −194.56 (m, Al−F) ppm. 
27Al NMR (CD3CN, 25 °C, 156.36 MHz): δ 49.41 (q, J = 37.8 Hz, Al−F) ppm. 
 
Alternative synthetic procedure: 
[CAACH][(HF)3F] (21) (219 mg, 0.6 mmol) was weighed into a Schlenk flask and 

dissolved with 15 mL of acetonitrile. The solution was cooled to 0 °C and 1 equivalent of 
AlMe3 (0.3 mL, 2 M, 0.6 mmol) was slowly added. The solution was stirred for 4 hours at 
room temperature. All volatiles were removed under dynamic vacuum, yielding a white 
solid [CAACH][AlF4] (5). 
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A.2.6 CAAC(H)Me (6) 

CAAC(H)Me (C22H35N, Mw = 313.52 g/mol) was obtained as a side product in the reaction of 

[(CAAC)AlMe3) with Me3SnF. CAAC(H)Me (6) was washed away with hexane, dried under 
vacuum and characterised. Single crystals suitable for X-ray analysis were obtained by slow 
evaporation of hexane under static vacuum. 

1H NMR (C6D6, 25 °C, 600.18 MHz): δ 7.21–7.17 (m, 2H, p-Ar-H), 7.12–7.10 (m, 1H, 
m-ArH), 4.06 (sept, 1H, J = 6.7 Hz, i-Pr-CH3), 1.82–1.71 (m, 2H, CH2), 1.32 (d, 3H, 
J = 6.9 Hz, i-Pr-CH3), 1.26 (d, 3H, J = 6.8 Hz, i-Pr-CH3), 1.21 (s, 3H, CH3), 1.19–1.15 (m, 
6H, i-Pr-CH3), 1.12 (s, 3H, CH3), 1.06 (s, 3H, CH3), 0.98 (s, 3H, CH3), 0.78 (d, 3H, 
J = 6.4 Hz, C2-CH3) ppm. 

A.2.7 [IPrH][Me3AlF] (7) 

[IPrH][F] (326 mg, 0.8 mmol) was weighed into a Schlenk flask and dissolved with 15 mL 
of acetonitrile. 1 equivalent of AlMe3 (0.4 mL, 2 M, 0.8 mmol) was slowly added to the 
solution, which was stirred for 2 hours at room temperature. All volatiles were removed 
under dynamic vacuum, yielding [IPrH][Me3AlF] (7) as a pale-yellow solid. Due to its 
instability, this product was not further purified and stored in a freezer at −20 °C in a 
glovebox. Yield: 376 mg (98 %).  

1H NMR (CD3CN, 25 °C, 600.06 MHz): δ 9.05–8.99 (m, 1H, C2−H), 7.87 (s, 2H, 
CH=CH), 7.65 (t, 2H, J = 7.8 Hz, p-ArH), 7.48 (d, 4H, J = 7.8 Hz, m-ArH), 2.42 (sept, 
4H, J = 6.8 Hz, i-Pr-CH), 1.27 (d, 12H, J = 6.8 Hz, i-Pr-CH3), 1.20 (d, 12H, J = 6.9 Hz, 
i-Pr-CH3), −1.29 (s, 9H, Al−CH3) ppm.  

13C{1H} NMR (CD3CN, 25 °C, 150.88 MHz): δ 138.7 (C2−H), 133.1 (p-ArC), 127.0 
(CH=CH), 125.7 (m-ArC), 29.8 (i-Pr-CH), 24.5 (i-Pr-CH3), 23.7 (i-Pr-CH3), 
−5.4 (Al−CH3) ppm.  

19F NMR (CD3CN, 25 °C, 564.62 MHz): δ −158.64 (br, Al−F) ppm.  
27Al NMR (CD3CN, 25 °C, 156.36 MHz): δ 150.64 (d, J = 119.8 Hz) ppm.  
Raman [ν(Al−C) range]: 505 cm−1. 
Elemental analysis calculated for C30H46N2AlF (Mw = 480.68 g/mol): C 74.96, H 9.65, 

N 5.83 %; found: C 74.52, H 9.39, N 6.42 %. Although these results are outside the range 
viewed as establishing analytical purity, they are provided to illustrate the best values 
obtained to date for this sample. 

A.2.8 [IPrH][(n-Bu)3AlF] (8) 

[IPrH][F] (412 mg, 1 mmol) was weighed into a Schlenk flask and dissolved with 20 mL of 
acetonitrile. 1 equivalent of Al(n-Bu)3 (200 mg, 1 mmol) was slowly added to the solution, 
which was stirred for 2 hours at room temperature. All volatiles were removed under 
dynamic vacuum, yielding a pale-yellow oily product. Due to its instability, 
[IPrH][(n-Bu)3AlF] (8) was not further purified and was stored in a freezer at −20 °C in a 
glovebox. Storage of the product at −20 °C yields colourless crystals suitable for X-ray 
analysis. Crystal data were collected at 189 K. Yield: 530 mg (87 %).  

1H NMR (CD3CN, 25 °C, 600.06 MHz): δ 9.05 (s, 1H, C2−H), 7.88 (s, 2H, CH=CH), 
7.65 (t, 2H, J = 7.8 Hz, p-ArH), 7.48 (d, 4H, J = 7.8 Hz, m-ArH), 2.42 (sept, 4H, 
J = 6.8 Hz, i-Pr-CH), 1.31–1.18 (m, 36H, i-Pr-CH3, n-Bu-C2H2, n-Bu-C3H2), 0.82 (m, 9H, 
n-Bu-C4H3), −0.50 (m, 6H, Al−n-Bu-C1H2) ppm.  

13C{1H} NMR (CD3CN, 25 °C, 150.89 MHz): δ 138.0 (C2−H), 132.2 (p-ArC), 126.1 
(CH=CH), 124.8 (m-ArC), 29.7 (n-Bu-C2H2, n-Bu-C3H2), 28.9 (i-Pr-CH), 23.6 (i-Pr-CH3), 
22.8 (i-Pr-CH3), 13.6 (n-Bu-C4H3), 11.7 (Al−n-Bu-C1H2) ppm.  
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19F NMR (CD3CN, 25 °C, 564.62 MHz): δ −167.90 (br, Al−F) ppm.  
27Al NMR (CD3CN, 25 °C, 156.36 MHz): δ 147.51 ppm.  
Raman [ν(Al−C) range]: 493 cm−1. 
This compound is unstable, therefore acceptable elemental analysis results could not be 

obtained. 
 

A.2.9 [IPrH][Me2AlF2] (9) 

[IPrH][(HF)F] (340 mg, 0.8 mmol) was weighed into a Schlenk flask and dissolved with 
15 mL of acetonitrile. 1 equivalent of AlMe3 (0.4 mL, 2 M, 0.8 mmol) was slowly added to 
the solution, which was stirred overnight at room temperature. All volatiles were removed 
under dynamic vacuum, yielding [IPrH][Me2AlF2] (9) as a white solid. Single crystals 
suitable for X-ray analysis were obtained by slow evaporation of C6D6 (9a) and 
dichloromethane (9b). Yield: 264 mg (95 %).  

1H NMR (CD3CN, 25 °C, 600.06 MHz): δ 9.01 (m, 1H, C2−H), 7.87 (s, 2H, CH=CH), 
7.65 (t, 2H, J = 7.8 Hz, p-ArH), 7.47 (d, 4H, J = 7.8 Hz, m-ArH), 2.43 (sept, 4H, 
J = 6.2 Hz, i-Pr-CH), 1.27 (d, 12H, J = 6.8 Hz, i-Pr-CH3), 1.19 (d, 12H, J = 6.9 Hz, 
i-Pr-CH3), −1.30 (s, 6H, Al−CH3) ppm.  

13C{1H} NMR (CD3CN, 25 °C, 150.88 MHz): δ 138.7 (C2−H), 133.1 (p-ArC), 127.0 
(CH=CH), 125.7 (m-ArC), 29.8 (i-Pr-CH), 24.5 (i-Pr-CH3), 23.7 (i-Pr-CH3), −11.1 
(Al−CH3) ppm.  

19F NMR (CD3CN, 25 °C, 376.51 MHz): δ −154.78 (br, Al−F) ppm.  
27Al NMR (CD3CN, 25 °C, 104.26 MHz): δ 123.90 (t, J = 122.8 Hz) ppm.  
Raman [ν(Al−C) range]: 533 cm−1. 
Elemental analysis calculated for C29H43N2AlF2

 (Mw = 484.64 g/mol): C 71.87, H 8.94, 
N 5.78 %; found: C 72.04, H 8.93, N 5.86 %. 

A.2.10 [IPrH][(n-Bu)2AlF2] (10) 

[IPrH][(HF)F] (216 mg, 0.5 mmol) was weighed into a Schlenk flask and dissolved with 
10 mL of acetonitrile. 1 equivalent of Al(n-Bu)3 (100 mg, 0.5 mmol) was slowly added to 
the solution, which was stirred overnight at room temperature. Concentrating and storing 
of the reaction mixture at −20 °C gives colourless crystals of [IPrH][(n-Bu)2AlF2] (10) 
suitable for X-ray analysis. Yield: 253 mg (89 %).  

1H NMR (CD3CN, 25 °C, 600.06 MHz): δ 8.98 (s, 1H, C2−H), 7.88 (s, 2H, CH=CH), 
7.65 (t, 2H, J = 7.8 Hz, p-ArH), 7.48 (d, 4H, J = 7.8 Hz, m-ArH), 2.42 (sept, 4H, 
J = 6.8 Hz, i-Pr-CH), 1.41–1.07 (m, 32H, i-Pr-CH3, n-Bu-C2H2, n-Bu-C3H2), 0.83 (m, 6H, 
n-Bu-C4H3), −0.50 (m, 4H, Al−n-Bu-C1H2) ppm.  

13C{1H} NMR (CD3CN, 25 °C, 150.89 MHz): δ 138.8 (C2−H), 133.1 (p-ArC), 127.1 
(CH=CH), 125.7 (m-ArC), 29.9 (n-Bu-C2H2, n-Bu-C3H2), 29.8 (i-Pr-CH), 24.5 (i-Pr-CH3), 
23.8 (i-Pr-CH3), 14.6 (n-Bu-C4H3), 10.1 (Al−n-Bu-C1H2) ppm.  

19F NMR (CD3CN, 25 °C, 564.62 MHz): δ −160.74 (br, Al−F) ppm.  
27Al NMR (CD3CN, 25 °C, 156.36 MHz): δ 120.71 ppm.  
Raman [ν(Al−C) range]: 494 cm−1. 
Elemental analysis calculated for C35H55N2AlF2

 (Mw = 568.80 g/mol): C 73.91, H 9.75, 
N 4.92 %; found: C 73.55, H 9.89, N 5.22 %. 

 



88 Appendix A. Experimental Results 

A.2.11 [IPrH][MeAlF3] (11) 

[IPrH][(HF)2F] (357 mg, 0.8 mmol) was weighed into a Schlenk flask and dissolved with 
15 mL of acetonitrile. 1 equivalent of AlMe3 (0.4 mL, 2 M, 0.8 mmol) was slowly added to 
the solution, which was stirred overnight at room temperature. All volatiles were removed 
under dynamic vacuum, yielding [IPrH][MeAlF3] (11) as a white solid. Concentration and 
storage of the reaction mixture at −20 °C gave colourless crystals suitable for X-ray 
analysis. Yield: 334 mg (85 %).  

1H NMR (CD3CN, 25 °C, 400.14 MHz): δ 8.98 (t, 1H, J = 1.6 Hz, C2−H), 7.88 (d, 2H, 
J = 1.6 Hz, CH=CH), 7.65 (t, 2H, J = 7.8 Hz, p-ArH), 7.49 (d, 4H, J = 7.8 Hz, m-ArH), 
2.42 (sept, 4H, J = 6.8 Hz, i-Pr-CH), 1.27 (d, 12H, J = 6.8 Hz, i-Pr-CH3), 1.20 (d, 12H, 
J = 6.9 Hz, i-Pr-CH3), −1.24 (s, Al−CH3) ppm.  

13C{1H} NMR (CD3CN, 25 °C, 150.89 MHz): δ 138.8 (C2−H), 133.1 (p-ArC), 127.1 
(CH=CH), 125.7 (m-ArC), 29.8 (i-Pr-CH), 24.5 (i-Pr-CH3), 23.8 (i-Pr-CH3), −13.7 
(Al−CH3) ppm.  

19F NMR (CD3CN, 25 °C, 376.51 MHz): δ −167.07 (m, Al−F) ppm.  
27Al NMR (CD3CN, 25 °C, 104.26 MHz): δ 84.96 (q, J = 69.67 Hz) ppm.  
Raman [ν(Al−C) range]: 567 cm−1. 
Elemental analysis calculated for C28H40N2AlF3

 (Mw = 488.61 g/mol): C 68.83, H 8.25, 
N 5.73 %; found: C 68.61, H 8.19, N 5.67 %. 

A.2.12 [IPrH][(n-Bu)AlF3] (12) 

[IPrH][(HF)2F] (226 mg, 0.5 mmol) was weighed into a Schlenk flask and dissolved with 
10 mL of acetonitrile. 1 equivalent of Al(n-Bu)3 (100 mg, 0.5 mmol) was slowly added to 
the solution, which was stirred overnight at room temperature. All volatiles were removed 
under dynamic vacuum, yielding [IPrH][(n-Bu)AlF3] (12) as a white solid. Concentration 
and storage of the reaction mixture at −20 °C gave colourless crystals suitable for X-ray 
analysis. Crystal data were collected at 240 K. Yield: 220 mg (83 %).  

1H NMR (CD3CN, 25 °C, 600.06 MHz): δ 9.00 (t, 1H, J = 1.6 Hz, C2−H), 7.88 (d, 2H, 
J = 1.6 Hz, CH=CH), 7.66 (t, 2H, J = 7.8 Hz, p-ArH), 7.48 (d, 4H, J = 7.8 Hz, m-ArH), 
2.42 (sept, 4H, J = 6.9 Hz, i-Pr-CH), 1.38–1.10 (m, 28H, i-Pr-CH3, n-Bu-C2H2, 
n-Bu-C3H2), 0.84 (t, 3H, J = 7.2 Hz, n-Bu-C4H3), −0.39 (m, 2H, Al−n-Bu-C1H2) ppm.  

13C{1H} NMR (CD3CN, 25 °C, 150.89 MHz): δ 137.9 (C2−H), 132.2 (p-ArC), 126.1 
(CH=CH), 124.8 (m-ArC), 28.9 (i-Pr-CH), 28.5 (n-Bu-C2H2, n-Bu-C3H2), 23.6 (i-Pr-CH3), 
22.8 (i-Pr-CH3), 13.4 (n-Bu-C4H3), 6.6 (Al−n-Bu-C1H2) ppm.  

19F NMR (CD3CN, 25 °C, 564.62 MHz): δ −169.61 (br, Al−F) ppm.  
27Al NMR (CD3CN, 25 °C, 156.36 MHz): δ 82.71 ppm.  
Raman [ν(Al−C) range]: 495 cm−1. 
Elemental analysis calculated for C31H46N2AlF3

 (Mw = 530.69 g/mol): C 70.16, H 8.74, 
N 5.28 %; found: C 69.82, H 8.91, N 5.55 %. 

A.2.13 [IPrH][AlF4] (13) 

[(IPr)AlMe3] (212 mg, 0.46 mmol) was dissolved in 3 mL acetonitrile and transferred to a 
FEP reaction vessel. The solution was frozen in liquid nitrogen and 1 mL of aHF was 
condensed over the solution. The solution was allowed to warm to room temperature while 
stirring. After 2 hours, all volatiles were removed under dynamic vacuum, yielding a white 
solid product. Single crystals of [IPrH][AlF4] (13) were obtained from a saturated 
acetonitrile solution stored in the freezer at −20 °C (13) and by slow evaporation of C6D6 
(13a). Yield: 221 mg (97 %).  
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1H NMR (CD3CN, 25 °C, 600.06 MHz): δ 8.92 (s, 1H, C2−H), 7.86 (d, 2H, J = 1.5 Hz, 
CH=CH), 7.65 (t, 2H, J = 7.8 Hz, p-ArH), 7.48 (d, 4H, J = 7.8 Hz, m-ArH), 2.41 (sept, 
4H, J = 6.9 Hz, i-Pr-CH), 1.27 (d, 12H, J = 6.8 Hz, i-Pr-CH3), 1.19 (d, 12H, J = 6.9 Hz, 
i-Pr-CH3) ppm.  

13C{1H} NMR (CD3CN, 25 °C, 150.88 MHz): δ 146.71, 139.09, 133.58, 131.15, 127.47, 
126.12, 30.27, 24.86, 24.20 ppm.  

19F NMR (CD3CN, 25 °C, 564.62 MHz): δ −194.62 (m, J = 37.55 Hz, Al−F) ppm.  
27Al NMR (CD3CN, 25 °C, 156.36 MHz): δ 49.37 (q, J = 37.85 Hz, Al−F) ppm.  
Raman [ν(Al−F) range]: 321 cm−1, 634 cm−1. 
Elemental analysis calculated for C27H37N2AlF4

 (Mw = 492.57 g/mol): C 65.84, H 7.57, 
N 5.69 %; found: C 65.90, H 7.64, N 5.92 %. 

A.2.14 [IPrH][Ph3AlF] (14) and [IPrH][PhAlF3] (16) 

The reaction between [(n-Bu2O)1.25AlPh3] and imidazolium-based fluorinating reagents 
[IPrH][F], [IPrH][(HF)F] and [IPrH][(HF)2F] usually leads to the formation of mixtures 
containing [IPrH][Ph3AlF] (14), [IPrH][Ph2AlF2] (15) and [IPrH][PhAlF3] (16). By using 
[IPrH][(HF)F] and [(n-Bu2O)1.25AlPh3] in the ration 1:1, a mixture of relatively pure 
[IPrH][Ph3AlF] (14) and [IPrH][PhAlF3] (16) was obtained. The reaction was carried out 
on a small scale in a glovebox. [IPrH][(HF)F] (55 mg, 0.13 mmol) was weighed into a PP 
plastic container and suspended in 0.5 mL of C6D6. [(n-Bu2O)2.5AlPh3] (50 mg, 0.12 mmol) 
was added slowly and the reactants were mixed together until a clear solution was obtained. 
After two days, all volatiles were removed and a white solid powder was obtained. It was 
characterised as a mixture of [IPrH][Ph3AlF] (14) and [IPrH][PhAlF3] (16). Due to C6D6 
residues in the solid sample, yield determination and CHN analysis were not possible. Single 
crystals of [IPrH][Ph3AlF] (14) were prepared by the reaction of [IPrH][F] and 
[(n-Bu2O)1.25AlPh3] in 1:1 ratio in C6D6 and slow evaporation of the solvent, while single 
crystals of [IPrH][PhAlF3] (16) were obtained by the reaction of [IPrH][(HF)2F] and 
[(n-Bu2O)1.25AlPh3] in 1:1 ratio in acetonitrile and slow evaporation of the solvent.  

1H NMR (CD3CN, 25 °C, 400.14 MHz): δ 8.97 (s, 1H, C2−H), 7.85 (d, 2H, J = 1.4 Hz, 
CH=CH), 7.65 (t, 2H, J = 7.8 Hz, p-ArH), 7.67–7.53 (m, 3H, m-PhH), 7.47 (d, 4H, 
J = 7.9 Hz, m-ArH), 7.18–7.06(m, 4.4H, o-PhH and p-PhH), 2.41 (sept, 4H, J = 6.8 Hz, 
i-Pr-CH), 1.27 (d, 12H, J = 6.8 Hz, i-Pr-CH3), 1.19 (d, 12H, J = 6.9 Hz, i-Pr-CH3) ppm.  

13C{1H} NMR (CD3CN, 25 °C, 100.62 MHz): δ 137.8 (C2−H), 137.4 (o-PhC and 
p-PhC), 132.2 (p-ArC), 126.2 (m-PhC), 126.1 (CH=CH), 124.7 (m-ArC), 28.9 (i-Pr-CH), 
23.5 (i-Pr-CH3), 22.9 (i-Pr-CH3) ppm.  

19F NMR (CD3CN, 25 °C, 564.62 MHz): δ −170.10 (br, Ph3Al−F), −175.57 (br, 
PhAl−(F)3) ppm.  

27Al NMR (CD3CN, 25 °C, 156.36 MHz): δ 97.53 (Ph3Al−F), 71.23 (PhAl−(F)3) ppm. 
Raman [ν(Al−C) range]: 999 cm−1, 1030 cm−1. 

A.2.15 [(IPr)AlH2OTf] (17) 

[(IPr)AlH3] (500 mg, 1.20 mmol) and [CAACH][OTf] (506 mg, 1.19 mmol) were weighed 
into a 100 mL Schlenk flask. Approximately 30 mL of toluene was added and the reaction 
mixture was stirred overnight at ambient temperature. Solvent was removed under 
dynamic vacuum. The product was purified by washing with hexane. The remaining white 
solid was dried under vacuum, yielding [(IPr)AlH2OTf] (17). Single crystals suitable for 
X-ray analysis were obtained by slow evaporation of toluene under static vacuum. Yield: 
626 mg (94 %). Calculated for C28H38N2AlO3SF3 (Mw = 556.57 g/mol).  



90 Appendix A. Experimental Results 

1H NMR (C6D6, 25 °C, 600.06 MHz): δ 7.25 (t, 2H, J = 7.8 Hz, p-ArH), 7.09 (d, 4H, 
J = 7.8 Hz, m-ArH), 6.36 (s, 2H, CH=CH), 3.95 (Al−H), 2.51 (sept, 4H, J = 6.9 Hz, 
i-Pr-CH), 1.35 (d, 12H, J = 6.9 Hz, i-Pr-CH3), 0.96 (d, 12H, J = 6.9 Hz, i-Pr-CH3) ppm.  

13C NMR (C6D6, 25 °C, 150.89 MHz): δ 145.59 (CH=CH), 133.31 (ArC), 131.96 (ArC), 
125.17 (ArC), 125.01 (ArC), 29.49 (i-Pr-CH), 25.59 (i-Pr-CH3), 23.21 (i-Pr-CH3) ppm.  

19F NMR (C6D6, 25 °C, 564.62 MHz): δ −77.47 (CF3) ppm.  
27Al NMR (C6D6, 25 °C, 156.36 MHz): δ 120 (Al−H) ppm.  
Raman [ν(Al−H) range]: 1841 cm−1, 1893 cm−1. 

A.2.16 CAACH2 (18) 

CAACH2 (18) (C20H33N, Mw = 287.47 g/mol) was obtained as a side product in the reaction 
of [(IPr)AlH3] with aldiminium-based salts (see above). CAACH2 (18) was washed away 
with hexane, dried under vacuum and characterized. Single crystals suitable for X-ray 
analysis were obtained by slow evaporation of hexane under static vacuum.  

1H NMR (C6D6, 25 °C, 600.18 MHz): δ 7.22–7.19 (m, 1H, p-ArH), 7.14 (d, 1H, 
J = 7.1 Hz, m-ArH), 3.76 (sept, 2H, J = 6.9 Hz, i-Pr-CH), 3.32 (s, 2H, C2-CH2), 1.76 (s, 
2H, C4-CH2), 1.30 (d, 6H, J = 6.9 Hz, i-Pr-CH3), 1.21 (s, 6H, C(CH3)2), 1.17 (d, 6H, 
J = 6.9 Hz, i-Pr-CH3), 1.15 (s, 6H, C(CH3)2) ppm. 

A.2.17 [(IPr)AlH3−xClx] (x = 1, 2) (19) 

[(IPr)AlH3] (500 mg, 1.20 mmol) and [CAACH][(HCl)0.5Cl] (390 mg, 1.14 mmol) were 
weighed into a 100 mL Schlenk flask. Approximately 30 mL of toluene was added and the 
reaction mixture was stirred overnight at ambient temperature. Solvent was removed under 
dynamic vacuum. The product was purified by washing with hexane. The remaining white 
solid was dried under vacuum, yielding [(IPr)AlH3−xClx] (x = 1, 2) (19). Single crystals 
suitable for X-ray analysis were obtained by slow evaporation of toluene under static 
vacuum. Yield: 500 mg (88 %). Calculated from the structure obtained with crystal 
structure determination, C27H37.36AlCl1.64N2 (Mw = 475,06 g/mol).  

1H NMR (C6D6, 25 °C, 600.06 MHz): δ 7.24–7.20 (m, 4H, p-ArH), 7.10–7.06 (m, 8H, 
m-ArH), 6.41 (s, 2H, CH=CH), 6.40 (s, 2H, CH=CH), 3.7–4.1 (Al−H), 2.72–2.64 (m, 8H, 
i-Pr-CH), 1.46–1.39 (m, 24H, i-Pr-CH3), 1.01 (d, 12H, J = 6.8 Hz, i-Pr-CH3), 0.97 (d, 12H, 
J = 6.9 Hz, i-Pr-CH3) ppm.  

13C NMR (C6D6, 25 °C, 150.89 MHz): δ 146.06 (CH=CH), 146.01 (CH=CH), 134.37 
(ArC), 133.96 (ArC), 131.70 (ArC), 131.43 (ArC), 125.18 (ArC), 124.73 (ArC), 124.67 
(ArC), 124.64 (ArC), 29.55 (i-Pr-CH), 29.49 (i-Pr-CH), 26.10 (i-Pr-CH3), 25.77 (i-Pr-CH3), 
23.42 (i-Pr-CH3), 23.21 (i-Pr-CH3) ppm.  

27Al NMR (C6D6, 25 °C, 156.36 MHz): δ 115 (Al−H) ppm.  
Raman [ν(Al−H) range]: 1777 cm−1, 1818 cm−1. 

A.2.18 [(IPr)AlCl3] (20) 

IPr (500 mg, 1.29 mmol) and AlCl3 (172 mg, 1.29 mmol) were weighed into a 100 mL 
Schlenk flask. Approximately 30 mL of toluene was added to the reaction mixture, which 
was stirred overnight at ambient temperature. Solvent was removed under dynamic 
vacuum. The product was washed with hexane and dried in vacuum. Colourless single 
crystals of [(IPr)AlCl3] (20) were obtained by slow evaporation of toluene under static 
vacuum. Yield: 624 mg (93 %) Calculated for C27H36N2AlCl3 (Mw = 521.93 g/mol).  



A.2. Synthesis and Characterization of Products 91 

1H NMR (C6D6, 25 °C, 600.06 MHz): δ 7.23 (t, 2H, J = 7.8 Hz, p-ArH), 7.09 (d, 4H, 
J = 7.8 Hz, m-ArH), 6.43 (s, 2H, CH=CH), 2.67 (sept, 4H, J = 6.8 Hz, i-Pr-CH), 1.43 (d, 
12H, J = 6.8 Hz, i-Pr-CH3), 0.96 (d, 12H, J = 6.9 Hz, i-Pr-CH3) ppm.  

13C NMR (C6D6, 25 °C, 150.89 MHz): δ 146.15 (CH=CH), 134.14 (ArC), 131.93 (ArC), 
125.83 (ArC), 124.85 (ArC), 29.59 (i-Pr-CH), 26.28 (i-Pr-CH3), 23.14 (i-Pr-CH3) ppm.  

27Al NMR (C6D6, 25 °C, 156.36 MHz): δ 105.34 ppm.  
Raman [ν(Al−Cl) range]: 318.1 cm−1. 

A.2.19 [CAACH][(HF)3F] (21) 

[CAACH][(HCl)0.5Cl] (1.10 g, 3.23 mmol) was loaded into a FEP tube. Approximately 
5 mL of anhydrous HF was condensed at −196 °C. The reaction mixture was warmed to 
room temperature and left stirring for 2 h. After that the excess of HF was removed in 
vacuum overnight, under reduced pressure of 10−2−10−3 bar, to yield a white solid. Single 
crystals of [CAACH][(HF)3F] (21) suitable for X-ray analysis were formed during slow 
evaporation of HF. Yield: 1.16 g (98 %).  

1H NMR (CD3CN, 25 °C, 400.14 MHz): δ 8.78 (s, 1H, C2−H), 7.61 (t, 1H, J = 7.8 Hz, 
p-ArH), 7.47 (d, 2H, J = 7.8 Hz, m-ArH), 2.72 (sept, 2H, J = 6.7 Hz, i-Pr-CH), 2.46 (s, 
2H, CH2), 1.60 (s, 6H, C5-CH3), 1.53 (s, 6H, C3-CH3), 1.35 (d, 6H, J = 6.7 Hz, i-Pr-CH3), 
1.10 (d, 6H, J = 6.8 Hz, i-Pr-CH3) ppm.  

13C NMR (CD3CN, 25 °C, 100.62 MHz): δ 191.9 (C2−H), 145.6 (ipso-ArC), 133.1 
(p-ArC), 130.1 (o-ArC), 126.6 (m-ArC), 85.9 (C5), 48.8 (C3), 48.8 (CH2), 30.4 (i-Pr-CH), 
28.5 (C3-CH3), 26.3 (i-Pr-CH3), 26.2 (C5-CH3), 22.2 (i-Pr-CH3) ppm.  

19F NMR (CD3CN, 25 °C, 376.51 MHz): δ −173.45 (br, H3F4) ppm.  
Elemental analysis calculated for C20H35NF4 (Mw = 365.49 g/mol): C 65.72, H 9.65, 

N 3.83 %; found: C 65.16, H 9.74, N 4.51 %. Although these results are outside the range 
viewed as establishing analytical purity, they are provided to illustrate the best values 
obtained to date for this sample. 

A.2.20 [CAACH][(HF)2F] (22) 

[CAACH][(HF)3F] (21) (2.70 g, 7.39 mmol) was loaded into a FEP tube. The removal of 
HF was conducted for 2 days in high vacuum, under reduced pressure of 10−5−10−7 mbar. 
Single crystals of [CAACH][(HF)2F] (22) suitable for X-ray analysis were obtained from a 
saturated acetonitrile solution stored in the freezer at −20 °C. Yield: 2.37 g (93 %).  

1H NMR (CD3CN, 25 °C, 400.14 MHz): δ 8.84 (s, 1H, C2−H), 7.62 (t, 1H, J = 7.8 Hz, 
p-ArH), 7.47 (d, 2H, J = 7.8 Hz, m-ArH), 2.73 (sept, 2H, J = 6.7 Hz, i-Pr-CH), 2.46 (s, 
2H, CH2), 1.60 (s, 6H, C5-CH3), 1.53 (s, 6H, C3-CH3), 1.35 (d, 6H, J = 6.7 Hz, i-Pr-CH3), 
1.10 (d, 6H, J = 6.8 Hz, i-Pr-CH3) ppm.  

13C NMR (CD3CN, 25 °C, 100.62 MHz): δ 192.1 (C2−H), 145.6 (ipso-ArC), 133.1 
(p-ArC), 130.1 (o-ArC), 126.6 (m-ArC), 85.8 (C5), 48.8 (C3), 48.8 (CH2), 30.4 (i-Pr-CH), 
28.5 (C3-CH3), 26.3 (i-Pr-CH3), 26.2 (C5-CH3), 22.2 (i-Pr-CH3) ppm.  

19F NMR (CD3CN, 25 °C, 376.51 MHz): δ −168.57 (br, H2F3).  
Elemental analysis calculated for C20H34NF3 (Mw = 345.48 g/mol): C 69.53, H 9.92, 

N 4.05 %; found: C 69.87, H 9.80, N 4.20 %. 

A.2.21 CAAC(H)F (24) 

[CAACH][(HF)2F] (22) (1.20 g, 3.47 mmol) and 2.5 equivalent portion of CsF (1.31 g, 
8.62 mmol) were loaded in a FEP tube and suspended in 10 mL of toluene. The mixture 
was left stirring for 3 days at room temperature. The solution was filtered through a PTFE 
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filter and collected in another FEP tube. After that all volatiles were removed under 
dynamic vacuum yielding a white solid. Single crystals of CAAC(H)F (24) were obtained 
from a saturated acetonitrile solution stored in the freezer at −20 °C. Yield: 0.94 g (91 %).  

1H NMR (C6D6, 25 °C, 400.14 MHz): δ 7.25–7.17 (m, 3H, ArH), 5.27 (s, 1H, C2−H), 
3.74 (m, 2H, J = 6.9 Hz, i-Pr-CH), 1.81 (s, 2H, CH2), 1.25 (d, 6H, J = 7.0 Hz, i-Pr-CH3), 
1.23 (s, 6H, C5-CH3), 1.19 (d, 6H, J = 6.4 Hz, i-Pr-CH3), 1.12 (s, 6H, C3-CH3) ppm.  

13C NMR (C6D6, 25 °C, 100.62 MHz): δ 151.9 (ipso-ArC), 136.1 (o-ArC), 125.1 
(m-ArC), 114.3 (C2−H), 65.3 (C5), 53.7 (CH2), 43.2 (C3), 30.5 (C3-CH3), 28.8 (i-Pr-CH), 
27.9 (C5-CH3), 27.0 (i-Pr-CH3), 24.0 (i-Pr-CH3) ppm.  

19F NMR (C6D6, 25 °C, 376.51 MHz): δ −106.80 (s, C2−F) ppm.  
Elemental analysis calculated for C20H32NF (Mw = 305.47 g/mol): C 78.64, H 10.56, 

N 4.59 %; found: C 78.98, H 10.53, N 4.60 %. 

A.2.22 [CAACH][(HF)F] (25) 

[CAACH][(HF)2F] (22) (113 mg, 0.33 mmol) and CAAC(H)F (24) (100 mg, 0.33 mmol) 
were loaded in a FEP tube and dissolved in 3 mL acetonitrile. The solution was left stirring 
overnight at room temperature. All volatiles were removed under dynamic vacuum yielding 
a white solid. Single crystals of [CAACH][(HF)F]·2CAAC(H)F (25a) were obtained by 
slow evaporation of solvent from the solution in t-BuOH and acetonitrile Yield: 209 mg 
(98 %).  

1H NMR (CD3CN, 25 °C, 400.14 MHz): δ 13.89 (br, 1H, HF2), 8.20–7.70 (br, 1H, 
C2−H), 7.50 (t, 1H, J = 7.7 Hz, p-ArH), 7.39 (d, 2H, J = 7.8 Hz, m-ArH), 3.00 (m, 2H, 
i-Pr-CH), 2.31 (s, 2H, CH2), 1.50 (s, 6H, C5-CH3), 1.41 (s, 6H, C3-CH3), 1.31 (d, 6H, 
J = 6.7 Hz, i-Pr-CH3), 1.09 (d, 6H, J = 6.7 Hz, i-Pr-CH3) ppm.  

13C NMR (CD3CN, 25 °C, 100.62 MHz): δ 147.7 (ipso-ArC), 132.1 (o-ArC), 131.8 
(p-ArC), 130.5 (C2−H), 126.2 (m-ArC), 50.4 (C5), 47.2 (C3), 29.9 (i-Pr-CH), 29.2 
(C3-CH3), 26.7 (C5-CH3), 26.4 (i-Pr-CH3), 22.7 (i-Pr-CH3).  

Elemental analysis calculated for C20H33NF2 (Mw = 325.48 g/mol): C 73.80, H 10.22, 
N 4.30 %; found: C 73.59, H 9.96, N 4.24 %. 
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A.3 Crystal Structure Data 

Table A1: Selected crystal data for [(CAAC)AlMe2F] (1), [(CAAC)AlMe2F]·LiOTf·THF 
(1a) and [(CAAC)AlMeF2] (2). 

 [(CAAC)AlMe2F] (1) [(CAAC)AlMe2F]· 

LiOTf·THF (1a) 

[(CAAC)AlMeF2] (2) 

CCDC No.    

Chemical formula C20H31N·AlFC2H6 2(C20H31N·AlFC2H6·Li

SO3CF3·OC4H8) 

C20H31N·AlF2CH3 

FW (g/mol) 361.50 1179.23 365.47 

T (K) 150 150 150 

λ (Å) 1.54184 1.54184 1.54184 

Crystal size (mm) 0.43 × 0.34 × 0.17 0.40 × 0.33 × 0.11 0.24 × 0.13 × 0.09 

Crystal system Monoclinic Monoclinic Orthorhombic  

Space group I2/a P21/c P212121 

a (Å) 17.4714(6) 30.1662(6) 9.3865(4) 

b (Å) 9.6151(3) 9.8040(2) 9.7460(4) 

c (Å) 27.2397(1) 21.7753(4) 22.8532(8) 

α (°) 90 90 90 

β (°) 102.895(4) 91.467(2) 90 

γ (°) 90 90 90 

V (Å3) 4460.6(3) 6437.9(2) 2090.6(1) 

Z 8 4 4 

ρcalc (g/cm3) 1.077 1.217 1.161 

μ (mm−1) 0.878 1.620 1.014 

F(000) 1584 2512 792 

Θ range (°) 2.8–71.6 3.5–72.5 5.1–69.4 

Index ranges −21 ≤ h ≤ 18 

−11 ≤ k ≤ 11  

−23 ≤ l ≤ 32 

−36 ≤ h ≤ 37 

−7 ≤ k ≤ 11  

−26 ≤ l ≤ 25 

−11 ≤ h ≤ 11 

−12 ≤ k ≤ 12  

−23 ≤ l ≤ 28 

Reflections collected 11422 25735 9684 

Independent reflections 4283 12391 4042 

Reflections with  

(I > 2σ(I)) 

3462 9671 3477 

Rint 0.0176 0.0247 0.0377 

Data / restraints / 

parameters 

4283 / 0 / 236 12391 / 0 / 771 4042 / 0 / 265 

S[a] 1.031 1.040 1.039 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0655, 0.1756 0.0475, 0.1258 0.0471, 0.1165 

R1
[b], wR2

[c] (all data) 0.0788, 0.1877 0.0631, 0.1358 0.0581, 0.1250 

Δρmin, Δρmax (eÅ−3) −0.375, 0.426 −0.282, 0.383 −0.199, 0.043 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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Table A2: Selected crystal data for [CAACH][MeAlF3] (4), [CAACH][AlF4] (5) and 
CAAC(H)Me (6). 

 [CAACH][MeAlF3] (4) [CAACH][AlF4] (5) CAAC(H)Me (6) 

CCDC No.    

Chemical formula C20H32N·AlF3CH3 C20H32N·AlF4 C22H35N 

FW (g/mol) 385.48 389.44 301.50 

T (K) 150 150 150 

λ (Å) 1.54184 1.54184 1.54184 

Crystal size (mm) 0.50 × 0.22 × 0.10 0.21 × 0.14 × 0.10 0.37 × 0.23 × 0.18 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/n P21/n 

a (Å) 10.1941(2) 10.5971(2) 7.8538(2) 

b (Å) 10.8048(2) 19.7206(4) 14.7104(4) 

c (Å) 21.3743(5) 10.6073(2) 16.8606(5) 

α (°) 90 90 90 

β (°) 102.556(2) 91.757(2) 93.504(3) 

γ (°) 90 90 90 

V (Å3) 2297.97(8) 2215.68(7) 1944.31(9) 

Z 4 4 4 

ρcalc (g/cm3) 1.114 1.167 1.030 

μ (mm−1) 1.009 1.120 0.429 

F(000) 832 832 672 

Θ range (°) 4.1–71.5 4.2–72.1 2.6–72.3 

Index ranges −12 ≤ h ≤ 11 

−12 ≤ k ≤ 10  

−25 ≤ l ≤ 26 

−13 ≤ h ≤ 9 

−23 ≤ k ≤ 22  

−13 ≤ l ≤ 12 

−6 ≤ h ≤ 9 

−11 ≤ k ≤ 17  

−20 ≤ l ≤ 17 

Reflections collected 20963 9932 7320 

Independent reflections 4479 4232 3748 

Reflections with  

(I > 2σ(I)) 

3379 3746 3008 

Rint 0.0409 0.0197 0.0177 

Data / restraints / 

parameters 

4479 / 0 / 272 4232 / 0 / 262 3748 / 0 / 260 

S[a] 1.030 1.080 1.024 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0478, 0.1208 0.0446, 0.1153 0.0468, 0.1177 

R1
[b], wR2

[c] (all data) 0.0664, 0.1340 0.0502, 0.1195 0.0600, 0.1281 

Δρmin, Δρmax (eÅ−3) −0.496, 0.553 −0.261, 0.249 −0.164, 0.224 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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Table A3: Selected crystal data for [IPrH][(n-Bu)3AlF] (8), [IPrH][Me2AlF2]·C6D6 (9a) and 

[IPrH][Me2AlF2]·0.95DCM (9b). 

 [IPrH][(n-Bu)3AlF] (8) [IPrH][Me2AlF2]·C6D6 

(9a) 

[IPrH][Me2AlF2]· 

0.95DCM (9b) 

CCDC No. 2116487 2116482 2116483 

Chemical formula C27H37N2·AlFC12H27 C27H37N2·AlF2C2H6· 

C6H6 

C27H37N2·AlF2C2H6· 

C0.95H1.9Cl1.9 

FW (g/mol) 606.90 562.74 565.31 

T (K) 189 150 150 

λ (Å) 1.54184 1.54184 1.54184 

Crystal size (mm) 0.62 × 0.28 × 0.21 0.88 × 0.18 × 0.10 0.46 × 0.28 × 0.18 

Crystal system Monoclinic  Triclinic Triclinic 

Space group P21/c P−1 P−1 

a (Å) 18.4658(4) 10.0113(4) 9.7859(5) 

b (Å) 10.4398(2) 13.2295(5) 10.7423(5) 

c (Å) 20.1175(5) 14.3963(6) 16.7898(9) 

α (°) 90 113.971(4) 81.600(4) 

β (°) 95.789(2) 97.920(3) 85.736(4) 

γ (°) 90 94.020(3) 70.600(5) 

V (Å3) 3858.5(2) 1708.8(1) 1646.3(2) 

Z 4 2 2 

ρcalc (g/cm3) 1.045 1.094 1.140 

μ (mm−1) 0.685 0.789 2.204 

F(000) 1336 608 604 

Θ range (°) 3.4−72.3 3.8–73.2 2.6–72.0 

Index ranges −22 ≤ h ≤ 22 

−12 ≤ k ≤ 12  

−17 ≤ l ≤ 23 

−11 ≤ h ≤ 10 

−15 ≤ k ≤ 15  

−17 ≤ l ≤ 17 

−12 ≤ h ≤ 12 

−13 ≤ k ≤ 13  

−20 ≤ l ≤ 20 

Reflections collected 27379 18218 28031 

Independent reflections 7400 6054 6352 

Reflections with  

(I > 2σ(I)) 

5692 5111 4773 

Rint 0.0297 0.024 0.0412 

Data / restraints / 

parameters 

7400 / 0 / 477 6054 / 0 / 392 6352 / 0 / 381 

S[a] 1.049 1.035 1.030 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0574, 0.1571 0.0422, 0.1121 0.0600, 0.1632 

R1
[b], wR2

[c] (all data) 0.0743, 0.1759 0.0513, 0.1201 0.0790, 0.1819 

Δρmin, Δρmax (eÅ−3) −0.238, 0.530 −0.329, 0.369 −0.387, 0.690 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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Table A4: Selected crystal data for [IPrH][(n-Bu)2AlF2] (10), [IPrH][MeAlF3] (11) and 
[IPrH][(n-Bu)AlF3] (12). 

 [IPrH][(n-Bu)2AlF2] 

(10) 

[IPrH][MeAlF3] (11) [IPrH][(n-Bu)AlF3] 

(12) 

CCDC No. 2116488 2116484 2116489 

Chemical formula C27H37N2·AlF2C8H18 C27H37N2·AlF3CH3 C27H37N2·AlF3C4H7 

FW (g/mol) 568.79 488.60 528.66 

T (K) 150 150 240 

λ (Å) 1.54184 1.54184 1.54184 

Crystal size (mm) 0.49 × 0.42 × 0.20 0.38 × 0.23 × 0.12 0.47 × 0.31 × 0.16 

Crystal system Monoclinic  Orthorhombic  Monoclinic  

Space group P21/n Pnma P21/m 

a (Å) 10.8908(2) 16.7958(3) 10.0812(6) 

b (Å) 19.6662(2) 17.7836(4) 15.543(1) 

c (Å) 17.7021(3) 9.5102(2) 10.9707(9) 

α (°) 90 90 90 

β (°) 107.246(2) 90 103.460(8) 

γ (°) 90 90 90 

V (Å3) 3621.0(1) 2840.6(1) 1671.8(2) 

Z 4 4 2 

ρcalc (g/cm3) 1.043 1.142 1.050 

μ (mm−1) 0.745 0.930 0.823 

F(000) 1240 1048 568 

Θ range (°) 3.4–72.3 3.6–72.2 4.1–72.2 

Index ranges −13 ≤ h ≤ 13 

−16 ≤ k ≤ 26  

−21 ≤ l ≤ 20 

−19 ≤ h ≤ 20 

−21 ≤ k ≤ 21  

−11 ≤ l ≤ 7 

−10 ≤ h ≤ 12 

−18 ≤ k ≤ 18  

−11 ≤ l ≤ 13 

Reflections collected 25803 19912 7359 

Independent reflections 7080 2891 3346 

Reflections with  

(I > 2σ(I)) 

6308 2406 2054 

Rint 0.0183 0.0318 0.0257 

Data / restraints / 

parameters 

7080 / 0 / 441 2891 / 0 / 209 3346 / 0 / 188 

S[a] 1.017 1.044 1.060 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0462, 0.1287 0.0465, 0.1234 0.0828, 0.2484 

R1
[b], wR2

[c] (all data) 0.0512, 0.1344 0.0563, 0.1333 0.1153, 0.2905 

Δρmin, Δρmax (eÅ−3) −0.341, 0.353 −0.297, 0.423 −0.332, 0.465 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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Table A5: Selected crystal data for [IPr][AlF4] (13), [IPr][AlF4]·C6D6 (13a) and 
[IPrH][Ph3AlF] (14). 

 [IPr][AlF4] (13) [IPr][AlF4]·C6D6 (13a) [IPrH][Ph3AlF] (14) 

CCDC No. 2116485 2116486 2116491 

Chemical formula C27H37N2·AlF4 C27H37N2·AlF4·C6D6 C27H37N2·AlFC18H15 

FW (g/mol) 492.56 570.67 666.86 

T (K) 150 150 150 

λ (Å) 1.54184 1.54184 1.54184 

Crystal size (mm) 0.35 × 0.31 × 0.22 0.64 × 0.05 × 0.04 0.32 × 0.23 × 0.14 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group Pccn I2/a P21/n 

a (Å) 11.1930(2) 17.202(2) 17.0471(4) 

b (Å) 12.6491(2) 9.8532(6) 12.1991(2) 

c (Å) 19.9010(3) 21.322(2) 20.7609(4) 

α (°) 90 90 90 

β (°) 90 112.44(1) 112.540(2) 

γ (°) 90 90 90 

V (Å3) 2817.60(8) 3340.1(5) 3987.6(1) 

Z 4 4 4 

ρcalc (g/cm3) 1.161 1.135 1.111 

μ (mm−1) 0.995 0.905 0.717 

F(000) 1048 1216.0 1432 

Θ range (°) 4.5–72.3 4.4–71.2 4.2–72.3 

Index ranges −8 ≤ h ≤ 13 

−15 ≤ k ≤ 15  

−23 ≤ l ≤ 24 

−21 ≤ h ≤ 19 

−11 ≤ k ≤ 9  

−24 ≤ l ≤ 26 

−21 ≤ h ≤ 20 

−10 ≤ k ≤ 14  

−23 ≤ l ≤ 25 

Reflections collected 20987 7268 40111 

Independent reflections 2783 3215 7826 

Reflections with  

(I > 2σ(I)) 

2498 2140 6596 

Rint 0.0232 0.0447 0.0305 

Data / restraints / 

parameters 

2783 / 0 / 159 3215 / 4 / 207 7826 / 0 / 450 

S[a] 1.063 1.020 1.033 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0431, 0.1255 0.0649, 0.1713 0.0454, 0.1255 

R1
[b], wR2

[c] (all data) 0.0466, 0.1300 0.0982, 0.1949 0.0538, 0.1338 

Δρmin, Δρmax (eÅ−3) −0.240, 0.237 −0.284, 0.292 −0.291, 0.377 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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Table A6: Selected crystal data for [IPrH][PhAlF3] (16), [(IPr)AlH2OTf] (17) and CAACH2 
(18). 

 [IPrH][PhAlF3] (16) [(IPr)AlH2OTf] (17) CAACH2 (18) 

CCDC No. 2116490 2036577 2036584 

Chemical formula C27H37N2·AlF3C6H5 C28H38AlF3N2O3S C20H33N 

FW (g/mol) 550.66 566.64 287.47 

T (K) 150 150 150 

λ (Å) 1.54184 1.54184 1.54184 

Crystal size (mm) 0.34 × 0.27 × 0.18 0.67 × 0.25 × 0.17 0.39 × 0.31 × 0.18 

Crystal system Triclinic  Orthorhombic Orthorhombic 

Space group P−1 P212121 Pbcn 

a (Å) 10.2609(3) 10.6930(2) 12.4174(2) 

b (Å) 10.9869(3) 15.1726(3) 12.3716(2) 

c (Å) 14.6809(4) 19.3385(4) 23.6662(3) 

α (°) 90.406(3) 90.0000 90 

β (°) 92.012(2) 90.0000 90 

γ (°) 105.708(3) 90.0000 90 

V (Å3) 1592.03(8) 3137.5(1) 3635.68(9) 

Z 2 4 8 

ρcalc (g/cm3) 1.149 1.200 1.050 

μ (mm−1) 0.886 1.592 0.438 

F(000) 588 1200 1280 

Θ range (°) 3.0–72.2 3.7–72.4 3.7–72.2 

Index ranges −12 ≤ h ≤ 12 

−13 ≤ k ≤ 13  

−17 ≤ l ≤ 17 

−12 ≤ h ≤ 9 

−18 ≤ k ≤ 18  

−23 ≤ l ≤ 22 

−15 ≤ h ≤ 14 

−14 ≤ k ≤ 15  

−29 ≤ l ≤ 26 

Reflections collected 48472 14915 27068 

Independent reflections 5687 6052 3589 

Reflections with  

(I > 2σ(I)) 

4327 5740 3168 

Rint 0.0575 0.0269 0.0270 

Data / restraints / 

parameters 

5687 / 0 / 379 6052 / 0 / 359 3589 / 0 / 198 

S[a] 1.037 1.054 1.053 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0694, 0.1980 0.0390, 0.1015 0.0429, 0.1188 

R1
[b], wR2

[c] (all data) 0.0876, 0.2148 0.0415, 0.1044 0.0479, 0.1240 

Δρmin, Δρmax (eÅ−3) −0.316, 0.595 −0.187, 0.328 −0.191, 0.289 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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Table A7: Selected crystal data for [(IPr)AlH3−xClx] (x = 1, 2) (19), [(IPr)AlCl3] (20) and 

[CAACH][(HF)3F] (21). 

 [(IPr)AlH3−xClx] (x = 1, 

2) (19) 

[(IPr)AlCl3] (20) [CAACH][(HF)3F] (21) 

CCDC No. 2036581 2036582  

Chemical formula C27H37.42AlCl1.58N2· 

C27H37.30AlCl1.70N2 

C27H36AlCl3N2 C20H32N·H3F4 

FW (g/mol) 950.04 521.91 365.49 

T (K) 150 150 150 

λ (Å) 1.54184 1.54184 1.54184 

Crystal size (mm) 0.55 × 0.29 × 0.22 0.63 × 0.18 × 0.15 0.61 × 0.42 × 0.27 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/c P21/c P21/c 

a (Å) 16.5486(2) 16.5398(2) 10.4339(3) 

b (Å) 18.9163(3) 19.4383(2) 14.8964(5) 

c (Å) 19.4559(4) 19.3569(2) 14.3883(5) 

α (°) 90 90 90 

β (°) 111.847(2) 111.998(1) 100.056(3) 

γ (°) 90 90 90 

V (Å3) 5653.0(2) 5770.3(1) 2202.0(1) 

Z 4 8 4 

ρcalc (g/cm3) 1.116 1.202 1.102 

μ (mm−1) 2.157 3.291 0.724 

F(000) 2033.8 2208 792 

Θ range (°) 2.8–72.2 3.6–73.2 2.9–71.9 

Index ranges −17 ≤ h ≤ 19 

−22 ≤ k ≤ 23  

−23 ≤ l ≤ 21 

−19 ≤ h ≤ 19 

−23 ≤ k ≤ 22  

−22 ≤ l ≤ 23 

−11 ≤ h ≤ 12 

−18 ≤ k ≤ 17  

−15 ≤ l ≤ 17 

Reflections collected 61408 31591 16124 

Independent reflections 10949 10276 4295 

Reflections with  

(I > 2σ(I)) 

9168 9090 3212 

Rint 0.0293 0.0244 0.0356 

Data / restraints / 

parameters 

10949 / 1 / 626 10276 / 0 / 611 4295 / 0 / 243 

S[a] 1.026 1.031 1.044 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0484, 0.1354 0.0375, 0.0998 0.0502, 0.1323 

R1
[b], wR2

[c] (all data) 0.0581, 0.1458 0.0429, 0.1043 0.0671, 0.1475 

Δρmin, Δρmax (eÅ−3) −0.323, 0.708 −0.434, 0.628 −0.149, 0.313 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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Table A8: Selected crystal data for [CAACH][(HF)2F] (22), [CAACH][(HF)3.5F] (23) and 
CAAC(H)F (24). 

 [CAACH][(HF)2F] (22) [CAACH][(HF)3.5F] 

(23) 

CAAC(H)F (24) 

CCDC No.    

Chemical formula C20H32N·H2F3 2(C20H32N)·H3F4·H4F5 C20H32NF 

FW (g/mol) 345.48 750.98 305.46 

T (K) 150 150 150 

λ (Å) 1.54184 1.54184 1.54184 

Crystal size (mm) 0.46 × 0.22 × 0.20 0.34 × 0.23 × 0.21 0.38 × 0.37 × 0.27 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/n P21/c 

a (Å) 10.8109(4) 10.9151(2) 12.3387(2) 

b (Å) 9.4778(3) 31.7156(5) 12.4225(2) 

c (Å) 20.4419(7) 12.9575(2) 12.3727(2) 

α (°) 90 90 90 

β (°) 103.161(4) 90.408(1) 106.491(2) 

γ (°) 90 90 90 

V (Å3) 2039.5(1) 4485.5(1) 1818.44(5) 

Z 4 4 4 

ρcalc (g/cm3) 1.125 1.112 1.116 

μ (mm−1) 0.684 0.755 0.548 

F(000) 752 1624 672 

Θ range (°) 4.2–71.8 2.8–72.1 3.6–76.4 

Index ranges −13 ≤ h ≤ 13 

−9 ≤ k ≤ 11  

−25 ≤ l ≤ 25 

−13 ≤ h ≤ 12 

−39 ≤ k ≤ 38  

−14 ≤ l ≤ 15 

−15 ≤ h ≤ 15 

−15 ≤ k ≤ 15  

−15 ≤ l ≤ 14 

Reflections collected 16584 38516 36245 

Independent reflections 3973 8748 3793 

Reflections with  

(I > 2σ(I)) 

3211 7037 3560 

Rint 0.0388 0.0340 0.0287 

Data / restraints / 

parameters 

3973 / 0 / 232 8748 / 0 / 496 3793 / 0 / 208 

S[a] 1.056 1.067 1.165 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0498, 0.1293 0.0659, 0.1845 0.0633, 0.1904 

R1
[b], wR2

[c] (all data) 0.0619, 0.1395 0.0783, 0.1995 0.0657, 0.1919 

Δρmin, Δρmax (eÅ−3) −0.163, 0.469 −0.372, 0.435 −0.258, 0.434 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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Table A9: Selected crystal data for [CAACH][(HF)F]·2CAAC(H)F (25a). 

 [CAACH][(HF)F]· 

2CAAC(H)F (25a) 

CCDC No.  

Chemical formula C20H32N·HF2·2(C20H32NF) 

FW (g/mol) 936.40 

T (K) 150 

λ (Å) 1.54184 

Crystal size (mm) 0.35 × 0.27 × 0.12 

Crystal system Triclinic 

Space group P−1 

a (Å) 9.3894(3) 

b (Å) 17.6755(7) 

c (Å) 17.8951(7) 

α (°) 96.869(3) 

β (°) 96.961(3) 

γ (°) 93.453(3) 

V (Å3) 2918.4(2) 

Z 2 

ρcalc (g/cm3) 1.066 

μ (mm−1) 0.546 

F(000) 1028 

Θ range (°) 3.3–72.1 

Index ranges −11 ≤ h ≤ 11 

−21 ≤ k ≤ 21  

−22 ≤ l ≤ 22 

Reflections collected 11761 

Independent reflections 11761 

Reflections with  

(I > 2σ(I)) 

8607 

Rint / 

Data / restraints / 

parameters 

11761 / 0 / 703 

S[a] 1.035 

R1
[b], wR2

[c] (I > 2σ(I)) 0.0564, 0.1488 

R1
[b], wR2

[c] (all data) 0.0760, 0.1597 

Δρmin, Δρmax (eÅ−3) −0.192, 0.352 
[a] S = [Σ(w(Fo

2−Fc
2)2)/(No−Np)]1/2.  

[b] R1 = ||Fo|−|Fc||/Σ|Fo|.  
[c] wR2 = [Σ(w(Fo

2−Fc
2)2)/Σ(w(Fo

2)2)]1/2. 
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A.4 Molecular Calculations 

Table A10: Calculated electronic energies (E) for the [(CAAC)AlMe3−nFn] (n = 0−3) and 
[CAACH][MenAlF4−n] (n = 0−1) series, and calculated energies of reactions ΔE. 
Calculations were performed at the PBE/def2TZVP level of theory. ΔE are given in a.u. 
and kJ/mol. 

Compound E / a.u.  Reaction ΔE / a.u. ΔE / 

kJ/mol 

[(CAAC)AlMe3] −1196.70062242 − − − 

Me3SnF −433.747153331 − − − 

Me4Sn −373.77735715 − − − 

[(CAAC)AlMe2F

] (1) 

−1256.71081484 [(CAAC)AlMe3] + Me3SnF → 

[(CAAC)AlMe2F] + Me4Sn 

−0.040396139 −106 

[(CAAC)AlMeF2

] (2) 

−1316.72109225 [(CAAC)AlMe3] + 2Me3SnF → 

[(CAAC)AlMeF2] + 2Me4Sn 

−0.080877468 −212 

[(CAAC)AlF3] 

(3) 

−1376.72769343 [(CAAC)AlMe3] + 3Me3SnF → 

[(CAAC)AlF3] + 3Me4Sn 

−0.117682357 −309 

[CAACH] 

[MeAlF3] (4) 

−1417.17402594 − − − 

[CAACH][AlF4] 

(5) 

−1477.17505806 − − − 

CAAC(H)Me (6) −875.244423975 − − − 
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Table A11: Calculated electronic energies (E) for the [IPrH][R4−nAlFn] (n = 1−4, R = Me, 
n-Bu, Ph) series and calculated energies of reactions ΔE. Calculations were performed at 
the PBE/def2TZVP level of theory. ΔE are given in a.u. and kJ/mol. 

Compound E / a.u.  Reaction ΔE / a.u. ΔE / 

kJ/mol 

[IPrH][F] −1259.411123 − − − 

HF −100.3913792 − − − 

AlMe3 −361.9220025 − − − 

AlBu3 −715.3628002 − − − 

AlPh3 −936.6345615 − − − 

CH4 −40.46417895 − − − 

BuH −158.2801283 − − − 

PhH −232.0300314 − − − 

[IPrH][Me3AlF] 

(1) 

−1621.399002 [IPrH][F] + AlMe3 → [IPrH][Me3AlF] −0.0658759 −173 

[IPrH][Me2AlF2] 

(2) 

−1681.422418 [IPrH][F] + HF + AlMe3 → 

[IPrH][Me2AlF2] + CH4 

−0.1620916 −426 

[IPrH][MeAlF3] 
(3) 

−1741.432198 [IPrH][F] + 2HF + AlMe3 → 
[IPrH][MeAlF3] + 2CH4 

−0.2446717 −642 

[IPrH][AlF4] (4) −1801.432451 [IPrH][F] + 3HF + AlMe3 → [IPrH][AlF4] 
+ 3CH4 

−0.3177247 −834 

[(IPr)AlMe3] −1520.964628 2[IPrH][F] + 2AlMe3 → [IPrH][Me2AlF2] 
+ [(IPr)AlMe3] + CH4 

−0.1849731 −486 

2[IPrH][Me3AlF] 
(1) 

−3242.798003 2[IPrH][F] + 2AlMe3 → 2[IPrH][Me3AlF] −0.13175173 −346 

[IPrH] 

[(n-Bu)3AlF] (5) 

−1974.850042 [IPrH][F] + Al(n-Bu)3 → 

[IPrH][(n-Bu)3AlF] 

−0.0761185 −200 

[IPrH] 

[(n-Bu)2AlF2] (6) 

−1917.046026 [IPrH][F] + HF + Al(n-Bu)3 → 

[IPrH][(n-Bu)2AlF2] + n-BuH 

−0.1608517 −422 

[IPrH] 
[(n-Bu)AlF3] (7) 

−1859.249810 [IPrH][F] + 2HF + Al(n-Bu)3 → 
[IPrH][(n-Bu)AlF3] + 2n-BuH 

−0.2533845 −665 

[IPrH][AlF4] (4) −1801.432451 [IPrH][F] + 3HF + Al(n-Bu)3 → 

[IPrH][AlF4] + 3n-BuH 
−0.3247751 −853 

[(IPr)AlBu3] −1874.409759 2[IPrH][F] + 2Al(n-Bu)3 → 

[IPrH][(n-Bu)2AlF2] + [(IPr)Al(n-Bu)3] + 

n-BuH 

−0.1880667 −494 

2[IPrH][(n-Bu)3 

AlF] (5) 

−3949.700084 2[IPrH][F] + 2Al(n-Bu)3 → 
2[IPrH][(n-Bu)3AlF] 

−0.15223709 −400 

[IPrH][Ph3AlF] 
(8) 

−2196.136413 [IPrH][F] + AlPh3 → [IPrH][Ph3AlF] −0.0907278 −238 

[IPrH][Ph2AlF2] 
(9) 

−2064.572196 [IPrH][F] + HF + AlPh3 → 
[IPrH][Ph2AlF2] + C6H6 

−0.1651634 −434 

[IPrH][PhAlF3] 

(10) 

−1933.006025 [IPrH][F] + 2HF + AlPh3 → 

[IPrH][PhAlF3] + 2C6H6 

−0.2376442 −624 

[IPrH][AlF4] (4) −1801.432451 [IPrH][F] + 3HF + AlPh3 → [IPrH][AlF4] 
+ 3C6H6 

−0.3027230 −795 

[(IPr)AlPh3] −2095.692660 2[IPrH][F] + 2AlPh3 → [IPrH][Ph2AlF2] 

+ [(IPr)AlPh3] + C6D6 

−0.2035181 −534 

2[IPrH][Ph3AlF] 

(8) 

−4392,272825 2[IPrH][F] + 2AlPh3 → 2[IPrH][Ph3AlF] −0,18145565 −476 
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