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Abstract

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

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

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

In the last part we explored the reactivity of imidazolium fluoride with SiF, and GeF,
compounds and managed to obtain discrete trigonal bipyramidal SiFs~ and GeF;~ anions,
respectively. Trigonal bipyramidal geometry is relatively rare compared to the octahedral
geometry of anions. Additionally, we report the first YF NMR spectra of GeF;~ and GeF¢*~
anions in organic solvents, namely acetonitrile. We conclude the thesis with a rich
discussion on stability of trigonal bipyramidal vs. octahedral species along with explained
disorder in the crystals structure that arises from either anion rotation or Berry
pseudorotation mechanisms of the prepared anions.
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Povzetek

Doktorska disertacija opisuje kemijo obstojnih N-heterociklicnih karbenov, in sicer 1,3-
bis(2,6-diizopropilfenil)-1,3-dihidro-2 H-imidazol-2-ilidena (L") in njegove fluoridne soli,
1,3-bis(2,6-diizopropilfenil)imidazolijevega fluorida, [(LP*)H][F], z razliénimi fluoridnimi
viri. Razdeljena je na tri dele, ki povzemajo delo, objavljeno v treh znanstvenih c¢lankih.
Poudarek teh raziskav je na reaktivnosti pol-kovinskih fluoridov, in sicer SiFy, GeF4in SbFs
z [(LP™)H][F] in (LP»).

Prvi del opisuje, kako NHC-ji reagirajo z antimonovim(III) fluoridom, tezave, ki se
pojavijo v reakcijskem sistemu, in kako smo resili ter razlozili vsa nepri¢akovana opazanja
v tem sistemu. Uspesno smo razlozili reakcijski mehanizem in reaktivnost v sistemu tako v
raztopini kot v trdnem stanju. Dobljene produkte smo okarakterizirali s spektroskopskimi
in kemijskimi analizami.

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

V zadnjem delu smo raziskali reaktivnost imidazolijevega fluorida [(LP*™)H]|[F] s
spojinami SiF, in GeF4 in izolirali diskretne trigonalno bipiramidalne SiF;~ in GeF5~ anione.
Taksna geometrija anionov je relativnho redka v primerjavi z oktaedricno geometrijo
anionov. Objavili smo tudi prva “F NMR spektra GeF;  in GeF¢® anionov v organskih
topilih, in sicer v acetonitrilu. Delo smo zakljucili s primerjavo stabilnosti trigonalno
bipiramidalnih proti oktaedri¢nim zvrstem skupaj z razlago nereda v kristalni strukturi kot
posledico toge rotacije ali Barryjeve psevdorotacije pripravljenih anionov.
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Chapter 1
Introduction

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



1.1 Carbenes — What are They and How They Came to Be?

1.1.1 What are carbenes?

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

possesses, are:

e Simple carbenes (methylene (H,C:), dichloromethylene (CLC:))

e Electrophilic carbenes (Fischer carbenes)

e Nucleophilic carbenes (Schrock carbenes)

e N-heterocyclic carbenes (NHC or Arduengo carbenes)

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

pyrazolinylidenes, others based on tetrazole, thiazole and isoxazole)

e Cyclic alkyl amino carbenes (caac or Bertrand carbenes)

e Anionic N-heterocyclic dicarbenes
e Bicyclic alkyl amino carbenes (BICAAC)
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1.1.2 Historic overview

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

In 1964, Fischer and Maasbol introduced the first electrophilic carbenes (Fischer
carbenes) [4]. Four years after the Fischer’s initial report of [(CO);WC(OCHs3)(CHs)]
(Figure 1.1), in 1968, the onset of N-heterocyclic carbene chemistry comes to light. Ofele
and Wanzlick & Schonherr published the synthesis of the first transition metal NHC
complexes (Figure 1.2), but still were not able to synthesize a free stable NHC [5, 6]. The
NHC species back then could only be formed in-situ from imidazolium salts and were
considered as highly reactive intermediates, not stable in isolated form.

CHy CHy
N - T N
) |Hercoy™ e [O)—crico)s + H,
N N
\
CH, CH,
N/C6H5 **HZS N,C6H5 CoHs
D N
\ @ - Hgs BXY _2@_ ’,’ @
2 ,CH ClOy4 Hg(OAc), | N',C—Hg_C\N |12 cClo4
CeHs 2 AcOM b G

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

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

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

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



1.2 Chemical Background of NHCs

1.2.1 Electron configuration on carbene carbon atom

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

W\ P— R\
-

R R
triplet singlet

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

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

R R\ R
R' C: R' R
H% \ R’ O R
H + C: —_— —_—
'/ / H H
R R H H R
(singlet) L R ]

! R,'C , '
H\%\H R\C i@( R R R H
* Y H H H H © H R
R R R R

(triplet)
stereoselective reaction control

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

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

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



1.2.2 N-heterocyclic carbenes (NHCs)

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

- PN
PN N~ N
Ra—N" €2 N—Rb® @\ \ /@
N1\ N3
R™ /cs ca\ "R R Rb — Adamantyl

Re- Rf = Hydrogen

(a) (b)

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

1.2.2.1 Persistent vs. non-persistent NHCs and Wanzlick equilibrium

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

R R R
[N>:<Nj R = sterically demanding o [N> .
N N = R = sterically undemanding N :
R R R
Figure 1.6: Wanzlick equilibrium.

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

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



leading to the first air-stable carbene [25] or functionalized ligands for asymmetric synthesis
[26-28].

1.2.2.2  Synthesis and variability of persistent NHCs

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

* CI_ %k
CH,0, Me,SiCl /) KOtBu, THF
R-N N-R i SN R—N@N—R ) KOMu, THE _ o\ SN-R
\ EtOAc, 70°C ii) toluene, 70°C \__/

N

H

T

2,6-diisopropyphenyl 2,4,6-trimethylphenyl 2,6-dimethylphenyl
(Dipp) Mesitylene (Xy)
(Mes)
*ref: [29] * ref: [30]

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

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

HO
=N NN /NEN \ N{\\N\ SNANS
\—/ \) K/ \——/
F F N Ph,P
PN O~NENTNO
NAN Et S \—/ J Et Ar\Na\\N
—/ Et” "Et \—/

Figure 1.8: Examples of NHC structural diversity.



1.2.2.3 Stabilization factors of NHCs

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

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

@%..

N withdrawing e combined € N donating €

effect effects effect

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

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

1.2.24 Synthesis of NHC—M (M = d- or p-block element) coordination compounds

Synthesis of NHC-metal complexes can be achieved by several different methods. The
universal and generally applied are four of them:

e Reaction of free carbene with a metal substrate.

e Reaction of imidazolium salt with a transition metal possessing a basic anion or a
ligand [35-39].

e Via carbene transfer reagent [40].

e Reaction of imidazolium salt with a transition metal salt in the presence of a weak
base [41-49)].



1.2.2.4.1 Reaction of free carbene with a metal substrate
This is a simple reaction where NHC as a strong nucleophile coordinates to the metal
compound or displaces some other weakly coordinated ligand (Figure 1.10).

B R
N N
[ > : + MX, —_— @>-> MX,,
N N
\ \
R

R
R

N X
[ > : + L=>=MX, — @>-> MX, + L
N "

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

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

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

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

R~ R
S)
R ® X Y
2 Nf\N R + M(OAc), —_— X—M—X
~ - 2 AcOH R- A R

Figure 1.11: Reaction of imidazolium salt with a transition metal possessing a basic anion
or a ligand.



1.2.2.4.3  Via carbene transfer reagent

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

X /N/C—>\N\

R ® ° AQ i \( i
2 NAK +  AgO0 —> |2 R_ /<g Mo MX,

<R NQN—R R A R
I\/ \N\C_)/N’

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

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

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

The equilibrium between imidazolium salt and its deprotonated base (carbene) is
formed in the reaction mixture. This equilibrium is strongly shifted towards imidazolium
salt, because NHCs are known as one of the strongest Lewis bases known, but in the
presence of a metal centre the thermodynamic force of NHC coordination to metal centre
and NHC-M complex formation is greater still. The most common bases used are Na,COs,
K,CO3, NEt, pyridine and NaOAc.

o o R~ R
R ® X B
2 N=\ + MX, _— MX,
A
S R< -R

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



10

1.2.2.5 Properties of NHC metal coordination compounds

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

\\\\\\ R l
- R

ML

Schrock Wanzlick - Arduengo Fischer
carbene carbene carbene

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

1.2.3 Modes of NHC coordination — nNHC vs. aNHC

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

= . | BFa ., | BF4 = ., | BFs
| gﬁ ]
NKENj SN X \T
IrHsL, oL . r_'-
[CI)\I\> e Qp—»u @\l\b—;:h H

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

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

C2 | H
\.. E )\
R-NAN-R ! R-NARN-R
— : Y= «—ca
H : W
A ! B

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

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

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

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

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

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

IrH5L2
R R
H @N’ H @N’
heat | -
I —H I I D—H R
@ H H N H N '® H
R-< L \ \ N L
N~ | \\\H R R D | \\H
\\:,\?/ \:||r-_H IrH3L, ENY\:'{LH
RHL abnormal pathway (AN) normal pathway (N) RHL
oxidative C-H heterolysis with
addition proton transfer
LI H U RTH
® 2
® Ir<H - N Ir—H
RN \\L accelerated by Br </Y \\L
N H or other small counter-ions| \ N H
R R
dihydride converts
-H, | tpy
to H, complex
H-H py py
e o & A h—H ®T\\1 el
©) r— r_ r—
RN N +py R-NTYTWN N\
VN H L Wy H \_y H
R r R
abnormal normal
carbene carbene

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

Another aspect of NHC coordination regioselectivity are additives. Research on
Palladium substrate showed that the presence of a CssCOjs in the reaction mixture promotes
C2—H activation and metalation, while without the additive NHC coordinates through
“C4” position. Explanation to why this happens lies in the presence of basic anions. COs*
is supposed to deprotonate C2—H position and favour C2 metalation whilst without the
presence of the base, the oxidative addition to Pd centre is favoured and thus C4 metalation
is promoted [57].
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1.2.4 General utility of NHCs

1.24.1 NHGC:s in d-block chemistry

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

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

(Cy)sP T o
A __NHC i
o P -P(Cy)s ARG
P(Cy)s P(CY)s
first generation second generation
Grubbs catalyst Grubbs catalyst

Figure 1.18: Synthesis of 2" generation Grubbs catalyst.

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

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

Stabilization of radicals [69, 70].

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

R
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THF
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B(CeFs)s
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N B(CeFs)s N © Cco N O
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X [ —B(CeFs)s — PR
N N N O—B(CeFs)s
R R R
Frustrated L(.%Wis Pair R Ph
formation

N
PhCCH_ [Ty ||
N

R © B(CgFs)3

small molecule activation

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

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

1.3.1 Overview of selected tools for fluoride anion generation

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

1.3.1.1 HF as a fluoride source

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

Milder HF reagents can be prepared by reacting HF with different amines, producing
HF complexes such as the Olah’s reagent or Et;Nx3HF [85]. These HF complexes can be
handled by classical chemical methods (even in glassware for short time intervals), but so
far, they have not achieved wider acceptance (Figure 1.20).

N
aHF (Et)gN x 3HEF @ x (HF), KHF,
e

anhydrous Triethylamine N Potassium bifluoride
hydrofluoric acid trihydrogenfluoride Olah’s reagent

Figure 1.20: HF based reagents.

1.3.1.2 Metal fluorides as fluoride sources

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

NaF KF CsF AgF

Sodium fluoride Potassium fluoride Cesium fluoride Silver(I) fluoride

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

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

F
Bt H,COH,CH,C_ ¥ — T
N-S—F /N—SIJ—F O N—§—F
Bt b H,COM,CH,C” i
DAST Deoxo-Fluor Morpholino-DAST
; C g
+ +
. Et . S—F
[o N=SF2]’BF,1] [;NZSFZIIBF4I F
— Et 4-tert-Butyl-2,6-
XtalFluor-M XtalFluor-E dimethylphenylsulfur

trifluoride

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

1.3.1.4 Quarternary ammonium/phosphorous salts and fluoride sources based on
fluoridosilicates and fluoridostanates

A few organic “naked” fluoride reagents are known. Tetramethyl ammonium fluoride
(TMAF) and especially tetrabutyl ammonium fluoride (TBAF) are widely used. Despite
reagent’s profound solubility in acetonitrile (compared to MF compounds), they slowly
decompose and react with organic solvents (including acetonitrile). Consequently, they
undergo a different side reaction, such as Hofmann elimination, resulting in the formation
of amine and alkene side products [92, 93]. Additionally, the synthesis or preparation of
most of the organic naked fluoride sources requires substitution of another anion, i.e. halide,
with MF reagents. Such synthetic approach depends on the introduction of water to the
reaction system because of the poor solubility of MF compounds in organic solvents,
resulting in vigorous drying conditions of the synthesized naked fluoride reagents that often
lead to their increased decomposition [93-97]. Water is problematic, since the research
shows that water solvation deactivates the nucleophilic and basicity properties of “naked”
F~ anion due to strong H-F bonding of the solvent and F~ anion [86]. Here we emphasize
that problems with a double nature of fluoride anion (as a nucleophile and base)[82, 86]
were solved to some degree by masking the fluoride ion as an adduct with the weak Lewis
acids [80, 98-100], by anhydrous synthesis of TBAF [101] or its solvation with tert-butanol
(Figure 1.23) [102]. However, there is still a need for new fluoride sources that would not
display the aforementioned problems.
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Figure 1.23: Naked fluoride reagents and fluoride donors masked by a week Lewis acid.

1.3.1.5 Novel imidazole and imidazoline based reagents

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

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

2.1 Aim

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

Single crystal X-ray diffraction

Multinuclear NMR analysis ("H, F and **C)
Raman vibrational spectroscopy

CHN elemental analysis

Chemical computational methods

Gk W=
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2.2 Hypothesis

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

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

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

Methodology and Tools

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

3.1 Handling of Air-Sensitive Chemistry

3.1.1 Schlenk line

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

Qil Bubbler

Bubbler exhaust
to fumehood
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to connect flasks
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nitrogen not shown) [

Thick rubber
tubingto connect
lineto pump

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

solvent addition via cannula transfer

counter flow addition of air-stable solid reagents against a flow of inert gas
use of syringes and septa for liquid reagents addition

filtration

chromatography techniques

volatile compounds removal under vacuum

3.1.2 Nickel vacuum line

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

Specialized reaction and crystallization vessels are manufactured from
tetrafluoridopropylene-hexafluorido propylene block copolymer (FEP; Poltytetry, GmbH,
Germany) tubes. Tube with inner diameter 16 mm and outer diameter 19 mm is cut at the
desired length. One end of the tube is heat-sealed and the other end equipped with PTFE
inlay where the PTFE T-shaped connector or PTFE valve is attached. Vessel for single
crystal growth was designed from the combination of tubes with inner diameter 16 mm
and outer diameter 19 mm and the second tube with 4 mm inner diameter and 6 mm outer
diameter, connected via PTFE T-shaped connector at 90°. PTFE valve is attached directly
to the inlay of the reaction vessel or to the T-shaped connector at 180° (in case the
crystallization vessel is built). To ensure the strength and prevent their deformation, all
PTFE parts are shielded with brass alloy parts (Figure 3.2).
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Figure 3.2: FEP reactor vessel assembly (picture by Dr. Z. Mazej).
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Figure 3.3: Nickel-PTFE Vacuum line (picture by Dr. Z. Mazej).
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Chapter 4
Results and Discussion - Overview

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

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

The third part demonstrates the first reactivity examples of 1,3-bis(2,6-
diisopropylphenyl)imidazolium fluoride ([(LP"")H]F). It explains the reactivity and
synthesis of the products obtained with this novel reagent. Reactions with MF, (M= Si,
Ge) Lewis acids lead to their discrete, pentacoordinated trigonal bipyramidal MF;~ anions.
Crystal structure containing discrete GeFs~ anions was obtained for the first time.
Additionally, we show that sterically hindering cations stabilize trigonal bipyramidal
pentafluorido anions of silicon and germanium relative to octahedral coordinated ones. The
results were published in article: “B. Ali¢, M. Tramsek, A. Kokalj, and G. Tav¢ar, "Discrete
GeFs Anion Structurally Characterized with a Readily Synthesized Imidazolium Based
Naked Fluoride Reagent," Inorganic Chemistry, vol. 56, pp. 10070-10077, 2017.”

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

Small Molecule Activation: SbF's
Auto-Ionization Supported by
Transfer and Mesoionic NHC

Rearrangement

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

Ales Stefanci¢ did some preliminary experiments. Gagper Tavéar proposed the idea,
coordinated the work and actively participated in experimental data interpretation.

In this article we showed that the reaction of SbF; with (L") in thf or MeCN forms
the product [(LP*)H]*[SbF4 (1). Reactions performed in CH;CN wvs. CDsCN show a
proton abstraction from the solvent molecules and H/D exchange for all three imidazolium
protons with solvent molecules.

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

Structural analysis of (4) is in full accordance with the VSEPR model where the more
electronegative F~ ligands are both in axial positions, whereas in other three reported
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[(L)2SbFao]* cations that is not the case [110-112]. Product (4) also represents the first
example of a reaction where, to the best of our knowledge, N-heterocyclic carbene ligand
facilitates the auto-ionization product in any system reported up to date.
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Small molecule activation: SbFz auto-ionization
supported by transfer and mesoionic NHC
rearrangementsy

Blaz Ali¢,>® Ales Stefan¢i¢®® and Gasper Tavéar*®®

The reactivity of antimony trifluoride, SbFz, in non-polar aprotic solvents has been unexplored due to its
negligible solubility. The reaction of the [SbFz(tmen)] complex (2) with the N-heterocyclic carbene, 1,3-bis
(2,6-diisopropylphenyllimidazole-2-ylidene, (L°"P), probably leads to the formation of a neutral [(L°""P)
SbFs] intermediate (3) in non-polar solvents. Mild heat treatment of the reaction mixture unexpectedly
activates the SbFz molecules to undergo the auto-ionization reaction. In this process, one of the (L°"*P)
ligands undergoes rearrangement into the mesoionic carbene (MIC) and further coordinates to the cation
to form [(L®"PP),SbF,]*[SbF,4]~, product (4). Studies have confirmed that N,N,N',N'-tetramethylethane-1,2-
diamine (tmen) present in the solution is not involved in the conversion mechanism and serves solely as
an auxiliary ligand to increase the solubility of SbFs;. The compound (4) shows a rare pnictogen(i) halide
auto-ionization process with the first mesoionic NHC rearrangement on any metal/metalloid fluoride
compound and the first reported reaction system where a N-heterocyclic carbene ligand facilitates the

rsc.li/dalton

Introduction

N-Heterocyclic carbenes (NHCs) are attractive species that rival
phosphine ligands across organometallic chemistry. In terms
of p-block adducts and the extensive “tuning” abilities of their
steric and electronic properties, they are invaluable tools in
various applications such as conversions of small molecules or
stabilization of rare chemical species.”

NHC chemistry with fluoride substrates (MF) has not
received much attention and their reaction systems have not
been investigated in appreciable amounts. We portray this fact
in the following table, showing the number of NHC coordi-
nation compounds that feature either normal “C2” or meso-
ionic “C4” coordination, based on a CCDC search from the
beginning of 2016 (Table 1).

As a result, the reaction pathways of NHC-MF systems and
their applicability remain more or less uncharted territories.

To date, most of the studies conducted on pnictogen fluo-
rides (PnFy; Pn = P, As, Sb, Bi; y = 3 or 5) and NHCs have been
on pnictogen(v) fluorides, carried out by Arduengo et al., who

“Jozef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia.

E-mail: gasper.tavcar@ijs.si

bJozef Stefan International Postgraduate School, Jamova cesta 39, 1000 Liubljana,
Slovenia

fElectronic supplementary information (ESI) available: NMR and Raman
spectra. CCDC 1454012, 1454013, 1523950 and 1523951. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/c6dt04909¢

This journal is © The Royal Society of Chemistry 2017

auto-ionization process on a fluorido substrate.

Table 1 CSD search for known NHC complexes (ESI S30)

Substrate C2 or C2-C2 C4 or C2-C4 C4-C4
Any 9069 318 38
MF 95 0 0

prepared the NHC complexes with P(v), As(v) and Sb(v) fluo-
rides in 2000.” In 2011, an alternative route to phosphorous(v)
fluorides coordinated with NHC ligands was reported by
G. V. Roschenthaler et al.;>* however, practically no work has
been done on pnictogen(m) fluorides. During recent years,
antimony(m) chloride has been studied with different carbene
ligands. Crystallographically characterized species include
NHC(SbCl,),” CAAC(SbCl;), CAAC(SbCI) and CAAC,(Sb,);° the
closely related NHC(SbCl,)" species were prepared by chloride
abstraction from SbCl; with [NHC(SiMe;) |[OTf]™ reagent.”
Organic ligands can induce the auto-ionization process of
different halides. Such behaviour can be found for main group
elements and is most common for the group 13 halides. In the
case of gallium, auto-ionization was observed in the reaction
of GaCl, with different NHCs." It is much less commonly seen
for group 14 elements and rarely seen for halides of group 15
elements. The only exception is bismuth, where the formation
of ion pairs was observed in coordination compounds with
different ligands.” '* Structurally characterized products of the
auto-ionization of antimony(m) chloride are scarce; among
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these are the products of [Cl,Sb{Fe(CO),(n>-CsHs)},][Sb,Cl;]**
and [SbCl,([18]ane0,Se,)],[SbsCly;].'*  Such behaviour is
expected to be more common for fluorides, due to the small
size and higher electronegativity of F~, and was observed for
Ta(v) and Nb(v) fluorides.””™” In contrast, all the reported
pnictogene trihalides (PnX;) (X = F, Cl, Br, I) form neutral
Lewis pair adducts with different group 15'**' and group 16
ligands.'”***® Furthermore, several MF; auto-ionization pro-
ducts in melts have been reported with the emphasis on
d-block elements such as Ta(v) and Nb(v),>”** V(v)** and
Mo(v)* halides, but for the p-block halides, including pnicto-
gene pentafluorides (PnF;) or trifluorides (PnF;), such results
are scarce or non-existent. However, the electrical conductivity
of molten SbF; has been explained by the auto-ionization
process, yielding [SbF,]" and [SbF,]” ions.*" Additionally,
based on conductivity, density and viscosity measurements, it
was concluded that metal fluorides have a far greater tendency
to follow the auto-ionization process, given by equation 2MX,,
- [MX(n_1)]'[MX(441)]", compared to their heavier halide
analogues.”®

Herein, we report the NHC assisted activation of SbF;,
which undergoes the auto-ionization reaction. The afore-
mentioned process takes place vie NHC transfer, with
rearrangement to mesoionic carbene (MIC), making product
[(L""PP),SbF,] [SbF,]” (4) an anomaly that requires further
investigation.

Results and discussion

Synthesis of [(L”"PP)H]'[SbF,] (1)

We initiated our investigation of the SbF; reactivity in aprotic
solvents with N-heterocyclic carbenes, by reacting SbF; with
1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene ~ (L”'PP) in
tetrahydrofuran (THF). The reaction proceeded at room temp-
erature, affording the [(L”"PP)H]'[SbF,]™ salt (1) in good yield
(71%) (Scheme 1 and Fig. 1). The 'H and 'F NMR spectra (ESI
S4 and S5%) agree with the crystal structure of the formed
complex and do not indicate any traces of other soluble pro-
ducts. Based on literature reports,”* the proton source was
not thoroughly examined previously; therefore, we performed
the reactions of SbF; with (LPP) in CH;CN and CD;CN sol-
vents to investigate the proton source in the obtained product.
'"H NMR spectra of both reaction mixtures show the same
signals, except the signals assigned to protons in the imid-
azolium ring at 9.22 and 7.90 ppm, which were present in the

(L0v?)

reflux NO REACTION

Scheme 1 Reactivity of SbFz with (L°"PP) in THF vs. toluene.
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Fig. 1 Crystal structure of [(LPPP)H]*[SbF4]~ (1). Thermal ellipsoids are
shown at the 50% probability level. 2,6-diisopropylphenyl groups,
solvent and anion disorder are shaded for clarity. Selected bond lengths
[A] and angles [?]: Sb1-F1 1.62(1), Sb1-F2 2.008(5), Sb1-F3 1.914(5),
Sb1-F4 2.016(5); F1-Sb1-F3 104.6(4), F4-Sb1-F2 162.0(3).

reaction carried out in CH3CN, but were absent in the product
obtained in deuterated solvent (ESI S87). This denotes that the
C(2)-H proton originated from a solvent molecule, and both
imidazolium protons undergo H/D exchange. The observed
reactivity is in accordance with previous reports,* and all the
reactions in THF or acetonitrile yielded only product (1).
Consequently, we changed the solvent to toluene, despite the
expected negligible solubility of SbF; in non-polar solvents.
The reaction in toluene did not occur even when carried out at
elevated temperatures; thus, we concluded that improving the
solubility of SbF; in non-polar organic solvents is essential in
order to carry out the reaction in toluene (Scheme 1).

Synthesis of [SbF;(tmen)] (2)

Based on our initial findings, we used an alternative approach,
by preparing a SbF; complex soluble in non-polar solvents.
N,N,N',N'-Tetramethylethane-1,2-diamine (tmen), which co-
ordinates to SbF; as a bidentate ligand and forms a penta-
coordinated antimony(u) complex (2), was found to be a con-
venient coordinating reagent (Scheme 2 and Fig. 2).

| NV
_Sb_ R N~ thf or MeCN_ Sl L
P - | rt Sb..
F '! “F
tmen 2

Scheme 2 Synthesis of [SbFs(tmen)] complex (2) in THF or acetonitrile
(CH3CN).

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Crystal structure of [SbFs(tmen)] (2). Thermal ellipsoids are
shown at 50% probability level. Selected bond lengths [A] and angles [°]:
Sb1-F1 1.971(2), Sb1-F2 1.922(2), Sb1-F3 1.974(2), Sb1-N1 2.484(3),
Sb1-N2 2.465(3); N1-Sb1-N2 74.3(1), F1-Sb1-F2 82.1(1), F1-Sb1-F3
94.1(1), F2-Sb1-F3 83.7(1).

The isolated complex (2) is unstable and has to be kept at a
low temperature under inert conditions. The complex (2) is
soluble in non-polar solvents and as such, is suitable as a SbF;
synthon (ESI S12 and S13%). After the reaction, unbound tmen
can be easily removed under dynamic vacuum due to its sub-
stantial vapour pressure at room temperature.

Synthesis of [(L”"PP),SbF,]'[SbF,]™ (4)

Reaction of [SbF;(tmen)] (2) with (L”'PP) in toluene at elevated
temperatures yields a transparent crystalline product (4) that
slowly forms in the reaction vessel. The crystal structure ana-
lysis of (4) revealed the auto-ionization product of SbF; and
stabilization of a rare [(L”"PP),SbF,]" cation that was isolated in
only two other systems.***® Previous reports on this obser-
vation exemplify the amphoteric nature of SbF;, where one of
the SbF; molecules behaves as a donor and another as an
acceptor of a F~ anion (Scheme 3).%°

Two (L'PP) ligands coordinate to the antimony metal
centre, forming the [(L”"PP),SbF,]" cation, which represents the
first example of a carbon based ligand coordinated to the SbF,
moiety. Additionally, one (L”'PP) ligand undergoes rearrange-
ment into a mesoionic carbene, MIC, in the product (4)
(Scheme 3 and Fig. 4), representing a unique complex of MIC

—\ - Of s 19 . )
O N e gl wini E
2 Y O‘{ \[O> FF tnel )
7 1 g toluene, 60°C Q,N. N \ $
F 16 hours R \ 7 Sl :
R
2 4

Scheme 3 Preparation of the auto-ionization product (4) from
[SbFs(tmen)] (2) in non-polar solvent. The cation of (4) is stabilized by
two (LP®P) ligands. This is the first known example of mesoionic NHC
coordinated on any metal/metalloid fluoride.

This journal is © The Royal Society of Chemistry 2017
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coordinated to any metal/metalloid fluorido substrate. Similar
rearrangement was described by Weigand et al. for the [(L'PP)
PCL,]'[OTf]™ system, where the addition of (L""P) ligand led to
the rearrangement of one ligand, and the double coordinated
product.’” Once (4) crystallizes from the reaction mixture, it
becomes insoluble in non-polar solvents. Dissolution of (4) in
polar aprotic solvents, such as THF, dichloromethane and
acetonitrile, leads to its decomposition and the formation of
product (1), which makes the solution NMR analysis of (4)
impossible. All attempts at the crystallization of the reaction
mixture yielded solely product (4). Although product (4)
cannot be analysed with solution NMR methods due to its
decomposition, we repeated the reaction in deuterated solvent
to follow the formation of (4) with NMR spectroscopy. We have
not found any evidence of an auto-ionization product in the
solution; instead, we have most probably observed a neutral
[(LP'PP)SbF;] complex (3),; along with free tmen ligand present
in the reaction mixture (Chart 1 and Scheme 4). The most
significant difference that indicates coordination of (L"'PP) to
SbF; and the formation of product (3), is the larger magnetic
inequality between isopropyl CH; protons of 2,6-diisopropyl-
phenyl substituents (R), characteristic of this complex
(Chart 1).

Studies of [(L""PP),SbF,]'[SbF,]~ (4) formation

The involvement of tmen as a base in the mechanism of
carbene rearrangement into the mesoionic form, followed by
its further coordination to a metal centre, was previously
reported in the literature.*® In order to test this hypothesis, we
carried out the reaction between (L”PP) and SbF; in C4Dg with
the addition of 1,2-dimethoxyethane (dme) instead of the
basic tmen ligand. According to '"H NMR analysis, the results
with dme show the same pattern as with tmen (ESI S16 and
S21t) and the CH; protons of the isopropyl substituents on (R)
show even larger inequality by "H NMR analysis when dme is
present in the reaction mixture, compared to tmen (Chart 1).
This indicates stronger interaction between the “(LP'PP)C2”
carbon atom and the antimony(m) centre, when dme is
present in the reaction mixture instead of tmen (Chart 1).
Formation of the neutral [(L”'PP)SbF;] complex (3) in solution
is followed by the auto-ionization reaction, yielding product (4)
(Scheme 4), whether the reactions are performed with tmen or
dme ligands, in toluene or C4Dy solvents. Furthermore, the 'H
chemical shifts of the reaction mixture in C¢D are in perfect
agreement with chemical shifts for pure dme®*® and tmen, and
do not indicate significant interactions between auxiliary
ligands (dme or tmen) and the formed product (3).
Additionally, we carried out the reaction between [SbF;(tmen)]
(2), (L”'PP) and two additional equivalents of free tmen, to
investigate the interactions in solution and determine if tmen,
(LP"®P) or both ligands were coordinated to the antimony in

iProduct (3) was characterized only in the reaction mixture by multinuclear
NMR analysis with either tmen or dme present in deuterated C,Dj, before conver-
sion to (4). We were not able to obtain an isolable product (3), which would
allow characterization that is more detailed.
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Scheme 4 Formation of the auto-ionization product (4) with mesoionic (L°P) rearrangement via the neutral [(L°"P)SbF3] complex (3).

the solution. The "H NMR spectrum of the solution with
excess tmen revealed only peaks of unbound tmen for the
[(LPPP)SbF,] (3) complex, confirming that there is no signifi-
cant interaction between the antimony centre and tmen in
solution and any other mixed complex (ESI S19 and S207).
Additionally, according to '"F NMR analysis, two fluorine
signals in the reaction mixture of [(L"'PP)SbF,] (3) were
observed. For the reaction carried out with dme, signals at
—83.78 ppm (broad) and —131.12 ppm (weak) were observed.
In the case of the reaction performed with tmen ligand,
signals at —84.17 ppm (broad) and —130.93 ppm (weak) were
observed. The broad signals at ca. —84 ppm were assigned to
the fluorine atoms of the neutral [(L""PP)SbF;] (3) complex. The
signal at ca. —131 ppm, with substantially lower intensity,
becomes significant only at prolonged reaction times when the
concentration of (3) in the reaction mixture is reduced due to
the precipitation of (4) (ESI $17, S20 and S227). This '’F NMR
signal is in the region of numerous fluorido species and we
find it difficult to assign it to any, since (4) is, to the best of
our knowledge, the first NHC metal/metalloid fluorido
product of auto-ionization observed.

The aforementioned findings on the same behaviour of
reaction mixtures, when either dme or tmen coordinating sol-
vents were used, tell us that both solvents are only assisting
with the solubility process of SbF; in non-polar solvents and
the mechanism of auto-ionization can be described as “ligand
assisted and heat induced auto-ionization”.

Based on all these facts, we concluded that auto-ionization
of [(LP'PP)SbF;] (3) probably proceeds through the formation of
the [(L"'PP),Sb,Fs] dimer, similar to the [Sb,F4(phen),]
dimer,”” which further separates into [(L"'PP),SbF,][SbF,]™ (4)
as shown on our proposed mechanism (Scheme 4).

In order to synthesise the analogue of compound (4) with
“C2-C2” coordinated cation, we performed the reaction with
the (CL,LP'PP) ligand that has “C4” and “C5” sites substituted
with chloride substituents. The imidazolium backbone of this
ligand is consequently unavailable for coordination and only

Dalton Trans.
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Fig. 3 Crystal structure of  [(CLLPPP)HI*[SbF,~  (5). 2,6-
Diisopropylphenyl groups and solvent are shaded for clarity. Thermal
ellipsoids are shown at the 50% probability level. Selected bond lengths
[A] and angles [°]: Sb1-F1 2.047(4), Sb1-F2 1.890(6), Sb1-F3 1.911(4),
Sb1-F4 1.954(4); F1-Sb1-F4 158.8(2), F2-Sb1-F3 95.3(3).
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Scheme 5 Reaction of [SbFs(tmen)] (2) with (CLLL®"P) ligand in toluene.

“C2-C2” coordination should be possible in the expected
[(CI,LP"PP),SbF,]" species. However, the reaction in toluene
between (CLLP'PP) and [SbF;(tmen)] (2) yielded only the
[(CLLLPPP)H]'[SbF,]” salt (5), which crystallizes directly from
the reaction mixture as a solvate with toluene. Compound (5)
was the only product obtainable from the reaction mixture
(Scheme 5 and Fig. 3).§

§Solution NMR analysis of (5) recorded in C4D, afforded empty spectra. - No
other soluble compound was obtained from this reaction (ESI S28).

This journal is © The Royal Society of Chemistry 2017
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Chart1 'H NMR spectra; green signals represent the free (L°"®P) ligand. Red and blue peaks were obtained by reacting (LP®P) + [SbFs(tmen)] (1:1),
and SbFs + (L°PP) + dme (1:1:2), respectively. Both reactions yielded the same [(L°"PP),SbF,]*[SbF4]~ product (4) upon crystallization. All the NMR

spectra were recorded in CgDs.

F4A

Sb2

Fig. 4 Crystal structure of [(L°"PP),SbF,]*[SbF4]~ (4). Solvent is omitted
and 2,6-diisopropylphenyl groups along with the anion disorder are
shaded for clarity. Thermal ellipsoids are shown at the 50% probability
level. Selected bond lengths [A] and angles [°]: Sb1-F1 2.029(2), Sb1-F2
2.020(2), Sb1-C2 2.197(3), Sb1-C30 2.165(3); F1-Sb1-F2 149.16(9), C2—
Sb1-C30 111.01(12).

Crystal structure analysis of [(L""P?),SbF,]'[SbF,]” (4)

Product (4) crystallizes in the triclinic P1 space group (Table 2).
The central antimony atom in the [(L""P),SbF,]" cation is tetra-co-
ordinated with disphenoidal geometry. The coordination of
two carbene moieties in the sterically less demanding equator-
ial site, and two F~ ligands in axial positions, are consistent
with the VSEPR model for the AX,E geometry in terms of size,
electronegativity and bonding electron-pair domains of
ligands, where smaller and more electronegative F~ anions
take up more crowded positions than bulky NHC ligands."’
However, Arduengo et al. states that nucleophilic addition to
such a system is expected to proceed along a pathway in which
the incoming nucleophile approaches from the axial position

This journal is © The Royal Society of Chemistry 2017

to add to the SbF; complex.”” In compound (4), the position of
both (L"PP) ligands is equatorial and F~ ligands are in the
axial position. Although we were not able to attain the crystal
structure of the neutral [(L"PP)SbF;] complex (3), we propose
that the exchange of the tmen ligand from the pyramidal AXsE
[SbF;(tmen)] complex (2) to the AX,E [(L”"PP)SbF;] complex (3)
proceeds at the equatorial position with (L”PP). Upon the
successive auto-ionization process of [(LPP)SbF;] (3), the
substitution of fluoride by the less electronegative (L""PP)
ligand also takes place at equatorial positions, in accordance
with the VSEPR model of molecular geometry, explaining the
formation of (4).*° However, we have to note that the '°F NMR
spectra of the reaction mixture during the preparation
of product (4) show only singlet peaks, and not separate ones
for axial and equatorial positions of fluorido ligands,
suggesting possible intramolecular pseudo-rotation at anti-
mony centres.

The “(L°PP)C2"-Sb1 (2.197(3) A) and “(L""PP)C30”-Sb1
(2.165(3) A) distances in (4) are much shorter than in the
related NHC compound (LM®*)Sb(CF;); (2.821(5) A),*' showing
that the strength of the coordination bond is higher in the
case of positively charged species.

Sb-F distances in the crystal structure of trigonal pyramidal
AXE, SbF;, are 1.90(2) and 1.94(2) A respectively.*>

In the product (4), the two Sb-F distances are slightly
elongated. Such a difference in distance that arises between
previously reported [(L),SbF,]" compounds and [(L""PP),SbF,]"
(4) is most probably the consequence of the axial position
of F~ ligands in (4). In the case of [(R,Ir),SbF,]" and
[(R,Pt),SbF,]", the metal ligands are in the axial position and
both F~ ligands are in the equatorial position, with the Feq -
Sb-Fe, angles of 83.7(8)° and 89.8(4)°, respectively.***®
Moreover, in [(bipy)SbF,]", the positions of the F~ ligands are
both in the axial and equatorial positions due to steric limit-
ations of the (bipy) ligand, with F.,-Sb-F,. angle of
83.92(6)°.%

Dalton Trans.
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Table 2 Crystal data and structure refinement for (1), (2), (4) and (5)
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(2)

)

(5)

CCDC ref. code 1523950 1454012 1454013 1523951

Formula C,,H37N,-F,Sb-C,H;N CgH,6F3N,Sb Cs4H7,F,N,Sb-F,Sb-CsHj C,7H35Cl,N,-C,Hg-F,Sb

FW [g mol] 628.39 294.96 1212.76 748.35

Crystal system Orthorhombic Monoclinic Triclinic Monoclinic

Space group Pnma P2,/n P1 P2,/c

a[A] 21.3988(4) 5.9966(1) 10.5992(1) 11.0739(1)

b[A] 13.5732(3) 27.9637(3) 15.5739(2) 19.2629(2)

c[A] 10.4153(2) 6.4187(1) 19.6928(2) 17.4089(2)

al°] 90 90 112.660(1) 90

p1°) 90 106.031(1) 95.754(1) 106.0196(9)

o 90 90 90.099(1) 90

V[A%] 3025.13(11) 1034.48(3) 2981.78(6) 3569.38(6)

V4 4 4 2 4

Reflections collected 40036 41386 71296 21917

Independ. reflect., R(int) 2830, 0.088 2071, 0.070 10675, 0.043 6306, 0.047

T[K] 150 150 150 150

# [mm™] 7.622 21.224 7.655 7.890

Final R indices [I > 24(1)] R =0.059 R=0.024 R =0.040 R =0.056
WR =0.148 WR = 0.063 WR =0.108 WR = 0.159

R indices (all data) R =0.060 R =0.025 R =0.042 R =0.059

In contrast to the previous reports, the fluorides are in axial
positions in the [(L”"PP),SbF,]" cation of (4), with the F,,~Sb-
Fax angle 149.16(9)°. This explains the elongation of both Sb-F
distances in [(L”'PP),SbF,]" (4) (2.029(2) and 2.020(2) A), in
comparison to 1.95(2) and 1.98(2) A in [(R,Ir),SbF,], 1.932(2)
and 1.934(2) A in [(R,Pt),SbF,]" and 1.933(1) and 1.939(1) A in
[(bipy)SbF,]". Observed distances are typical for AX,E disphe-
noidal geometry and in accordance with the VSEPR model,
where the axial positions are more crowded than the equatorial
positions. Thus, to minimize overlap with their neighbours,
the axial bond-pair domains are farther from the central core
than the equatorial bond domains in the structure.*®

Raman analysis of products

Raman spectroscopy was used in order to detect the antimony
species present in the sample, but due to extensive vibrations
of the (L"'PP) ligand it is difficult, if not impossible, to assign
those species. Raman active vibrational frequencies observed
for pyramidal SbF; in the matrix are reported at 654(m),
259(m) and 624(s) em™".** The only coordination compound
with neutral SbF; species that we were able to isolate was
[SbF;(tmen)] (2), where the bands at 555 and 568 cm™' could
be attributed to the vibrations of SbF; (ESI S147). Other syn-
thesized products contain the monomeric [SbF,]” anion,
which is formed in cases where large [NEt,]" or [NBu,]" cations
were used. The reported Raman active vibrational frequencies
for the [SbF,]” anion observed for [Et,N][SbF,]” are 586(s),
552(mw), 436(mw), 380(sh), 280(w), 258(w) and 212(w, sh)
em™".* In [(L”PP)H]'[SbF,]” (1) the band at 607 cm™" could be
probably attributed to the vibrations of [SbF,]” (ESI S7) and
similarly, the band at 594 cm™ in the [(Cl,L"'PP)H][SbF,]”
compound (5) (ESI S29%). The most interesting product
[(LPPP),SbF,]'[SbF,]” (4) is also the most difficult to assign.
The only product reporting heavily polarized SbF; species that
could be reported as the [SbF,]" cation with Raman spec-
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troscopy was labeled as the SbF;SbF; adduct, with the Raman
band at 605(ms) assigned to the [SbF,]" cation.”® However,
later research on the crystal structure of the SbF;SbF; adduct
showed that the [SbF,]" cation cannot be distinguished from
the structure.”® The band at 611 cm™' could probably be
assigned to the vibration of [SbF,]™ (ESI S247). Due to the com-
plicated Raman spectrum of the ligand, and the non-existence
of reliable [SbF,]" Raman spectra, it is currently impossible to
assign bands to the cationic antimony species in the
[(LP'PP),SbF,] [SbF,]~ product (4). Thus, Raman spectra of
[SbF,]" species remains an unsolved problem.

Experimental section
General information

All experiments and manipulations were carried out under a
dry argon atmosphere, either in a glove box (<0.1 ppm of H,O
and O,) or by using a standard Schlenk techniques. Toluene
(Fischer Chemical, 99.99%) and tetrahydrofuran (Sigma-
Aldrich >99.9%) were dried under a mixture of sodium and
benzophenone for at least two days, distilled under argon
atmosphere and stored over 3 A molecular sieves. Acetonitrile
(Merck, >99.9%) and deuterated solvents were dried over 3 A
molecular sieves (at least 20% w/w) and stored in the glove
box. Glassware was oven-dried overnight at 150 °C prior to use.
Manipulation and preparation of starting materials. SbF;
(Alfa Aesar, >99.0%) was purified by sublimation prior to
use. (L”PP) and (CLL"PP) were synthesised after standard
literature procedures.’®*” Tmen (Alfa Aesar, 99.0%) was distilled
under argon atmosphere and stored in a Schlenk flask. 1,2-
Dimethoxyethane (Fischer Scientific, >99.0%) was dried over 3 A
molecular sieves (at least 20% w/w) and stored in the glove box.
NMR spectroscopy. Samples were loaded into NMR tubes in
a glove box under argon atmosphere. NMR spectra (‘H, '°F
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and '*C) were recorded at the Slovenian NMR Centre of the
National Institute of Chemistry (Agilent Technologies Unity
Inova 300 MHz; 'H at 302 MHz, '°F at 285.1 MHz and °C at
79.16 MHz). The chemical shifts were referenced as follows: 'H
and "*C to residual signals of deuterated solvent peaks and '°F
to CFCl; as an external standard.

Raman spectroscopy. Raman spectra with a resolution of
0.5 em™' were recorded at room temperature on a Horiba
Jobin Yvon Labram-HR spectrometer coupled with an
Olympus BXFM-ILHS microscope. Samples were excited by the
633 nm emission line of a 24.3 mW He-Ne laser with a power
output of 14 mW on the sample. The samples were loaded
inside the glove box into 0.3 mm quartz capillaries, which
were previously vacuum-dried. The spectra obtained from the
powdered samples corresponded completely to the spectra
taken from several randomly oriented single crystals, the iden-
tities of which were additionally confirmed by the unit cell
measurement on the single-crystal X-ray diffractometer.

Crystal structure determination. Single-crystal data for all
compounds were collected on a Gemini A diffractometer
equipped with an Atlas CCD detector, using graphite mono-
chromated Cu Ka radiation. The data were treated using the
CrysAlisPro software suite program package.’® Analytical
absorption correction was applied to all data sets." Structures
were solved with the SHELXT program.” Structure refinement
was performed with the SHELXL software,”" implemented in
the program package Olex2.”” Figures were prepared using
Diamond 4.0 software.>

CHN elemental analysis. Since the compounds are moisture
sensitive, they were transferred into silver foils in a glove box
under argon atmosphere. Carbon, hydrogen and nitrogen con-
tents were determined using a CHNS elemental analyser, vario
EL cube (Elementar), operating in the CHN mode.

Synthesis of products

Synthesis of [(L”PP)H]'[SbF,]™ (1). MeCN (50 mL) was added
to the mixture of SbF; (7 = 1.0 mmol; m = 178 mg) and (L"*P)
(n = 1.0 mmol; 1 eq.; m = 388 mg) in a Schlenk flask at room
temperature. Reactants were stirred for 16 hours. A small
amount of observed precipitate was removed by filtration
using Celite®. The solvent was concentrated and placed in the
refrigerator at 5 °C to obtain crystals suitable for X-ray diffrac-
tion analysis. Yield (420 mg, 71%). "H NMR (303 MHz, CD;CN)
59.21 (1H, t, J = 1.6 Hz, N-C(H)-N), 7.92 (2H, d, J = 1.6 Hz,
CH=CH), 7.70-7.60 (2H, m, p-ArH), 7.50-7.45 (4H, m, m-ArH),
2.42 (4H, hept, J = 6.8 Hz, CH), 1.27 (12H, d, J = 6.8 Hz,
(CH3),), 1.20 (12H, d, J = 6.9 Hz, (CH3),) ppm. '’F NMR
(285.1 MHz, THF-d®, 25 °C): § —57.30 (4F, s, SbF,”) ppm.
3C NMR (76 MHz, CD;CN) § 146.43, 139.35, 133.16, 131.00,
127.16, 125.75, 29.96, 24.56, 23.94. Anal. Caled for
C,,H;3,F,;N,Sb x 0.5CH;CN (606.71): C, 55.32; H, 6.38; N, 5.76;
Found: C, 55.49; H, 6.55; N, 5.64

Alternative synthesis of [(L”"PP)H]'[SbF,]™ (1):

THF (40 mL) was added to the mixture of [SbF;(tmen)]
(n = 1.0 mmol; m = 294 mg) and (L”'"?) (n = 1.0 mmol; 1 eq.;
m = 388 mg) in a Schlenk flask at room temperature. Reactants
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were stirred for 16 hours. A small amount of observed preci-
pitate was removed by filtration using Celite®. The solvent was
removed under vacuum. The white product was dissolved in
acetonitrile and placed in the refrigerator at 5 °C to obtain
crystals suitable for X-ray diffraction analysis.

Synthesis of [SbF;(tmen)] (2). SbF; (n = 5.735 mmol; m =
1025 mg) was weighed into a 250 mL Schlenk flask and approxi-
mately 100 mL of THF was added. Tmen (N,N,N',N'-tetramethyl-
ethane-1,2-diamine; n = 17.206 mmol, 3 eq.; m = 2000 mg;
p = 07765 mg pL™'; V = 2575.6 pL) was added with a
syringe. Reactants were left stirring at room temperature for
16 hours and a small amount of white precipitate remained.
The reaction mixture was filtered, followed by concentration.
The flask was placed in the refrigerator at 5 °C, and colourless
monocrystals suitable for X-ray diffraction analysis were
obtained. Yield (1.54 g, 91%). 'H NMR (302 MHz, THF-d®,
25 °C): § 2.54 (4H, s, CH,), 2.28 (12H, s, CH;) ppm. '’F NMR
(285.05 MHz, THF-d®, 25 °C): 6 —85.10 (3F, s, SbF;) ppm.
'H NMR (302 MHz, C¢Ds, 25 °C): 6 1.82 (12H, s, CHj), 1.71
(4H, s, CH,) ppm. "F NMR (285.05 MHz, C¢Ds, 25 °C): § —84.91
(3F, s, SbF;) ppm.

Synthesis of [(L”PP)SbF;] (3). Reaction “[SbF;(tmen)] +
(LPPP)  [(LPPP)SHE,]"

'H NMR (302 MHz, C¢Ds, 25 °C): § 7.31-7.23 (2H, m, ArH),
7.19-7.13 (11H, m, ArH + residual CgDg¢), 6.55 (2H, s,
CH=CH), 2.96 (4H, hept, J = 6.8 Hz, CH), 1.34 (12H, d, J =
6.8 Hz, (CH3),), 1.14 (12H, d, J = 6.9 Hz, (CH;),) ppm.'’F NMR
(285.05 MHz, CeDs, 25 °C): 6 —84.17 (3F, s, SbF;) ppm.
13C NMR (76 MHz, CgDg, 25 °C): § 146.32, 137.29, 129.54,
123.79, 122.00, 28.80, 24.24, 24.18.

Reaction “SbF; + (L”'PP) + 2dme — [(L""PP)SbF;]":

'H NMR (302 MHz, C¢Ds, 25 °C): § 7.24-7.05 (7H, m, ArH +
residual C¢Dg), 6.47 (2H, s, CH=CH), 2.94 (4H, hept, J =
6.8 Hz, CH), 1.45 (12H, d, J = 6.8 Hz, (CH3),), 1.02 (12H, d, J =
6.9 Hz, (CH3),) ppm. '’F NMR (285.05 MHz, C¢Ds, 25 °C):
& —83.78 (3F, s, SbF;) ppm.

Synthesis of [(L”""P),SbF,] [SbF,]™ (4). Toluene (100 mL) was
added to the mixture of [SbF;(tmen)] (n = 1.0 mmol; m =
294 mg) and (L") (n = 1.0 mmol; 1 eq.; m = 388 mg) in a
Schelnk flask and heated to 60 °C. Reactants were stirred
for 16 hours. A small amount of observed precipitate was
removed by filtration using Celite®. The slightly concentrated
reaction mixture was stored at 5 °C, which afforded monocrys-
tals that were suitable for X-ray diffraction analysis. Yield
(434 mg, 77%). Anal. Caled for Cs,H,,FgN,;Sb, x CeH;CH;
(1226.82): C, 59.72; H, 6.57; N, 4.57; Found: C, 59.89; H, 6.51;
N, 4.59.

Synthesis of [(CLLL”"PP)H]'[SbF,]~ (5). Toluene (100 mL) was
added to the mixture of [SbF3(tmen)] (n = 0.435 mmol; m =
128 mg) and (CLL"PP) (n = 0.435 mmol; 1 eq.; m = 200 mg)
in a Schelnk flask and heated to 60 °C. The reactants
were stirred for 16 hours and a small amount of observed pre-
cipitate was removed by filtration using Celite®. The slightly
concentrated reaction mixture was stored at 5 °C, from which
suitable monocrystals were obtained for X-ray diffraction ana-
lysis. Yield (198 mg, 69%). 'H NMR (303 MHz, THF-dg) § 11.62
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(1H, s, N-C(H)-N), 7.65-7.55 (2H, m, p-ArH), 7.47-7.40 (4H, m,
m-ArH), 2.45 (4H, hept, J = 6.7 Hz, CH), 1.30-1.25 (24H, m,
(CH3),) ppm. '°F NMR (285.1 MHz, THF-d®, 25 °C): § —64.87
(4F, s, SbF,”) ppm. Anal. Caled for C,;H;5;CL,F;N,Sb x
0.25C¢H;CH; (677.13): C, 59.72; H, 6.57; N, 4.57; Found: C,
59.89; H, 6.51; N, 4.59.

Conclusions

The reaction of SbF; with (L”'PP) in THF or MeCN produced
[(L”"PP)H]'[SbF,]~ (1). Reactions performed in CH;CN vs.
CD;CN showed that protons were abstracted from the solvent
molecules. Additionally, the reaction in CD;CN did not show
signals for imidazolium backbone protons, suggesting H/D
exchange with solvent molecules. Reaction of SbF; with tmen
afforded the [SbF;(tmen)] complex (2), which can be used as a
SbF; synthon in non-polar solvents (e.g. toluene). Subsequent
reaction of (2) with (L”PP) in toluene or benzene yielded the
auto-ionization product (4) with the [(L”"P),SbF,]' cation
stabilized by two NHC ligands, one of which underwent
rearrangement to MIC. Product (4) was formed through the
neutral intermediate product [(L”"PP)SbF,] (3), stable only in
solution, and its existence was confirmed with 'H and '°F
NMR solution spectroscopy. It is surprising that no evidence
of product (4) formation can be observed from the solution
NMR analysis, which would suggest that the conversion of (3)
to (4) is fast and when formed, it immediately precipitates out
of solution. Both products (3) and (4) were obtained by the
presence of either tmen or dme in the system. The reaction
mechanism was proven to be independent of tmen, which was
suggested to be involved in a similar rearrangement in pre-
vious research,*® and just like dme, it serves only as an auxili-
ary ligand to help with SbF; solubility in non-polar solvents.
To obtain the C2-C2 coordinated cation of product (4), we
attempted to perform a reaction with the (CIL,L"'PP) ligand,
where the imidazolium backbone is unavailable for coordi-
nation. The reaction proceeded to the formation of the
[(CL,LPPP)H]'[SbF,] salt (5), and all other attempts to obtain
the [(CI,LP'PP),SbF,]" cation were unsuccessful. Structural ana-
lysis of (4) is in full accordance with the VSEPR model, where
the more electronegative F~ ligands are both in axial positions,
which is not the case for the other three reported [(L),SbF,]"
cations.>*® Product (4) also represents, to the best of our
knowledge, the first example of a reaction where the
N-heterocyclic carbene ligand facilitates the auto-ionization
product on a fluorido substrate.
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(S3) [(L”*P)H]*[SbF4]" (1)

Reaction “[SbFs(tmen)] + (LPPP) —> [(LP"PP)H]*[SbF4]™:

'H NMR spectrum CDs;CN
9F spectrum NMR CDsCN
13C spectrum NMR CD3CN

Raman spectrum
Superimposed spectra of reaction (L°?P) + SbFs -> [(L®PP)H]*[SbF4]~ (1) performed in CH3CN vs. CDsCN

40
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(S4) 1H NMR spectrum of [(L°PP)H]*[SbF4]~ in CDsCN, Frequency (MHz) 302.97:
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(S5) **F NMR spectrum of [(L°PP)H]*[SbFa]~ in CD3CN, Frequency (MHz) 285.05:
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(S6) 3C NMR spectrum of [(L®PP)H]*[SbFa]~ in CDsCN, Frequency (MHz) 76.19:
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(S8) Superimposed spectra of reaction (L°PP) + SbF; -> [(LPPP)H]*[SbF,]- (1) performed in CH;CN vs. CD;CN
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Figure 1: Superimposed spectra of reaction “SbFs + (L°?P)” performed in CHsCN vs. CDsCN. Reaction in CH3CN (blue)

shows all imidazolium peaks for protons (e) and (b) while reaction in CDsCN (green) shows no imidazolium peaks,
showing: a) proton (e) arrises from solvent molecule and b) all three imidazolium protons (e) and (b) undergo H/D
exchange with deuterated solvent. Red spectra, for comparison, represents isolated product of [(L°??)H]*[SbFa]

(1)



(S9) [SbFs(tmen)] (2)

Reaction “SbFs + 3tmen + —> [SbF3(tmen)]”:

'H NMR spectrum in THF-d?
1F NMR spectrum in THF-d®
H NMR spectrum in C¢De
1%F NMR spectrum in C¢Ds
Raman spectrum
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(S10) *H NMR spectrum of [SbF3(tmen)] complex in THF-d8, Frequency (MHz) 302.97:
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(S11) '°F NMR spectrum of [SbFs(tmen)] complex in THF-d®, Frequency (MHz) 285.05:
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(S12) *H NMR spectrum of [SbFs(tmen)] complex in CéDs, Frequency (MHz) 302.97:
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(S13) *°F NMR spectrum of [SbFs(tmen)] complex in CéDs, Frequency (MHz) 285.05:
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(S14) Raman spectra of [SbF3(tmen)] (2)
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(S15) [(LP"®P)SbFs] (3)

Reaction “[SbFs(tmen)] + (LP"PP) —> [(LP"PP)SbF3]”:

'H NMR spectrum in C¢Ds
19F NMR spectrum in C¢Ds
13C NMR spectrum in CsDs

Reaction “[SbFs(tmen)] + (L°PP) +2tmen —> [(L°"PP)SbF3]”:

'H NMR spectrum in C¢Ds
19F NMR spectrum in C¢Ds

Reaction “SbFs + (L°"P) + 2dme —> [(LP"PP)SbF]”:

'H NMR spectrum in C¢Ds
19F NMR spectrum in C¢Ds
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Normalized Intensity
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(S16) 'H NMR spectrum for reaction “[SbFs(tmen)] + (L°PP) —> [(L®"PP)SbF3]” in CsDs, Frequency (MHz) 302.97:
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(S17) **F NMR spectrum for reaction “[SbFs(tmen)] + (L°PP) —> [(L®PP)SbF3]” in CsDs, Frequency (MHz) 285.05:
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(S18) *3C NMR spectrum for reaction “[SbFs(tmen)]+ (L°PP) —> [(LPPP)SbFs]” in CsDs, Frequency (MHz) 76.19:
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(S19) *H NMR spectrum for reaction “[SbFs(tmen)] + (L°"P) + 2tmen —> [(L°"?)SbFs]” in CsDs, Frequency (MHz) 302.97:
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(S20) *F NMR spectrum for reaction “[SbFs(tmen)] + (L°P) + 2tmen —> [(L°"P)SbFs]” in CsDs, Frequency (MHz) 285.05:
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(S21) *H NMR spectrum for reaction “SbFs + (L°P?) + 2dme —> [(L®PP)SbFs])” in CsDs, Frequency (MHz) 302.97:
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(S22) °F NMR spectrum for reaction “SbFs + (L°PP) + 2dme —> [(L°PP)SbFs]” in CsDs, Frequency (MHz) 285.05:
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(S23) [(L®®),SbF,]*[SbFa4]™ (4)

Reaction: “[SbFs(tmen)] + (L°PP) —> [(LP"*P),SbF2]*[SbF4]™”
or

“SbF3 + 2dme + (LP'PP) —> [(LPPP),SbF,]*[SbF4]™”

Raman spectra
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(S24) Raman spectra of [(L°PP).SbF2]*[SbFa]~ (4)

10000 —
sooo—\
=
= 6000 4|
o 2
Q
= 13
o 4000 |
&
] 6 oaNR OO N WV ~ Yo 3
e 1hiB8 S S 2308588883 888
' e e e ' . o~ ™
O ¥ l Ll l T I L} l Ll ' Ll l Ll I Ll
500 1000 1500 2000 2500 3000 3500

Wavenumber [cm ']

1
4000



(525) [(CI,LP®P)H]*[SbFa]- (5)

'H NMR spectrum in THF-d®

19F NMR spectrum in THF-d®

'H NMR spectrum in CsDs — empty, no other product could be obtained.
Raman spectra

o4



Normalized Intensity
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(S26) *H NMR spectrum of [(CI2L°PP)H]*[SbF4]™ in THF-d®, Frequency (MHz) 302.97:
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(S27) **F NMR spectrum of [(Cl.L°"PP)H]*[SbFa]~ in THF-d?, Frequency (MHz) 285.05:
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(S28) *H NMR spectrum of [(Cl.LPPP)H]*[SbFa]™ in CsDs, Frequency (MHz) 302.97:
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(S29) Raman spectra of [(Cl.L°PP)H]*[SbF,]" (5)
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(S30) CSD search details

Cambridge Structural Database! was used for search of existing structures. Search was performed in
the following way using CCDC ConQuest Version 1.18 (Built RC1).?

—————— any bond

single bond

QA all elements of periodic table except:
C,N,O,S
n number of bonded atoms

X any element of periodic table

*  for MF compounds X =F

Table 1: Number of structures with different number of bonded atoms (n) for MF compounds

n number of crystal
structures found
2 | 9
3 1
4 29
5 12
6 44
7 0
SUM 95
1. C. R. Groom, I. J. Bruno, M. P. Lightfoot and S. C. Ward, Acta Crystallog. Sec. B, 2016, 72, 171.
2. I.J. Bruno, J. C. Cole, P. R. Edgington, M. Kessler, C. F. Macrae, P. McCabe, J. Pearson and R. Taylor, Acta

Crystallogr. Sec. B, 2002, 58, 389.
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Chapter 6

Reaction of /V-Heterocyclic Carbene
(NHC) with Different HF Sources
and Ratios — a Free Fluoride Reagent

Based on Imidazolium Fluoride

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

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

In this work we showed that reactions of N-heterocyclic carbene reactions with
Et;N-3HF readily afford [(LP")H]'[F]~ (1), [(LP*)H]"[(HF)F]~ (2) and [(L"*)H]"]
(HF).F|~ (3) salts, in 1:1, 1:2, 1:3 molar ratios between NHC and HF. Product (1) shows
characteristics of a naked (free) fluoride reagent and can be selectively synthesized from
reactions of (L") with Et;N-3HF or KHF, without any halide or water impurities on a
gram scale.

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

Imidazolium salts represent a large family of ionic compounds
with a discrete cation and anion pair and high tuning abilities.
Different substituents on both nitrogen atoms, ranging from
symmetric to asymmetric and from aromatic to aliphatic, can be
incorporated in order to tune their properties according to the
need. Additionally, substituents on C2, C4 and C5 positions of
imidazole ring, together with anion type, can also be manipulated
with different synthetic approaches [1-3]. Because of these
properties their use expands over many fields of chemistry. Most
notably, imidazolium salts are applied in the field of ionic liquids
(ILs) as potential replacement for volatile organic solvents [4,5] and
as precursors for N-heterocyclic carbene ligands (NHCs) which are
increasingly substituting bulky phosphine ligands across organic
chemistry [6]. In biological systems, these compounds exhibits
anti-tumour and anti-bacterial properties, that are also being
studied in detail [7].

Most of the work on imidazolium fluorides was implemented in
the area of ILs. The first ILs with fluoride ions were imidazolium
tetrafluoridoborate [8] and hexafluoridophosphate [9] which
showed stability towards oxygen and moisture. However, as found
later [10], during the synthesis of imidazolium hexafluoridophos-
phate, imidazolium fluoride is formed to some extent as a side

* Corresponding authors at: JoZef Stefan Institute, Department of Inorganic
Chemistry and Technology, Jamova cesta 39, 1000 Ljubljana, Slovenia.
E-mail addresses: blaz.alic@gmail.com (B. Ali¢), gasper.tavcar@ijs.si (G. Tav&ar).

http://dx.doi.org/10.1016/j.jfluchem.2016.11.004
0022-1139/© 2016 Elsevier B.V. All rights reserved.

product. Further, ionic liquid of [bmim][F] synthesised in 2014
shows extremely good results for nucleophilic substitution of
different leaving groups with various substrates [11].

Methods for the incorporation of F~ to imidazolium salts differ
from other halides. While synthesis of imidazolium halides can be
performed with quarterisation of imidazole nitrogen atoms, the
same methods cannot be applied with F~ because of the strength of
C—F bonds [12]. As reported so far, the imidazolium fluorides can
be obtained:

a) during synthesis of imidazolium hexafluoridophosphate, as a
side product [10].

b) from imidazolium halide (halide=Cl, Br, I) and subsequent
anion exchange with HF or MF salts [11-13].

c) with Anion Exchange Resins (AER method) [14,15].

Herein we report new imidazolium fluoride [(LPPP)H]*[F]~ (1)
and two imidazolium poly(hydrogen fluorides) [(LP'PP)
H]'[(HF),F]- (n=1, 2) derived from persistent N-heterocyclic
carbene with introduction of HF in stoichiometric 1:1,1:2 and 1:3
ratios respectively.

2. Results and discussion

When 1,3-Bis(2,6-diisopropylphenyl)-1,3-dihydro-2H-imida-
zol-2-ylidene (LPPP) is treated with stoichiometric quantities of
HF source, in the form of Et;N-3HF, in ratios (L°"PP:HF) 1:1,1:2 and
1:3, it affords [(LPPP)H]*[F]~ (1), [(L°"PP)H]*[(HF)F]~ (2)and [(LPPP)
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H]*[(HF),F]~ (3) respectively. Reaction in excess of HF source
afforded only crystals of [(L°PP)H]*[(HF),F] (3) and no higher poly
(hydrogen fluoride) anion was observed, even when anhydrous HF
(aHF) was used as a reagent and solvent, at room temperature
(Scheme 1).

In order to ease the synthetic procedure, we have searched for
an alternative reagent to aHF and the choice fell onto triethylamine
trihydrofluoride (EtsN-3HF), which allowed us to perform the
reactions with ease, in laboratory glassware, without any signs of
glass etching by the reagent. Moreover, addition of equimolar
quantities of HF with Et3N-3HF is far simpler than use of anhydrous
HF. Purification and isolation of the products is effortless since
remaining Et3N has a substantial vapour pressure at room
temperature and can be removed under reduced pressure.

When reacting one equivalent of HF with (LP'PP) at room
temperature, kinetically favoured [(LPPP)H]*[(HF)F]~ (2) can be
isolated first. Prolonged reaction at room temperature in CH3CN
leads to formation of [(LP'PP)H]*[F]~ (1) in quantitative yields.
Additionally, reaction of [(LPPP)H]*[(HF)F]~ (2) or KHF, with
equivalent of (LP'PP) in acetonitrile also affords [(L°PP)H]*[F]~ (1).

2.1. Crystal structure determination of [(L°"P)H]'[F]~ (1), [(L""P)
HJ'[(HF)F]~ (2) and [(L°"P)H]'[(HF),F]  (3)

A series of structures with dialkyl imidazolium poly(hydrogen
fluoride) were published by Hagiwara et al. [13,16-20], but our goal
was obtaining similar product with sterically hindered and widely
used (LP'PP), which forms diaryl N-substituted imidazolium
fluoride and poly(hydrogen fluoride) salts. Crystal data for
[(LPPPYH][F]~ (1), [(L°"PP)H]*[(HF)F]~ (2) and [(L°P)H]*[(HF)F]
(3) are listed in Table 1.

All three products crystalize in monoclinic lattice; (1) in P2,/c,
(2) in P2;/n and (3) in C2/c space group. N—C—N angle of
imidazolium ring is increasing with higher poly(hydrogen fluoride)
anions from 106.9° in (1) to 108.2°in (3) which is expected in terms
of the electronegativity of F~ anion, pulling on the C(2)—H(2)
proton. Same trend is observed in imidazolium poly(hydrogen
fluoride) structures published by Hagiwara et al., although we have
to note that in the highest poly(hydrogen fluoride) anion,
[(FH)3F]~, published in that research, the angle decreases from
109.6(3)° in DMIm(FH),F to 108.7° in DMIm(FH)sF [16].

F~ anion in compound (1) is stabilized by four hydrogen bonds
in the crystal structure. The strongest arises from C(2)—H(2)- - -F(1)
being 1.72 A. Second hydrogen bond is formed with C(5)—H(5)- - -F
(1) proton from imidazolium backbone of symmetrically generated
unit with 1.97 A, third from acetonitrile methyl proton C(30)—H
(30B)---F(1) with 2.07A and the weakest from para proton on
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Scheme 1. Synthesis of [L(P'"P)H]*[(HF),F]  (n=0-2) (1-3 salts); a: Et3N-3HF in
MeCN or THF; b: KHF2 in MeCN, c¢: aHF(reagent and solvent).

diisopropybenzene “wingtip” C(21)—H(21)---F(1) with 2.23A,
from another symmetrically generated (L°"PP) (Fig. 1).

When crystallization of (1) was attempted from chloroform, an
ion exchange was observed and single crystals of [(L°PP)H]*[CI]
were isolated. Such reactivity is consistent with reactivity of a free
fluoride reagent, as observed for different free fluoride reagents in
the literature [21-23].

[(HF)F]~ anion of compound (2) is stabilized by four hydrogen
bonds. Three come from chloroform molecules and one from
protonated imidazolium ring C(2)—H(2)---F(1), which has the
strongest interaction with the distance of 1.99A. From three
chloroform molecules, one is directed towards proton in [(HF)F]
anion. Observed electron density peak that could be assigned to
hydrogen atom in F(1)—H(1)—F(2) anion showed a slightly bent
structure of anion with 164° angle (Fig. 2, Table 2). The C(31)—H
(31) proton from the chloroform molecule forms bifurcated, three-
centred interaction with F(1) and F(2) atoms and has geometry
consistent for other reported bifurcated bonds [24]. Result of such
interaction is a short H(1)---H(31) nonbonded contact interaction
of 2.07 A (Fig. 2). Although this H. - -H nonbonded distance is at the
beginning of distribution curve of reported H.--H nonbonded
contact interactions [25], it is still far from the shortest reported in
the literature [26,27].

Structure (3) is the most symmetrical of the three, with
asymmetric unit containing only half of imidazolium cation and
anion. [(HF),F]~ anion of product (3) is packed between four
imidazolium cations. Terminal F(2) and symmetrically generated F
(2) atoms are each stabilized by C(4)—H(4)- - -F(2) hydrogen bond
and with hydrogen bond arising from meta proton on diisopro-
pybenzene “wingtip” of imidazolium cation C(7)—H(7)---F(2)
(Fig. 3). We would like to stress that these two interactions should
be viewed with some scepticism as they are on the upper limit, as
far as angles and distances are concerned, for such interaction and
can be probably attributed to packing in crystal structure (Table 2).
The disordered central F~, that was modelled in three positions
with approximately 1/3 occupancy each, is loosely stabilized by C
(2)—H(2)---F(1) hydrogen bond. The [(HF),F]  anion should be
completely planar but due to the disorder of central F~ in the
crystal structure it is impossible to describe such shape in product
(3) (Fig. 3).

2.2. NMR analysis

NMR analysis was performed at room temperature for all three
products and is in agreement with their X-ray crystal structures.
We weren't able to observe separate peak for C(2)—H(2) proton in
"H NMR of [(LPPP)H]*[F]~ (1). When we dissolved monocrystals of
(1) in deuterated acetonitrile, 'F NMR analysis showed a
characteristic doublet peak for [(L°PP)H]*[(HF)F]™ (2) at —147.15
and —147.59 ppm ('Jye = 124.03 Hz) respectively. After 24 h at room
temperature the doublet disappeared and a singlet for [(LP"PP)
H]*[F] (1) at —147.94 ppm could be observed. This indicates that
with introduction of acetonitrile to the crystals of (1), the two
imidazolium fluorides form [(L°PP)H]*[(HF)F]" (2) and a free
carbene moiety as kinetically controlled products, and with time,
thermodynamically more stable product, [(L°PP)H]*[F]~ (1), can be
quantitatively isolated and crystalized from solution (Scheme 2).

"H NMR of (2) shows C(2)—H(2) proton peak at 10.01 ppm. The
proton-fluoride coupling for [(HF)F] ", with characteristic triplet at
16.06 ppmin 'H NMR, and doublet at —147.50 ppmin 'oF NMR
spectra, can also be seen. The coupling constant, 'Jyg, for such
system should be around 121-125Hz according to the literature
[28,29] and when (2) is formed in reaction mixture from (1) upon
addition of acetonitrile. However, we have observed slightly lower
coupling constant value, 'Jyr=115.14Hz, for the pure isolated
[(LP"PPYH]*[(HF)F]~ (2) in '"H NMR spectra. This can be attributed to
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Table 1
X-ray data for compounds (1), (2) and (3).
(1) (2) (3)
CCDC ref. code 1488081 1488080 1488079
Formula Cy7H37N,F-CoH3N Cy7H37N,F,H-3(CHCl3) Cy7H37N,-F3H,
FW [g/mol] 449.64 786.70 448.60
Crystal System monoclinic monoclinic monoclinic
Space Group P2,/c P2;/n 2fc
a[A] 13.2812 (1) 9.6958 (2) 16.6130(2)
b [A] 16.2775 (1) 36.5259(8) 9.0171(1)
c[A)] 13.6886 (1) 11.1478(3) 17.2328(2)
o] 90 90 90
B 1] 114.174 (1) 104.114(2) 90.866(1)
v [°] 90 90 90
V [A?) 2699.76 (4) 3828.8(2) 2581.20(5)
z 4 4 4

Crystal size [mm?]
Temperature (K]

0.43 x 0.31 x0.24
150

0.64 % 0.11 x0.10
100

0.50 x 0.39 x 0.12
150

0 range [°] 67.1-3.7 73.0-4.3 67.1-5.1
Reflections collected 24568 25470 13440
Independ. Reflect., R(int) 4821, 0.018 7495, 0.037 2308, 0.018
Completeness 1.000 0.996 0.999
Data/restraints/parameters 4821, 0, 307 7495, 0, 400 2308, 0, 158
Goodness-of-fit on F? 1.03 1.02 1.06
Final R indices [1>20(1)] R=0.043 R=0.050 R=0.043
WR=0.113 WR=0.136 WR=0.112
R indices (all data) R=0.045 R=0.064 R=0.044
constant where its value is 'Jur = 114.24 Hz. Again, discrepancies of
A'Jyr~1Hzbetween 'H and '"F spectra can arise due to
broadened peaks. Repeated synthesis of (2) and NMR analysis
&) gave the same results.
© <t 1 NMR analysis of (3) agrees with crystal structure obtained on
single crystals. C(2)—H(2) proton shows a signal at 9.10 ppm,
% « characteristic for imidazolium salts. It is even split in to a triplet
S . @ with a small coupling constant of 1.5Hz with C(4)—H(4) and C

Fig.1. Asymmetric unit (bold) and packing (blurred) of structure [(L®"PP)H]*[F] ™ (1).
Ellipsoids are drawn with 50% probability.

Fig. 2. Asymmetric unit (bold) and packing (blurred) of structure [(L®""P)H]*[(HF)
F]~ (2). Ellipsoids are drawn with 50% probability.

broadened signals of [(HF)F]~ in 'H and 'F spectra, where the
exact point of peak can be somewhat arbitrarily chosen to the
extent of 4+ 0.02 ppm. The heteronuclear coupling constant, 'Jy, in
'H NMR of [(HF)F]~ is in agreement with '"F NMR coupling

(4')—H(4) protons. Further downfield at 13.36 ppmin '"H NMR
spectra is a broad peak that integrates for two and is characteristic
for [(HF),F]™ anion [28]. Proton-fluoride heterocoupling can’t be
observed at room temperature. The same is true for '°F spectra of
[(HF),F]~ anion, where only a singlet peak at —167.28 ppm can be
observed at room temperature and no proton-fluoride hetero-
coupling or fluoride-fluoride coupling can be seen.

3. Conclusions

Reactions of N-heterocyclic carbene with Et3N-3HF reagent
readily affords [(LP'PP)H]*[(HF),F] ™ (n=0-2) salts with 1:1,1:2,1:3
ratios of HF. Product (1) shows a free fluoride reagent character-
istics and can be selectively synthesised from reactions of (LP'PP)
with stoichiometric quantities of EtsN-3HF or KHF, without any
halide or water impurities on a gram scale. All products were
characterized with NMR, X-Ray, Raman and free fluoride (F;)
chemical analysis. Reactions of Et;N-3HF or KHF, with (LP"PP) were
performed in glassware with no sign of glass etching by the
reagents.

4. Experimental
4.1. General experimental procedure and reagents

All experiments and manipulations were carried out under an
inert atmosphere of dried argon, either in glovebox (M. Braun) or
using standard Schlenk techniques. THF was dried in a mixture of
sodium and benzophenone for at least two days, distilled under
argon atmosphere and stored over 3 A molecular sieves. Acetoni-
trile was stored over 3 A molecular sieves and left for at least 48 h
prior to use. Deuterated solvents were dried over 3 A molecular
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Table 2 (LP'PPy was synthesised after standard literature procedures
Specified hydrogen bonds for (1), (2) and (3). [301
D—H H---A DA <(DHA) Anhydrous HF (Linde, 99.995%) was treated with K;NiFg
[(LPPPYH]'F] (1) (Advance Research Chemicals, Inc.) for several hours prior to use.
C2—H2.--F1 0.93 1.72 2.644(1) 176.9
C5—H5---F1 0.93 1.97 2.867(1) 160.5 4.1.2. NMR spectroscopy
g(’)‘ﬂié‘é 'F‘H g'gg igg ;'8‘:)72((12)) }ég‘i NMR spectra ('H and '°F) were recorded on Agilent Technolo-
B ’ ’ ’ ’ gies Unity Inova 300 MHz; ('H at 303 MHz and 'F at 285.1 MHz).
[(LPPPYH][(HF)F]~ (2) The chemical shifts are referenced: 'H to residual signals of
C2—H2..-F1 0.93 1.99 2.920(3) 176.0 deuterated solvent peaks and 'F to CFCl; as an external standard.
C31—H31.- Fl 0.98 2.30 3.234(4) 159.0
C31—H31.-.F2 0.98 2.58 3.377(3) 1389
C32-H32-. Fl 0.98 2.08 3.011(3) 1572 4.1.3. Raman spectroscopy ,
C30—H30. . .F2 0.98 2.06 3.004(3) 160.8 Raman spectra were recorded at room temperature on a Horiba
F1—H1—F2 1.08 1.22 2.277(2) 164 Jobin Yvon Labram-HR spectrometer coupled with an Olympus
5 X BXFM-ILHS microscope. Samples were excited by the 633-nm
5 i L(L%W)Hl KH?E‘E @) 291(2) T emission line of a 24.3-mW He-Ne laser with a power output of
C2—H2..-F1B 093 200 2:92“) 168.0 14 mW on the samplet. Thg sarpp!es were loaded into vacuum dried
C4—H4- . -F2 0.93 2.45 3.213(2) 1389 0.5-mm quartz capillaries inside the glove box. The spectra
C7—H7-.-F2 0.93 252 3.421(2) 162.9 obtained from the powdered samples corresponded completely
F2—H1..-F1A 1.08 131 2.334(9) 154.5 with the spectra taken from several, randomly oriented, single
crystals, of which the identity was additionally confirmed by the
unit-cell measurement on the diffractometer.
4.1.4. Free fluoride analysis
All reagents were of analytical grade and all solutions were
. o prepared using deionized and additionally double-distilled water.
P o ® The amount of free fluoride (Ff ) was determined in aqueous
5 solution of the sample using fluoride ion selective electrode [31].

Fig. 3. Asymmetric unit (squared) and packing of structure [(L°PP)H]*[(HF),F] (3).
Ellipsoids are drawn with 50% probability.
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Scheme 2. Equilibrium in the acetonitrile solution of [(L°PP)H]'[F]~ (1).

sieves (at least 20% w/w). Glassware was oven-dried overnight at
150°C.

Anhydrous HF was handled in an all PTFE (polytetrafluoro-
ethylene) vacuum line equipped with PTFE valves. The reaction
was carried out in FEP (tetrafluoroethylene-hexafluoropropylene;
Polytetra GmbH, Germany) reaction vessels (height 250-300 mm
with inner diameter 15.5mm and outer diameter 18.75mm)
equipped with PTFE valves and PTFE coated stirring bars. T-shaped
reaction vessels from PTFE were used for the crystallization
process. Caution: aHF must be handled in a well-ventilated fume
hood, and protective clothing must be worn at all times.

4.1.1. Manipulation and preparation of starting materials

Et;N-3HF 98% (Sigma-Aldrich) was used without further
treatment.

KHF, >99.0% (Sigma-Aldrich) was used without further treat-
ment.

4.1.5. Crystal structure determination

Single-crystal data for all compounds were collected on a
Gemini A diffractometer equipped with an Atlas CCD detector,
using graphite monochromated Cu Ko radiation. The data were
treated using the CrysAlisPro software suite program package [32].
Analytical absorption correction has been applied to all data sets
[33]. Structures were solved with direct methods using the ShelXT
program [34]. Structure refinement has been performed with the
ShelXL software [35] implemented in the program package Olex2
[36]. Figures were prepared using Diamond 4.0 software [37].

4.2. Synthesis of products

4.2.1. Synthesis of [(LPPP)H]J*[F]~ (1)

(LP'PPY (n=1.03 mmol; m=400mg) was weighed into 100 mL
Schlenk flask and dissolved in 40 mL of THF or 20 mL MeCN.
Solution was then cooled to 193K, to which Et;N-3HF (n=0.34
mmol (1 eq. of HF); m=55.31 mg; p=0.989mg pL~'; V=55.9 L)
was added dropwise via syringe and left to warm up to R.T. and
stirred for 16 h. Solvent was then slowly removed under vacuum.
Solid residue was washed with toluene to afford single crystals of
[(LPPPPYH]*[F]~ (1) in quantitative yields.

Yield 370 mg (88%).

Melting point [°C]= 130 (decomposition)

TH NMR (303 MHz, CD3CN, 25°C): 8 7.53-7.37 (m, 7H, ArH),
2.59 (singlet (broad),4H, CH),1.22(d, /= 6.8 Hz,12H, (CH3),),1.16 (d,
J=6.9Hz, 12H, (CH3),) ppm.

9F NMR (285.05 MHz, CD3CN, 25 °C): 5-147.94 (s, 1F, F~) ppm.

Free fluoride determination: 4.4% (experimental), 4.6% (theo-
retical)

Alternative synthesis of (1):

(LP'PPY (n=2.57 mmol; m=1000 mg) was weighed into 100 mL
Schlenk flask and dissolved in 35mL of MeCN. KHF, (n=2.56
mmol; m=200mg) was added and stirred for 16h. Reaction
mixture was then filtered through 0.45 pum syringe PTFE fliter, and
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the filtrate was left to slowly evaporate at room temperature, to
afford single crystals of [(LPPPYH]*[F]~ (1).

4.2.2. Synthesis of [(L°PP)H]*[(HF)F]~ (2)

(LP'PP) (n=0.51 mmol; m=200mg) was weighed into 100 mL
Schlenk flask and dissolved in 20 mL of THF. Solution was then
cooled to 193 K, to which a THF solution of EtsN-3HF (n = 0.34 mmol
(2 eq. of HF); m=55.31mg; p=0.989mg pL~'; V=559 nL) was
added dropwise via syringe and left to warm up to room
temperature and stirred for an additional hour. Solvent was then
removed under vacuum. Compound (2) was then crystalized with
slow evaporation of chloroform.

Yield 201 mg (91%)

Melting point [°C]=223.4-227.1 (decomposition)

H NMR (303 MHz, CD3CN, 25°C): & 16.44-15.68 (t, 1H,
Yur=115Hz, [(HF)F]"), 10.01 (s, 1H, C(2)H), 7.83 (s, 2H, CH=CH),
7.66-7.60 (m, 2H, ArH), 7.47-7.44 (m, 4H, ArH), 2.43 (hept,
J=6.5Hz, 4H, CH), 1.26 (d, J=6.9 Hz, 12H, (CH3),), 1.19 (d, /= 6.9 Hz,
12H, (CHs),) ppm.

19F NMR (285.05 MHz, CD5CN, 25°C): 8-147.50 (d, 2F, Y=
114 Hz, [(HF)F] ") ppm.

Free fluoride determination: 8.6% (experimental), 8.8% (theo-
retical)

4.2.3. Synthesis of [(LPPP)H]*[(HF)>F]~ (3)

(LPiPP) (n =6.43 mmol; m=2500 mg) was weighed to FEP vessel
and frozen in liquid nitrogen. Approximately 10 mL of aHF was
condensed over the frozen (LPPP) and left to warm to room
temperature. Clear red-brown solution was evaporated on the
vacuum line after 30 min. Single crystals of (3) were obtained from
crystallization in FEP crystallization vessel where a small
temperature gradient (10 K) was used for evaporation of aHF from
the crystallization part.

Yield 2300 mg (80%)

Melting point [°C]=232.1-235.1 (decomposition)

TH NMR (303 MHz, CD3CN, 25°C): § 13.36 (s (broad), 2H,
[(HE);F] "), 9.10 (t, J=1.5Hz, 1H, C(2)H), 7.90 (d, J=15Hz, 2H,
CH=CH), 7.69-7.64 (m, 2H, ArH), 7.50-7.47 (m, 4H, ArH), 2.43
(hept, J=6.7Hz, 4H, CH), 1.28 (d, J=6.7 Hz, 12H, (CH3)3), 1.20 (d,
J=6.9Hz, 12H, (CHs3),) ppm.

F NMR (285.05MHz, CD3CN, 25°C): 5-167.28 (s, 2F,
[(HF)2F]7) ppm.

Free fluoride determination:
(theoretical)

Alternative synthesis of (3):

(LP'PP) (n=0.51 mmol; m=200mg) was weighed into 100 mL
Schlenk flask and dissolved in 20 mL of THF. Solution was then
cooled to 193 K, to which a THF solution of Et3N-3HF (n = 1.02 mmol
(6 eq. of HF); m=164.4mg; p=0.989mg pL~'; V=167 L) was
added dropwise via syringe and left to warm to room temperature
and stirred for an additional hour. Solvent and excess reagent was
then removed under vacuum which afforded spectroscopically
pure product (3).

13.3% (experimental), 12.7%
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'H NMR of [(LPPP)H]*[F] (1)
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Raman and NMR spectres of [(LPPP)H]*[F]- (1)
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TH NMR of [(LPPP)H]*[(HF)F] (2)
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Raman and NMR spectres of [(LPPP)H]*[(HF)F] (2)
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TH NMR of [(LP*PP)H]*[(HF)2F] (3)
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Raman and NMR spectres of [(LPPP)H]*[(HF)2F]" (3)
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Chapter 7

Discrete GeF; Anion Structurally
Characterized with a Readily
Synthesized Imidazolium Based
Naked Fluoride Reagent

In this chapter, article entitled: » Discrete GeFs Anion Structurally Characterized with a
Readily Synthesized Imidazolium Based Naked Fluoride Reagent«, by Blaz Ali¢, Melita
Tramsek, Anton Kokalj and Gasper Tavcar is presented. For this article, the candidate
performed all synthesis procedures with techniques for handling air-sensitive chemicals,
obtained single crystals, performed X-ray single crystal diffraction analysis and prepared
the final .cif files of the obtained products. Furthermore, the candidate performed the
multinuclear NMR spectroscopy and Raman spectroscopy, prepared the samples for CHN
elemental analysis and actively participated in data interpretation. The candidate wrote
the first manuscript draft and was the leading author during its refinement and publication
process. He was highly involved in all stages of the work from the conceptual stage of the
research until the publication.

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

In this work we showed that reactions of a new naked (free) fluoride reagent [(L"*)H][F]
treated with a surplus of gaseous MF; (M = Si, Ge) result in isolation of [(LP**)H][MF;]
products. Isolation of a discrete, trigonal bipyramidal MF;~ anions of silicon and
germanium is enabled because of specific steric characteristics of the bulky [(LP*)H]*
cation.

Research was focused on the preparation, isolation and characterization of discrete
MF5~ anions, with an emphasis on GeF; . Observation of a general tendency that various
metal halides preferentially form hexacoordinated structural motives instead of
pentacoordinated moieties leads us to the explanation that the increasing size of a cation
stabilizes pentacoordinated structural motives of germanium and silicon relative to the
octahedral ones. We confirmed that the size of the cation stabilization of MF;~ anions is
due to steric effects as well as electrostatic Coulomb interactions between the anion and
the cation. We reported the first crystal structure of the trigonal-bipyramidal GeFs;~ and
the first YF NMR entries for GeF;~ and GeFg anions in the organic solvent.
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ABSTRACT: The recently prepared novel naked fluoride reagent 1,3-bis(2,6-
diisopropylphenyl)imidazolium fluoride ([(L"*P)H][F]), treated with an excess of MF,
(M = Si, Ge), results in isolation of [(L™"P)H][MF;] products with the elusive trigonal
bipyramidal MF~ anions. Specific steric characteristics of the [(L”PP)H]* cation readily
support isolation of monomeric and discrete trigonal bipyramidal fluorido anions of silicon
and germanium. Based on combination of experimental results and DFT calculations, we
demonstrate that the role of bulky cation is not solely due to steric hindering but also due to
electrostatic effects, which are important in the design of such uncommon species. The
discrete GeF~ anion was characterized by X-ray single-crystal diffraction for the first time.
We report the missing '’F NMR entries for the discrete GeF;~ and GeF¢’™ anions in
acetonitrile. All the products were also characterized by Raman spectroscopy and elemental

analysis and supported by quantum-mechanical calculations.

DISCRETE GeFjz ANION

B INTRODUCTION

Silicon and germanium chemistry is poised for growth. Both
elements are very important for the applications in electronics
and optics."”” Although the use of Si is already established, one
of the very potent fields of application for Ge is in
semiconductor technology. Thus, it is not surprising that the
first functional 7 nm transistor architecture technology based
on Si—Ge alloy was presented in late 2016 for the next
generation electronics.” While Si chemistry is already
thoroughly explored, the chemistry of Ge has not been as
extensively studied. Progress in the research of germanium
fluoride compounds could have important contributions in a
variety of fields. In fact, one of the well-established procedures
for the preparation of Si—Ge thin films includes disilane and
germanium tetrafluoride,” thus the basic reactivity of GeF, and
its properties are worthy of research.

The only structurally characterized examples of pentacoordi-
nated germanium fluorido anions are [(C,F;);GeF,]” and
[(CF;);GeF,]™,*” but pentafluoridogermanate anion (GeFs~)
was still missing. Hence, its structural characterization is an
important contribution. The most reasonable approach for the
synthesis of the pentacoordinated GeF~ anion is a reaction
between the gaseous GeF, and a fluoride source. XeF,, O,/F,,
(C,H,),NF (TBAF), CH;F/(CH,);N, NE,BE,, SE,BE,, NO,F,
and CIO,F reagents addressed this challenge to a limited extent
in the past.”~'' While these reagents enable the synthesis of
compounds with anions in Ge:F = 1:5 stoichiometry, they were
apparently unable to stabilize S-fold coordinated pentafluor-
idogermanate anion due to its tendency to polymerize. This

" 4 ACS Publications  © 2017 American Chemical Society

notion reveals itself in the structures of XeF;GeF; and
ClO,GeFj, which consist of infinite chains of GeF4 octahedra.'’

According to evidence provided by vibrational spectroscopy,
polymeric GeFs~ anion composed of fluoride-bridged GeFg
octahedra appears also in salts with [(C4H;),As],
[(C4H,),NT, [(CH;),N]Y, NE,*, NO,", SF;*, and O," cations.
However, these reports lack the crystal structure character-
ization."'” Even the study that reported the reaction with the
well-established tetra-n-butylammonium fluoride (TBAF)
reagent, which according to vibrational spectroscopy yields
trigonal bipyramidal GeF;~ anion, did not provide its crystal
structure.'”'” Despite these difficulties we believed that fluoride
donors featuring bulky cations with specific geometric proper-
ties are a logical tool to obtain discrete GeFs~ units and avoid
the formation of higher intracoordinated anion clusters.
Additionally, a large cation of a naked fluoride reagent increases
its solubility and activity in organic solvents, thus overcoming
the solubility limitations of alkali-metal fluorides.'*™"”
Commercially available TBAF and tetramethylammonium
fluoride reagents generally solve this problem to some degree,
but unfortunately they slowly decompose in acetonitrile."”'*"”
Furthermore, water must be introduced to the system in the
key step of their synthesis due to the salt metathesis reaction
with either AgF, KF, or HF, resulting in vigorous drying
conditions that often lead to the decomposition of the
reagents. ' #'*7*" Although problems with TBAF reactivity
were partially solved by its anhydrous synthesis'” or by the
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solvation with tert-butanol,”' there is still demand for new
alternative naked fluoride reagents stable in organic solvents.
Due to specific steric characteristics and its anhydrous synthesis
derived from N-heterocyclic carbene precursor, reagent
[(L°*P)H][F] (1) does not display the aforementioned
problems. It is soluble and stable in acetonitrile with no signs
of decomposition after several days in the solution! It was
synthesized in our laboratory (Scheme 1), and we reported its
structural details and basic properties in late 2016.** Herein we
report the first examples of its reactivity.

Scheme 1. Preparation of Imidazolium Fluoride
[(LP*P)H][F] Reagent (1) in Quantitative Yields

R - (R

N N : :

[N>: Me}g:lF.RT [,3>_H IF] ER{%DE

R R e
[(LPPP)H]IF] (1)

B RESULTS AND DISCUSSION

Role of a Cation on Stabilization of Discrete
Pentacoordinated MFs~ Anions. GeF, and SiF, as Lewis
acids react with 1 to yield [(L"PP)H][MF;] (M = Si (2a), Ge
(2b)) compounds consisting of pentacoordinated MF;~ anions.
The use of large N,N-disubstituted imidazolium cation
“wingtips” seems to be important for the formation of the
discrete MF;~ fluorido anions. A similar method has been
attempted in a system with the 1-ethyl-3-methylimidazolium
chloride ([EMIM]CI) reagent and GeCl,; however the
geometry of the ethyl and methyl N,N-substituted imidazolium
cation appears to be unsuitable for the isolation of a discrete
GeCl;™, since the authors only reported the formation of a
discrete GeCl¢*~ anion regardless of the reagent ratios.”

With the standard synthetic procedure, in which we used an
excess of gaseous MF, in acetonitrile, we successfully prepared
two isostructural compounds, 2a and 2b, in quantitative yields
(Scheme 2). An excess of the MF, proved to be important in
order to enable the synthesis of phase-pure MF;~ salts, instead
of MF¢*~ or their mixture. We observed GeF,>~ anion when
compound 2b reacted with an additional equivalent of 1,
resulting in [(L"*P)H],[GeF;] product 3b (Scheme 2). Such a
change from trigonal bipyramidal arrangement to octahedral

Scheme 2. Controlled Synthesis of Discrete Trigonal
Bipyramidal MF;~ Anions in Compounds 2a and 2b as Well
as the Discrete Octahedral GeF¢>~ Anion in Compound 3b
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structural motif around a Ge(IV) center is similar to carbene
baring complexes of Ge(IV) fluorides.”*

A general tendency of various metal halides to form
hexacoordinated octahedral structural motifs leads to numerous
MX¢>~ compounds, whereas the pentacoordinated MXs~ (X =
halide) anions are less common. This generally accepted
observation is in agreement with our DFT calculations,
according to which octahedral GeF4*~ anions are more likely
to form thermodynamically when stabilized by small surround-
ing cations. On the contrary, the increasing size of the cation
relatively stabilizes trigonal bipyramidal GeF;™ anion, not only
due to obvious steric reasons but also due to electrostatic
Coulomb interactions. Figure 1, which plots the relative
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Figure 1. Relative stability of GeFs*~ vs GeFs~ (AAE;) as a function
of the distance between the centers of charge of anion and cation
(R,): the larger the AAE value, the more the octahedral GeF¢’™ is
destabilized against GeF;™. Points represent the values obtained from
optimized structures, whereas curves were obtained by stepwise
increasing the R, distance. In contrast to Na*, NH,", and N(CH,),",
which are all spherical cations and their center of charge can be well-
defined, the [(LPPP)H]* cation is not considered since its center of
charge cannot be unambiguously determined. For further details, see
the Supporting Information.

stability of GeFs”~ vs GeFs™ as a function of the distance
between the centers of charge of anion and cation (R,), clearly
shows that the preference of octahedral GeF¢’~ against trigonal
bipyramidal GeF;~ diminishes with increasing size of cation
(here the distance between the cation’s center-of-charge and
the point on its “exterior” in the direction toward the closest
anion approach is meant as a criterion for the size of cation).
These results will ease the design and isolation of such
uncommon moieties in the future. For details of how the
relative stability is evaluated, see section S2.5 in the Supporting
Information.

Crystal Structure Analysis. Crystal structures of products
[(LP*P)H][SiF] (2a) and [(LPPP)H][GeF;] (2b) were
determined by single-crystal X-ray analysis. Data were collected
at 100 K and were initially refined in the C2c space group. In
this space group the structure showed disordered MF;™ anions
in two positions from which we could not distinctly define the
structure of the anions. Therefore, we lowered the symmetry
and refined the structures for 2a and 2b in P2,/n and P2,/c
space groups, respectively. Lowering of the symmetry revealed
trigonal bipyramidal anions in two distinct positions (domain A
and domain B) populated 50:50 for 2a and 80:20 for 2b at 100

DOI: 10.1021/acs.inorgchem.7b01606
Inorg. Chem. 2017, 56, 10070—10077
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(a) rotation

domain A

(b) Berry pseudorotation

domain A

transition state

domain B

Figure 2. Snapshots of the PBE calculated transition of GeF;~ anion from domain A to domain B via (a) rotation and (b) Berry pseudorotation
mechanism. The PBE calculated activation energy for transition from domain A to domain B is E{_ = 12 kJ/mol for both mechanisms (i.e., going
from left to the right in the movie sequence), whereas the barrier for the reverse transition is Ef_, = 10 kJ/mol.

K, hence one domain is slightly more stable in 2b. The
experimentally observed stability of the two positional domains
of the trigonal bipyramidal MF;™ anions in 2a and 2b is well
reproduced by periodic DFT calculations (section S2.1). MF¢~
anion can readily flip from one position to the other, either by
rotation (R) or by the Berry pseudorotation mechanism (BM)
(Figure 2). Symmetry of the anion in both 2a and 2b structures
is very close to the ideal trigonal bipyramid. Slight distortion is
found due to the interactions with the surrounding cations.
Figure 3 shows the asymmetric unit of 2b, i.e,

F2A

CHS

Figure 3. Asymmetric unit of the [(L""?)H][GeF] (2b). Ellipsoids
are drawn at 50% probability. Disordered (domain B) anion
component is omitted, and [(L""P)H]* cation “wingtips” are shaded
for clarity. Selected bond lengths [A] and angles [deg]: GelA—F1A,,
1.759(3), GelA—-F2A, 1.759(2), GelA-F3A,, 1.716(2), GelA—
F4A,, 1.726(3), GelA—FSA,, 1.702(2); Fl1A,—~GelA-F2A,,
178.5(2), F3A,—GelA—F4A,, 121.2(2), F3A,—GelA—FSA,,
117.7(1), F4A,,—GelA—FSA,, 121.1(2). Detailed description of the
anion geometry can be found in sections S2.1 and S22 of the
Supporting Information.

[(LPPP)H][GeF;] ion pair with GeF;~ in domain A. With
the aid of DFT calculations we could clearly identify two H-
bonds per MF;~ anion that are formed with imidazolium
fragment (for both compounds), i.e.,, one bifurcated C2—H--
F1A,(F4A.) bond and one singular C4-H--F2A, bond
(domain A, Figure 4) and CZ—H---FZBM(F4BN) and C5—H--
F1B,, (domain B).

Figure 4. H-bonding between GeF;~ anion and [(L"")H]* cations
(for the domain A) as revealed by DFT calculated charge density
difference according to eq 1 (see Computational Section). Electron
excess regions are colored red, while electron deficit regions are blue
(isosurfaces are drawn at +0.001 e/bohr’). The criterion for the
identification of H-bond is the existence of an electron charge
accumulation lobe between the H-F atoms: such lobes are marked by
yellow arrows.

DFET calculated activation energies for R and BM
mechanisms in compound 2b are almost equal and very
small, 12 kJ/mol (section S2.4), which implies that both
mechanisms are similarly probable. While BM is consistent with
the '”F NMR spectroscopy, as we only observed a single signal
instead of two for axial and equatorial fluorides, the R
mechanism cannot be excluded (see NMR Spectroscopy).

As for the M—F bond lengths and F—M—F bond angles
(caption of Figure 3, Tables SS and S6), the periodic DFT
calculations reproduce experimentally observed distortion from
the ideal bipyramidal structure of MF;~ anions, i.e., the axial

DOI: 10.1021/acs.inorgchem.7b01606
Inorg. Chem. 2017, 56, 10070~10077
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Figure $. Perspective view of the [(L”"")H][GeFS] (2b) crystal structure with GeF;~ anions in domain A: (010) and (100) planes are shown on the
left and right, respectively. GeF™ anions are visually emphasized (Ge = purple, F = greenish).

F,—M-F,, angle is smaller than 180° and equatorial F,,—M—
F,, angles are distorted from 120°. While calculations predict
similar distortions for the two domains, the experimentally
determined distortion of domain B is slightly larger than that of
domain A. According to both experiments and calculations, the
axial M—F,, bonds are longer than the equatorial M—F, bonds,
which is in accordance with the valence shell electron pair
repulsion (VSEPR) model of molecular geometry.” For further
details about the local structure of MF;~ anions, see section
S2.2.

In the crystal structure 6 MF;~ anions are packed around
each [(LP®P)H]* cation and vice versa (6 cations around each
anion), forming the distorted NaCl type structure (Figure S4).
Bader population analysis confirms that compounds 2a and 2b
can indeed be described according to chemist’s expectation as
consisting of MF;~ anions and [(L®PP)H]* cations. Namely,
calculated Bader charge is —0.96 for both anions, SiFs~ and
GeF;™. Analysis of charge density difference calculated via eq 1
reaffirms the absence of any significant charge transfer between
MF;~ anions and [(L""P)H]* cations. The corresponding
crystal data are summarized in Table S2, the asymmetric unit
for GeFs~ is shown in Figure 3, that of SiF;~ is in Figure S3
(left), and a perspective view of the crystal structure 2b is
presented in Figure S.

Raman Spectroscopy. Raman spectra of 2a and 2b differ
for SiF;~ and GeFs~ anions, respectively. Only one peak in the
Raman spectra can be definitely assigned to the M—F vibration
of the trigonal bipyramidal MF;~ anions due to intense
vibrations of the cation in the same region that are masking the
rest of the anion peaks. The position of the most intense Si—F
v, vibration for symmetrical stretch mode can be found at 709
cm™' (MP2 caled 693 cm™), and that of the Ge—F vibration
can be observed at 664 cm™' (MP2 caled 663 cm™") (Figure 6).
The position of the Ge—F vibration corresponds well with the
published data for (C,H,),NGeF; (665 cm™):'" note that ref
10 lacks the crystal structure characterization.

With the use of Raman spectroscopy we also checked the
stability of the [(LPPP)H][MEF;] compounds 2a and 2b
exposed to air. Raman spectra were taken in a sealed capillary
and on the sample that was exposed to the air for 24 h (Figure
S9). According to the Raman spectroscopy, there is no
difference in the position of the v, vibrations of the MF;~
anions and cations. The compounds 2a and 2b are therefore
stable in air at room temperature (section S2.6).

Si-F vibration
709

Ge-F vibration

L o

T v T v T v T v T
400 500 600 700 800

Raman Intensity

v/cem’

Figure 6. Raman spectra of [(LP*?P)H][SiFs] (2a) and
[(LP®P)H][GeF;] (2b). Full vibration characterization can be found
in section S2.6 of the Supporting Information.

NMR Spectroscopy. Yet another point should be
emphasized. While all fluoridosilicate '’F NMR entries along
with GeF, are known,”®”’ there were no available NMR data
for the discrete GeF;~ and GeF¢*™ anions in any organic
solvent. The only reported '’F NMR values were found for
water and BrF; solutions.””® Herein we report '’F NMR
spectra of obtained products 2b and 3b in acetonitrile and
compare them to related fluoridosilicate species (Table 1).
Note that '’F NMR shows a single peak at 136.60 ppm for
GeF;™ in deuterated acetonitrile, hence the sequence of NMR
peaks of GeF,, GeF;~, and GeF¢*~ follows the SiF,, SiF;~, and
SiF>~ series in acetonitrile, ie, [5(GeF,) — &(GeFs )]:

Table 1. ’F NMR Chemical Shifts vs CFCl, at 25 °C for
Completed Series of Fluoridosilicate and Fluoridogermanate
Species: MF,, ME;~, and ME¢>~ (M = Si, Ge) in Acetonitrile

ME, ME~ MEZ2"
Si [ppm] —163“ —137.08° —125"
Ge [ppm] -176“ —136.60° —119.03°

“Reference 26. "Reference 27. “This work.

DOI: 10.1021/acs.inorgchem.7b01606
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[6(GeFs™) — 8(GeF¢™)] ~ [8(SiF,) — 8(SiFy™)]:[8(SiFs™) —
S(SiF7)] =~ 11:5.

The spectra taken near the temperature of the melting point
of acetonitrile (—44 °C) did not reveal splitting of the signal.
This observation is consistent with our DFT calculations
according to which the transition of the anion between the two
domains is still a lot faster than the NMR time scale even at
much lower temperatures (section S2.4).

B CONCLUSIONS

In this work, we showed that isolation and the structural
characterization of previously unknown salt with monomeric
bipyramidal GeF;~ anion could easily be achieved with the use
of our novel sterically hindering imidazolium fluoride (1).
Despite various known nucleophilic fluorinating reagents,”” the
characteristics of 1—high stability and solubility as well as its
ease of synthesis in acetonitrile—are at least on par with those
of other naked fluoride reagents. Its advantages could lead to
the widespread use in various biological, organic, inorganic, and
materials systems showing the full scope of its applicability.
With this in mind, we would like to encourage colleagues
within the chemical community to explore the reactivity and
properties of this reagent on different systems and use it in
imaginative ways to explore the new frontiers of fluorination
chemistry such as structural characterization of discrete trigonal
bipyramidal GeF;~ anion observed for the first time.

B EXPERIMENTAL SECTION

General Experimental Procedures and Reagents. All experi-
ments and manipulations were carried out under an inert atmosphere
of dried argon, either in a glovebox (M. Braun) or by using standard
Schlenk techniques. Acetonitrile was stored over 3 A molecular sieves
and left for at least 48 h prior to use. Deuterated solvents were dried
over 3 A molecular sieves (at least 20% w/w). Glassware was oven-
dried overnight at 150 °C.

GeF, (CERAC, Inc, 99.99%) was used as supplied. SiF, was
synthesized by modified literature procedures.’’ L°# was synthesized
according to standard literature procedures.”’ [(LPPP)H][F] was
prepared according to modified literature procedures.”

CAUTION! GeF, and SiF, must be handled in a well-ventilated hood
and protective clothing must be worn at all times! The experimentalist must
become familiar with these reagents and the hazards associated with them.

NMR Spectroscopy. Samples were loaded into NMR tubes in the
glovebox under an argon atmosphere. NMR spectra ('H, 3C, and l"’F)
were recorded at the Slovenian NMR Centre of the National Institute
of Chemistry on Agilent Technologies Unity Inova 300 MHz ('H at
303 and 298 MHz, *C at 76 MHz, and "’F at 285 MHz). The
chemical shifts are referenced as 'H and '*C to residual signals of
deuterated solvent peaks and '°F to CFCl, as an internal standard.

X-ray Structural Analysis. Single-crystal data for all compounds
were collected on a Gemini A diffractometer equipped with an Atlas
CCD detector, using graphite monochromated Cu Ka radiation. The
data were treated using the CrysAlisPro software suite program
package.”” Analytical absorption correction was applied to all data
sets.”” Structures were solved using the ShelXT program.”* Structure
refinement was performed with the ShelXL-2015 software®
implemented in the program package Olex2.* Figures of experimental
structures (except for Figures 4 and 5) were prepared using Diamond
4.0 software.””

Raman Spectroscopy. Raman spectra with a resolution of 1 cm™
were recorded at room temperature on a Horiba Jobin Yvon Labram-
HR spectrometer coupled with an Olympus BXFM-ILHS microscope.
Samples were excited by the 633 nm emission line of a 24.3 mW He—
Ne laser with a power output of 14 mW on the sample. The samples
were loaded inside the glovebox into 0.3 mm quartz capillaries which
were previously vacuum-dried. The spectra obtained from the

powdered samples correspond completely to the spectra taken from
several, randomly oriented, single crystals of which the identity was
additionally confirmed by the unit cell measurement on the single-
crystal X-ray diffractometer.

CHN Elemental Analysis. Compounds were transferred into silver
foils in the glovebox under an argon atmosphere. Carbon, hydrogen,
and nitrogen contents were determined using a CHNS elemental
analyzer vario EL cube (Elementar) operating in the CHN mode.

Synthesis of [(LPPP)H][SiFs] (2a). A solution of [(L°"")H][F] (M
=408.3 g mol™'; n = 0.245 mmol; m = 100 mg) in MeCN (5 mL) was
transferred to a FEP reaction vessel equipped with a magnetic stirring
bar. The solution was frozen in liquid nitrogen, and SiF, (M = 104.08
g mol™'; n = 0.367 mmol (1.5 equiv); m = 38.2 mg) was condensed
over the frozen solution. The solution was left to warm up slowly to
room temperature and left to stir overnight. The reaction vessel was
then briefly evacuated to remove excess SiF, gas, and remaining
solution was transferred to a glass crystallization vessel without further
treatment. Slow evaporation of solvent under the static vacaum and 20
°C temperature gradient afforded clear colorless single crystals suitable
for X-ray diffraction analysis. Yield: 120 mg (95.2%).

The '"H NMR (302 MHz, CD,CN, 25 °C) spectrum is shown in
Figure S2 (top-left panel): § 8.95 (t, ] = 1.5 Hz, 1H, C(2)H), 7.87 (d,]
= L.§ Hz, 2H, CH=CH), 7.70-7.63 (m, 2H, p-ArH), 7.51-7.46 (m,
4H, m-ArH), 2.42 (hept, ] = 6.9 Hz, 4H, iPrCH), 128 (d, ] = 6.7 Hz,
12H, iPr(CHs,),), 1.20 (d, ] = 6.9 Hz, 12H, iPr(CHj;),) ppm.

The '"F NMR (285.05 MHz, CD5CN, 25 °C) spectrum is shown in
Figure S2 (middle-left panel):  —137.08 (s, SF, SiFs™) ppm.

The *C NMR (76 MHz, CD;CN, 25 °C) spectrum is shown in
Figure S2 (bottom-left panel): & 146.40, 138.82, 133.27, 130.86
127.16, 125.81, 29.97, 24.56, 23.90.

Elemental analysis for C,;H;,N,SiF; (512.67) (%), stoichiometric,
C, 63.25; H, 7.27; N, 5.46; found, C, 63.40; H, 7.32; N, 5.64.

Synthesis of [(L°PP)H][GeFs] (2b). A solution of [(LP*?)H][F]
(M =408.3 g mol™"; n = 0.73 mmol; m = 298 mg) was transferred to a
FEP reaction vessel equipped with a magnetic stirring bar. GeF, (M =
148.6 g mol™; n = 0.79 mmol (1.09 equiv); m = 1182 mg) was
condensed over the frozen solution and was slowly warmed to room
temperature and left to stir overnight. The reaction vessel was then
briefly evacuated to remove excess GeF, gas, and remaining solution
was transferred to a glass crystallization vessel without further
treatment. Slow evaporation of solvent under the static vacuum and
20 °C temperature gradient afforded clear colorless single crystals
suitable for X-ray diffraction analysis. Yield: 389 mg (95.6%).

The "H NMR (302 MHz, CD,CN, 25 °C) spectrum is shown in
Figure S2 (top-right panel): 5 8.98 (t, ] = 1.6 Hz, 1H, C(2)H), 7.94 (d,
J = 1.6 Hz, 2H, CH=CH), 7.69—7.62 (m, 2H, p-ArH), 7.50—7.45 (m,
4H, m-ArH), 2.43 (hept, ] = 6.8 Hz, 4H, iPrCH), 127 (d, ] = 6.7 Hz,
12H, iPr(CHj;),), 1.20 (d, ] = 6.9 Hz, 12H, iPr(CH,;),) ppm.

The '’F NMR (285.05 MHz, CD,CN, 25 °C) spectrum is shown in
Figure S2 (middle-right panel): 6 —136.60 (s, SF, GeF;~) ppm.

The *C NMR (76 MHz, CD5CN, 25 °C) spectrum is shown in
Figure S2 (bottom-right panel): & 146.40, 138.84, 133.25, 130.87,
127.17, 125.80, 29.97, 24.56, 23.92.

Elemental analysis for C,,H3;N,GeF; (557.23) (%): stoichiometric,
C, 58.20; H, 6,69; N, 5.03; found, C, 58.16; H, 6.70; N, 5.14.

Synthesis of [(LPPP)H],[GeF] (3b). A solution of [(LP*")H][F]
(M = 4083 g mol™"; n = 0.12 mmol; m = 49 mg) in MeCN (5 mL)
was mixed with [(L®PP)H][GeF;] (M = 557.23 g mol™; n = 0.12
mmol; m = 67 mg) in MeCN (S mL) at room temperature under inert
conditions. The solution was left to stir overnight. The reaction vessel
was evacuated to remove all volatiles. Dissolution of 3b in
dichloromethane and slow diffusion of diethyl ether afforded colorless
monocrystals suitable for X-ray analysis. Yield: 111.3 mg (96.0%).

The '"H NMR (297.80 MHz, CD,CN, 25 °C) spectrum is shown in
Figure S1 (top panel): 6 9.03 (t, ] = 1.6 Hz, 1H, C(2)H), 8.01 (d, ] =
1.6 Hz, 2H, CH=CH), 7.68—7.61 (m, 2H, p-ArH), 7.49—7.44 (m,
4H, m-ArH), 2.43 (hept, ] = 6.8 Hz, 4H, iPrCH), 1.27 (d, ] = 6.8 Hz,
12H, iPr(CH,),), 1.20 (d, ] = 6.8 Hz, 12H, iPr(CH;),) ppm.

The "’F NMR (285.05 MHz, CD,CN, 25 °C) spectrum is shown in
Figure S1 (middle panel): § —119.02 (s, 6F, GeFs*~) ppm.
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The *C NMR (76 MHz, CD;CN, 25 °C) spectrum is shown in
Figure S1 (bottom panel): & 146.73, 139.08, 133.39, 131.34, 127.91,
126.01, 3025, 24.87, 24.23.

Elemental analysis for CgH,,N,GeFs:CH;CN (1006.87) (%):
stoichiometric, C, 66.80; H, 7.71; N, 6.96; found, C, 66.96; H, 7.51;
N, 6.87.

B COMPUTATIONAL SECTION

DFT Calculations of Crystal Structures. Calculations of
crystal structures were performed in the framework of density-
functional (DFT) theory, using the generalized gradient
approximation of Perdew—Burke—Ernzerhof (PBE)*® and the
PWscf code from the QUANTUM ESPRESSO distribution.*”
Because plain GGA functionals, PBE included, cannot describe
dispersion interactions, which are expected to be important to
properly describe the interactions between bulky [(LP*P)H]*
cations, we also utilized the consistently applied empirical
dispersion correction of Grimme,"”*" known as D2, that
consists of a damped C4R™® like energy term on top of the PBE.
The results obtained by this scheme are referred to by the PBE-
D2 denotation. We used the pseudopotential method with
ultrasoft pseudopotentials.”” Kohn—Sham orbitals were ex-
panded in a plane-wave basis set up to a kinetic energy cutoff of
50 Ry (400 Ry for the charge-density cutoff); these cutoffs yield
well converged results. Ultrasoft pseudopotentials for H, C, N,
Si, and Ge were taken from the Quantum Espresso
PseudoPotential Download Page: http://www.quantum-
espresso.org/pseudopotentials (files: H.pbe-rrkjus.UPF,
C.pbe-rrkjus.UPF, N.pbe-rrkjus.UPF, F.pbe-n-van.UPF, Si.pbe-
n-rrkjus_psl.0.1.UPF, and Ge.pbe-dn-rrkjus_psl.0.2.2.UPF). All
degrees of freedom including the unit-cell size and shape were
relaxed using a variable-cell Broyden—Fletcher—Goldfarb—
Shanno optimization. After optimization all structures were
recalculated as to account for the change in the basis set due to
a change in the unit-cell geometry during the optimization.
Brillouin-zone (BZ) integrations were performed using only the
gamma k-point. Vibrational frequencies associated with SiFs~
and GeF;™ anions in the crystal structures were calculated using
density-functional perturbation theory” and the PHONON
packages from the QUANTUM ESPRESSO distribution.

Rotations and Berry pseudorotations of GeF;~ anion
between the two possible orientations within the crystal
structure were modeled as the minimum-energy paths
(MEPs) connecting the two orientations using the climbing
image nudged elastic band (CI-NEB) method.”** Only one
GeF;™ anion per unit cell was reoriented. The configuration
with the maximum energy along the MEP is identified as the
transition state (TS). The respective activation energies (E*)
are calculated as Ef 5 = Erg — E, and Ef_ 5 = E1g — Eg, where
E, and Ejy are total energies of the crystal unit cell with
pertinent GeF;~ anion oriented in the A and B domain,
respectively, and Eqg is the total energy of the transition state;
E¥_p and Ef , are therefore the activation energies for A — B
and B — A transitions, respectively.

The charge transfer (or the lack of it) between constituent
fragments, i.e., [(LP®P)H]* cations and MF;~ anions (M = Si
and Ge), and the chemical bonding between them (e.g, H-
bonding interactions) were characterized in terms of charge
density difference, Ap(r), calculated as

Ap(x) = (1) = D pt (@) = X 97 (1)
i=1 j=1 (1)

where py(r) is the charge density of the whole crystal
structure, N* and N~ are the number of [(LP*P)H]* cations
and MF;™ anions in the unit cell, respectively (N* = N~ = 4),
pi(r) is the charge density of the ith cation, and p; (r) is the
charge density of the jth anion. Note that the geometry of the
individual anions and cations is kept the same as in the whole
crystal structure.

Bader charge analysis was performed using the Bader
code™™* by generating charge densities with the PAW
(projector-augmented-wave) potentials* and 1000 Ry kinetic
energy cutoff for charge density. Charge density difference plots
and molecular graghjcs were produced by the XCRYSDEN
graphical package.”

Molecular DFT and MP2 Calculations of Isolated
Anions and Molecules. Molecular calculations (e.g, vibra-
tional frequency calculations for isolated SiF;~ and GeF~
anions) were performed with the Gaussian09 program™
using three different methods. In particular, we used (1) pure
GGA functional, i.e, PBE (for consistency reasons with the
crystal-structure DFT calculations described above); (2) hybrid
B3LYP functional;>' and (3) post Hartree—Fock Moller—
Plesset second order perturbation theory (MP2).”> Electrons
were described with all electron basis sets. Convergence tests
revealed that triple-( basis sets augmented with polarization
(and diffuse) functions yield converged results (i.e., def2-
TZVP> and aug-cc-pVTZ>* ™ yield very similar vibrational
frequencies and almost identical bond distances, which are also
quite close to those given by the quadruple-{ aug-cc-pQVZ
basis set, see Table S1). Def2-TZVP basis sets were obtained
from the Basis Set Exchange (BSE) portal (https://bse.pnl.
gov/bse/portal) and the EMSL Basis Set Library.”**”
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S1.1 NMR spectra
'H, ™F and '®C NMR spectra of compound

[(LPPP)H],[GeFs] (3b) are shown in the top, middle,
and bottom panels of Figure S1, respectively, whereas for
the compounds [(LPPP)H][SiFs] (2a) and [(L°PP)H][GeFs]
(2b) they are shown in Figure S2.

S$1.2 Convergence of Gaussian basis sets for Molecu-
lar DFT and MP2 Calculations

Molecular calculations (e.g., vibrational frequency calcu-
lations for isolated SiF5; and GeF; anions) were performed
with all electron Gaussian basis sets. Convergence tests re-
veal that triple-zeta basis sets augmented with polarization
(and diffuse) functions yield converged results, i.e., def2-
TZVP' and aug-cc-pVTZ>® yield very similar vibrational fre-
quencies and almost identical bond-distances, which are
also quite close to those given by the quadruple-zeta aug-
cc-pQVZ basis set, see Table S1.

S2 Results and Discussion
S2.1 Crystal Structure Determination
Crystal structures of [(LPPP)H][SiFs] and [(L°PP)H][GeFs]

compounds (2a) and (2b) were determined by single crys-
tal X-ray analysis. Data were collected at 100 K and were
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Figure S1. NMR spectra of [(L°P)H],[GeFs] compound (3b) in
deuterated acetonitrile. From top to bottom: 'H, '°F, and *C NMR
spectra. Letters (a—f) denote the observed protons and (g) the sin-
gle peak observed in "°F spectra for Gng‘ anion. Spectra were
recorded on bulk of the sample, without further treatment and be-
fore crystallization process.

initially refined in C2/c space group. In this space group the
structure showed dissordered MF; anions in two positions
from which we couldn’t distinctly define t he s tructure o f the
anions. Therefore, we lowered the symetry and refined the
structures for (2a) and (2b) in P24/n and P2,/c space groups
respectively. Lowering of the symmetry revealed trigonal-
bypiramidal anions in two distinct positions (domain A and
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Figure S2. NMR spectra of [(L°PP)H][SiFs] (left) and [(L°PP)H][GeFs] (right) in deuterated acetonitrile. From top to bottom: 'H, '°F, and
'3C NMR spectra. Letters (a—f) denote the observed protons and (g) the single peak observed in '°F spectra for SiF; and GeF; anions.
Spectra were recorded on bulk of the sample, without further treatment and before crystallization process.

Jomain B) populated 50:50 for (2a) and 80:20 for (2b) at
100 K. The corresponding crystal data are summarized in
Table S2, asymmetric units are shown in Figure S3, and
oerspective view of the crystal structure (2b) is presented
n Figure 5 in the main paper.

In the crystal structure 6 MF5 anions are packed around
2ach [(LPPP)H]* cation and vice-versa (6 cations around
2ach anion), forming the distorted NaCl type structure, see
Figure S4. Note that the plots in this figure show only 4

S3

counter-ions around each ion, because structural elements
that lie in front and behind the paper plane are omitted for
clarity, i.e., there is one counter-ion in front and one counter-
ion behind each ion, resulting in overall packing of 6 cations
around each anion and vice versa.

Crystal structure of [(LPPP)H],[GeFs] compound (3b) was
determined by single crystal X-ray analysis analogously to
those of (2a) and (2b). The corresponding crystal data
are summarized in the last-column of Table S2, whereas its
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Table S1. Gaussian basis set convergence, i.e., comparison of B3LYP and MP2 results for isolated MF;™ anions (M = Si, Ge) in bipyramidal
D3 symmetry obtained with various Gaussian basis sets. Fax and Feq stands for axial and equatorial F atoms, respectively.

B3LYP B3LYP B3LYP B3LYP B3LYP B3LYP MP2 MP2
def2-SVPD aug-cc-pvVDZ def2-TZVP def2-TZVPD aug-cc-pVTZ  aug-cc-pVQZ  aug-cc-pVTZ aug-cc-pvVQZ
bond distances [A]
Si—Fax 1.695 1.704 1.676 1.677 1.682 1.678 1.679 1.673
Si—Feq 1.661 1.669 1.634 1.634 1.641 1.635 1.638 1.631
Ge—Fax 1.798 1.804 1.787 1.785 1.789 1.787 1.773 1.765
Ge—Feq 1.773 1.779 1.763 1.752 1.761 1.758 1.743 1.736
frequencies [cm™]
vi (SiFs) 669 652 689 687 682 685 693 698
vi (GeFs?) 614 611 632 613 630 632 663 670

Table S2. Summary of crystal data and structure refinements for [(L°P°)H][SiFs] (2a), [(L°PP)H][GeFs] (2b), and [(L°"°)H].[GeFs] (3b).

Compound [(LPPP)H][SiFs] (2a) [(LPPP)H][GeFs] (2b) [(LOPP)H],[GeFé] (3b)

CCDC No. 1545731 1545732 1545733

Formula Ca7Ha7N2FsSi C27H37N2:FsGe (2)(;2 ;;Téf;‘_l?oieg g46(CHzCIz)

Fw 512.67 557.17 1082.18

T (K) 100 100 100

Crystal system Monoclinic Monoclinic Monoclinic

Space group P241/n P2ilc P2ilc

a(A) 16.0805 (4) 16.0694 (2) 12.2381 (2)

b (A) 9.8425 (2) 9.9063 (1) 15.4667 (2)

c(A) 17.6856 (3) 17.7594 (2) 31.8258 (5)

B(°) 90.502 (2) 90.691 (1) 94.370 (1)

V (A?) 2799.02 (9) 2826.88 (6) 6006.57 (16)

V4 4 4 4

Mass density (g/cm?) 1.217 1.309 1.197

Crystal size (mm) 0.36 x 0.30 x 0.14 0.69 x 0.42 x 0.28 0.24 x 0.20 x 0.17

Radiation type Cu Ka Cu Ka Cu Ka

A(A) 1.54184 1.54184 1.54184

g (mm-) 1.18 1.91 1.70

F (000) 1088 1160 2294.6

Omax (°) 732 67.1 67.1
-19<sh<17 -19<h<18 -14<h<14

Index ranges -12<sk<12 -11sks11 -18sk<15
-21s1s21 -21<1s21 -33<1=<38

Reflections collected 44580 63471 43421

Independent reflections 55622 5033 10742

Reflections with [/ > 20(/)] 3337 4771 9825

Rint 0.025 0.042 0.034

Rsigma 0.0105 0.0136 0.0266

Data/restraints/parameters 5522/01/379 5033/15/379 10742/0/786

skl 1.06 1.13 1.24

R1l, wR2E [/ > 20(/)] 0.050, 0.145 0.037, 0.105 0.083, 0.191

R4, wR2ll [all data] 0.065, 0.159 0.039, 0.106 0.088, 0.193

APrmin, APmax (€A3) -0.237, 0.294 -0.252, 0.423 -0.658, 1.137

S = [Z(W(Fo? =Fc? )2)/(No=Np)]%.
Ry = 5||Fol=|Fe|l/Z|Fol.
€ WR, = [E(W(Fo? —F2)2)E(W(F2)))%.

S4
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[(L°"P)H][GeFs] (2b)

Figure S3. Asymetric units of [(L”"P)H][SiFs] (2a) and [(L”"")H][GeFs] (2b) with MF;" anions (M = Si, Ge) in position A.

asymmetric unit is shown in Figure S5.

Crystal structures of compounds (2a) and (2b) were also
calculated at the PBE/pw and PBE-D2/pw level of theory,
where the label “pw” stands for the plane-wave basis set
(these calculations utilized periodic-boundary-conditions).
For these calculations the experimentally determined struc-
tures were used as starting input structures. Note that frac-
tional occupations that stem from two possible positions of
MFg anions (M = Si and Ge)—labeled as domain A and
domain B in the following—were treated such that either all
MF; anions were exclusively located either in domain A or
in domain B. The corresponding PBE/pw and PBE-D2/pw
results—Ilattice parameters, unit-cell volume, and relative
stabilities and populations of the two domains—are com-
pared to experimental results in Tables S3 and S4, whereas
the experimental vs computational comparison of M—F bond
lengths and F-M-F bond angles is provided in Tables S5
and S6 for the Si and Ge compounds (2a) and (2b), respec-
tively.

It can be seen from Tables S3 and S4 that PBE overes-
timates and PBE-D2 underestimates the a, b, c lattice pa-
rameters and correspondingly the unit-cell volume. In partic-
ular, PBE overestimates the lattice parameters by about 4%
and 5% and volume by 13% and 16% for Ge and Si com-
pounds, respectively, whereas PBE-D2 underestimates the
lattice parameters by 2.5% and volume by about 7% for both
compounds. The reason that PBE overestimates the lattice
parameters and volume is due to neglected dispersion in-
teractions, which are important for the proper description of
interactions between neighboring bulky [(L°PP)H]* cations.
In contrast, PBE-D2 apparently overestimates these disper-
sion interactions and consequently underestimates lattice
parameters and unit-cell volume. This reasoning is corrob-
orated by the fact that both functionals predict very similar
relative stabilities of the two positional domains of MF an-
ions, which implies that the difference between the two func-
tionals is not due to description of anion—cation interactions,
but rather due to treatment of interactions between neighbor-

S5

ing bulky [(LPPP)H]* cations (note that anions are well sepa-
rated from each other in the crystal structure, see Figure 5
in the main paper) The predicted populations of the two do-
mains as derived from their relative stabilities agree remark-
ably well with the experimental values for both Ge and Si
compounds (Tables S3 and S4). These populations were
calculated by assuming that position/orientation of a given
anion is independent from the position of the neighboring
anions, which leads to a two-level model. The populations
pa and pg were therefore estimated as:

g AE
g', pe=q 'exp(——=) (S1)

ks T

Pa
where

g=1+ exp(—E) and AE = (Eg — Ep).  (S2)

ke T
The Ea and Eg are the energies of domain A and B, respec-
tively.

S$2.2 Local Structure of MF; Anions

As for the M—F bond lengths and F-M-F bond angles (Ta-
bles S5 and S6), calculations reproduce the experimentally
observed distortion from the ideal bipyramidal structure of
MF5 anions, i.e., the axial Fax—M—-Fay angle is smaller than
180° and equatorial Feq—M—Fqq angles are distorted from
120°. While calculations predict similar distortions for the
two domains, the experimentally determined distortion of
domain B is slightly larger than that of domain A. Accord-
ing to both experiments and calculations the axial M—F g
bonds are longer than the equatorial M-F¢q bonds, which
is in accordance with valence-shell-electron-pair-repulsion
(VSEPR) model of molecular geometry. Namely, the trig-
onal bipyramid has two sets of vertices that are not equiv-
alent: equatorial and axial. The axial vertices have three
close neighbors (equatorial vertices), whereas the equato-
rial vertices have two close neighbors (the axial vertices)
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Figure S4. Packing of [(L°")H]" cations around GeF; anion (left) and of GeF; anions around [(L°")H]" cation (right) in the crystal
structure of [(L°PP)H][GeFs] (2b). Only domain A is considered. From top to bottom: packing in the ab, ac, and bc planes.

and two more that are farther away (the other two equatorial
vertices).® Because of this nonequivalence of the vertices
of the trigonal bipyramid the axial bond lengths in the trigo-
nal bipyramidal species are longer that the equatorial bond
lengths.®

Unconstrained refinement of (2b) resulted in uncharacter-

S6

istic bond lengths for trigonal-bipyramidal geometry in the
domain B with one elongated equatorial bond and one short-
ened axial bond, whereas domain A of (2b) completely re-
produced expected trigonal-bipyramidal geometry. These
discrepancies were attributed to uncertainty of X-ray mea-
surements due to low electron density of domain B with only
20% occupancy in (2b). Therefore the SAME restraint was
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F3

Figure S5. Asymetric unit of [(LPPP)H].[GeFs] compound (3b). Solvent molecules (dichloromethane and diethyl ether) are removed and
[(LPPP)H]* “wingtips” shaded for clarity. Experimentally determined bond lengths (A) and angles (°) in the GeFE‘ anion: Ge1-F1 1.787(3),
Ge1-F2 1.800(3), Ge1-F3 1.797(3), Ge1-F4 1.797(3), Ge1-F5 1.803(3), Ge1-F6 1.798(3); F1-Ge1-F2 179.9(2), F3-Ge1-F4 90.4(1),

F4-Ge1-F590.1(1), F5-Ge1-F6 90.1(1), F6-Ge1-F3 89.5(1).
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Table S3. PBE and PBE-D2 calculated and experimentally determined crystal structure data of [(L®"P)H][SiFs] compound (2a). Calculations
are performed with all anions oriented exclusively either into domain A or into domain B. Labels have the following meaning: a, b, ¢, 5 =
unit-cell lattice parameters, E = total energy. Ea stands for the total energy of the “domain A” oriented structure (E — Ea therefore measures

the energy with respect to the energy of the domain A).

[(LO®P)H][SiF3] PBE PBE-D2 Expt.
domain A domain B domain A domain B disordered
a [A] 17.04 17.04 15.48 15.48 16.08
b [A] 10.34 10.34 9.64 9.64 9.84
¢ [A] 18.44 18.43 17.38 17.38 17.69
B [] 90.0 89.9 92.0 92.0 90.5
V [AY 3248 3249 2592 2592 2799
E — Ea [kJ mol'/anion] 0.0 -0.05" 0.0 +0.005"! 0.0 (A), +0.0 (B)

Domain population® [%]
atT=100K 49%
atT=300K 50%

51%
50%

50%
50%

50%
50%

50% (A), 50% (B)

[a] Value smaller than the computational accuracy.

[b] Populations pa and ps are calculated as pa=q"' and ps = q"'exp(-AE / ksT), where q =1+ exp(-AE/ ksT) and AE = (Eg — En).
[c] Obtained from paas Es— Ea=—ksT In(pa™ — 1), where ks is Boltzmann constant.

used for the refinement of the domain B and the resulting
Ge-F bond distances agree much better with the PBE cal-
culated ones and conform with the expected trend of two
longer axial and three shorter equatorial bonds. The agree-
ment between experiments and calculations is fair, e.g., for
the domain A the PBE/pw and PBE-D2/pw calculated M-F
bond lengths are by about 0.07 A longer than the experi-
mental ones.

An interesting aspect is the above mentioned distortion of
MF5 anions from the ideal bipyramidal Dg, structure, which

S7

is obviously due to interaction with surrounding cations, be-
cause molecular calculations of isolated MF5 anions pre-
dict the ideal D3, symmetric structure. Comparison between
crystal PBE/pw calculations and the PBE/pw calculations of
isolated MF; anion' reveals that apart from the distortion of
the D3, structure, the effect of the crystal field on the (aver-
age) M-F bond lengths is rather minute—below 0.01 A for
equatorial bonds and even smaller for axial bonds (compare
the “PBE/pw (domain A)” and “PBE/pw (isolated)” columns

tIsolated MFg is modeled as an anion enclosed in a big box with the
compensating counter-charge background.
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Table S4. As in Table S3 but for the Ge compound (2b). Labels have the same meaning as in Table S3.

[(L°®?)H][GeF 5] PBE PBE-D2 Expt.
domain A domain B domain A domain B disordered

a [A] 16.68 16.63 15.53 15.47 16.07

b [A] 10.37 10.40 9.60 9.77 9.91

c [A] 18.43 18.43 17.45 17.48 17.76

B [ 90.1 90.0 922 91.8 90.7

V [AY 3188 3188 2599 2641 2827

E — Ea [kJ mol~/ anion] 0.0 +2.4 0.0 +29 0.0 (A), +1.2 (B)™

Domain population®® [%]
atT=100 K 95% 5% 97% 3% 80% (A), 20% (B)
at T=300 K 72% 28% 76% 24%

[a] Populations px and ps are calculated as pa =g and ps=q'exp(-AE/ ksT), where q =1+ exp(-AE/ ksT) and AE = (Eg— En).
[b] Obtained from paas Es— Ea=—ksT In(pa™ — 1), where ks is Boltzmann constant.

Table S5. Experimental and calculated bond lengths and angles for both domains of SiF; anion of [(L°PP)H][SiFs] compound (2a). PBE
and PBE-D2 calculated values are reported as “PBE [PBE-D2]", i.e., PBE-D2 values are stated in square brackets.

Domain A Anion as observed Domain B
F2A
F5B F3B
Si Si1
F1B
F2B
&FM F4B
Bond length [A] (expt)
Bond length [A] Bond Bond Bond length [A]
(calcd) Domain A Domain B (calcd)
1.703 [1.701] Si1A—F1A 1.623 (11) 1.657 (4) Si1B—F1B 1.691 [1.680]
1.691 [1.680] Si1A—F2A 1.643 (4) 1.649 (13) Si1B—F2B 1.703 [1.700]
1.640 [1.643] Si1A—F3A 1.585 (3) 1.591 (3) Si1B—F3B 1.646 [1.643]
1.648 [1.644] Si1A—F4A 1.592 (13) 1.630 (10) Si1B—F4B 1.647 [1.644]
1.645 [1.643) Si1A—F5A 1.594 (4) 1.591 (4) Si1B—F5B 1.640 [1.643]
Angle [°] (expt)
Angle [7] Angle Angle Angle [°]
(calcd) Domain A Domain B (calcd)
179.2 [179.1] F1Aax—Si1A—F2Aax 178.4 (4) 176.1 (6) F1Bax— Si1B—F2Bax 179.0 [179.0]
120.5 [120.0] F3Aeq— Si1A—F4A.q 122.4 (6) 122.5 (3) F3Beq— Si1B—F4Beq 120.1 [120.0]
119.8 [120.0] F3Acq— Si1A—F5Acq 118.3 (3) 117.1 (3) F3Beq— Si1B—F5Beq 119.5 [120.0]
119.7 [120.0] F4Acq— Si1A—F5Acq 119.3 (6) 120.4 (3) F4Beq— Si1B—F5Beq 1204 [120.0]

in Table S7). Molecular B3LYP/aug-cc-pVTZ and MP2/aug- S2.3 H-Bonding Between MF; Anion and Surrounding
cc-pVTZ calculations predict slightly shorter M—F bond dis- [(LPPP)H]* Cations
tances compared to the PBE distances, but they are still

longer than the experimental bond lengths (Table S7). ) . o
With the analysis of charge density difference, eq (1)

in the main paper, we could clearly identify two H-bonds
per MFg anion that are formed with imidazolium frag-
ment: one bifurcated C—H- - - F5(Feq) bond and one sin-
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Table S6. As in Table S5 but for the Ge compound (2b).

Domain A Anion as observed Domain B
F2A
F5B F3B
F5A E3A
GelA M hors Ge1 s
F1A F4B
Bond length [A] (expt)

Bond length [A] Bond Bond Bond length [A]
(calcd) Domain A Domain B (calcd)
1.818 [1.818] GelA—F1A 1.759 (3) 1.776 (8) Ge1B—F1B 1.808 [1.798]
1.808 [1.799] GelA—F2A 1.759 (2) 1.734 (15) Ge1B—F2B 1.817 [1.809]
1.777 [1.779] GelA—F3A 1.716 (2) 1.727 (8) Ge1B—F3B 1.780 [1.777]
1.784 [1.777] Ge1A—F4A 1.726 (3) 1.700 (14) Ge1B—F4B 1.785 [1.787]
1779 [1.779] Ge1A—F5A 1.702 (2) 1.663 (8) Ge1B—F5B 1.777 [1.783]
Angle [°] (expt)

Angle [°] Angle Angle Angle [°]
(calcd) Domain A Domain B (calcd)
1783 [179.1] F1Ax—Ge1A—F2Axx 178.5 (2) 176.7 (9) F1Bax—Ge1B—F2Bax 1784 [177.9]
121.9 [119.0] F3Ac—Ge1A—F4Acq 1212 (2) 122.5(7) F3Beq—Ge1B—F4Bq 119.8 [119.5]
1181 [121.9] F3Ac—Ge1A—F5A. 17.7 (1) 117.2 (6) F3Boq—Ge1B—F5Beq 118.7 [118.2]
1201 [119.1] F4A.—Ge1A—F5A. 1211 (2) 120.2 (6) F4Boq—Ge1B—F5Beq 1216 [122.3]

Table S7. Calculated M-F (M = Si, Ge) bond distances within the MFg" anion as given by various methods and basis sets (designated
as “method/basis-set”). Experimental values for domain A are stated for comparison. Labels Fax and Feq stand for axial and equatorial F
atoms, respectively, whereas label “pw” stand for the plane-wave basis set.

Bond type Bond distance [A]
PBE/pw®! PBE/pw™ PBE/ B3LYP/ MP2/ Expt.[
(domain A) (isolated) aug-cc-pVTZ® aug-cc-pvVTZ® aug-cc-pvTZP (domain A)
Si—Fax 1.691, 1.693 1.696 1.682 1.679 1.623,
1.703 1.643
Si—Feq 1.640, 1.651 1.657 1.641 1.638 1.585,
1.645, 1.592,
1.648 1.594
Ge—Fax 1.808, 1.812 1.804 1.789 1.773 1.759,
1.818 1.759
Ge—Feq 1.777, 1.787 1.778 1.761 1.743 1.702.
1.779, 1.716,
1.784 1.726

[a] From calculation of full-crystal structure with all MFs~ anions in domain A.
[b] From calculation of isolated MFs~ anion.
[c] For MFs™ in domain A.

gular C—H---F4 bond. In the domain A these are C2- The criterion for the identification of H-bonds is the existence
H- - - F1Ax(F4Aeq) and C4-H- - - F2A,,, whereas for the do- of electron charge accumulation lobe in between the H. - - F
main B they are C2—H- - - F2B,4(F4Bgq) and C5—-H- - - F1By. atoms. The bifurcated H-bond is formed with one axial and
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Table S8. PBE calculated and experimentally determined H-bond lengths and angles for [(L®"P)H][SiFs] and [(L°"°)H][GeFs] compounds
(2a) and (2b); experimental values are stated in parentheses. Labels have the following meaning: d(H- - - F) = distance between H and F

atoms within the C-H- - - F; d(C- - - F) = distance between C and F atoms within the C-H- - - F; a(C-H- - - F) = C—H- - - F bond angle.

Bond type Si compound Ge compound

d(H-F) [A] dC-F)A]  a(C-H-F)[] d(H-F) [A] dC-F)[A]  a(C-H-F)[]
domain A
C2-H:"F1Aax 2.04 3.07 (3.08)¢ 156 (149)% 2.02 3.05 (3.04)¢ 158 (154)¢
C2-H-"F4Aq, 2.39 3.30 (3.04)¢ 140 (149)@ 243 3.28 (3.01)¢ 134 (138)@
C4-H--F2Aax 221 3.03 (2.88)@ 131 (123)@ 2.27 3.00 (2.90)¢ 123 (124)@
domain B
C2-H:--F2B,, 2.04 3.07 (3.00) 157 (148) 2.06 3.06 (3.07)@ 153 (138)¢
C2-H:'F4B.q 2.39 3.30 (2.97)® 140 (148) 2.37 3.26 (2.93) 139 (154)
C5-H:"F1Bax 220 3.03 (2.91)@ 132 (123) 2.20 2.99 (2.90)¢ 128 (123)¢

FExperimental value.

one equatorial F atom, yet the interaction with F, is stronger
as clearly evidenced by considerably larger electron-charge
accumulation lobe in between the H- - - F,, as compared to
H- - - Feq, see Figure 4 in the main paper which shows the
charge density difference for the Ge compound (2a) with the
anion in the domain A; Ap(r) plots are analogously similar
for the domain B as well as for the Si compound (2b) for both
domains (not shown for brevity). Also the distance between
the H- - - Fax (2 A) is by about 0.4 A shorter than the H- - - Feq
distance (2.4 A)—see Table S8, which tabulates the PBE
calculated and experimentally determined bond-lengths and
angles of the identified H-bonds. From the tabulated dis-
tances we can infer that these H-bonds are relatively weak.

S$2.4 Transition of MF; Anions Between Domain A
and B

Using the '°F NMR spectroscopy (see Figure S2) we only
observed a single signal instead of two signals for axial and
equatorial fluorides. This observation can be explained by
assuming that the lifetime of an anion in a given domain is
very short, i.e., anions flip frequently between the two do-
mains. To confirm this hypothesis we calculated the activa-
tion barrier for the transition of the GeF; anion between the
two domains. Both possible mechanisms were explored: ro-
tation (R) and Berry pseudorotation mechanism (BM). The
calculations were performed in such a way that only one an-
ion per unit-cell undergoes transition (note that there are four
anions per unit-cell). The PBE/pw calculated activation ener-
gies (E*) for R and BM mechanisms in [(L°PP)H][GeFs] com-
pound (2b) are almost degenerate and very small, 12 kdJ/mol
for A — B transition and 10 kJ/mol for the reverse B — A
transition. This implies that both R and BM mechanisms are
similarly probable. The “movie” snapshots of the two mech-
anisms are shown in Figure 2 in the main paper. These acti-
vation energies imply that at 300 K—temperature at which
SF NMR was performed—the average lifetime () of the
GeF; anion in a given position between the two flips is on
the order of a 10710 s, which is way shorter than the NMR
time scale. The average lifetime of the anion in a given po-
sition was estimated as 7 = v~ ' exp(E*/(kg T)), where the

S10

value of 10" s~' was assumed for the frequency prefactor
V.

S§2.5 Relative Stabilities of Anions: Bipyramidal GeF;
vs Octahedral GeF2-

One of the reasons that GeF; anion is so difficult to syn-
thesize is due to its tendency to polymerize and form chains
of octahedra. This indicates that the stability of bipyrami-
dal GeF anion is inferior to that of octahedral GeF5 ™. To
substantiate this inference, we characterized the relative sta-
bilities of the two anions computationally on the B3LYP/aug-
cc-pVTZ level of theory. A word of caution is in place here,
namely, it would be inappropriate to directly compare “GeFg
+ F~"to GeF3 . If this is done then GeFZ "~ is found inferior
to “GeF; + F~” by 164 kd/mol. The reason is that GeFg
is a relatively small object and it cannot efficiently “accomo-
date” the surplus of two-electrons—that this is so can be
appreciated from its electron affinities (EA): the first calcu-
lated adiabatic EA of GeFg is huge, 899 kJ/mol (for GeFg
+ e~ — GeFg ), whereas the second adiabatic EA is way
smaller, only 145 kJ/mol (for GeFg + e~ — GeF3 ) and this
value is smaller than the ionization potential of the most elec-
tropositive species. However, in reality the Gng' is “never”
alone but is instead surrounded by cations for the reason of
charge-neutrality. It is therefore stabilized considerably by
the corresponding cation—anion interactions. A much more
appropriate way to characterize the relative stability of the
two anions is therefore to deduce it from stabilities of neu-
tral “objects”. We thus evaluated the relative stability of the
two anions by considering the following two consecutive re-
action steps (the B3LYP/aug-cc-pVTZ calculated energies of
reactions, AE = Eproducts — Ereactants, are also stated):

GeF,4 + NaF — NaGeFs,
NaGeFs + NaF — Na,GeFg,

AEs = —181 kJ/mol (S3a)
AEg = —244 kJ/mol (S3b)

and

AAEgs = AEg — AEs = —63 kJ/moI (S3C)



It can be seen from the Figure S7 that the point represent-
ing the ammonium case, reactions (S4a) and (S4b), lies on
the Na* curve. This Figure suggests that for Ry > 4 A,
the AAEgs values become endothermic and correspond-
ingly the Gng‘ anion inferior to GeF; anion.

We also calculated the respective reaction steps for the
bulky tetramethylammonium cation, N(CHs)j, for which the
R, distance is about 4.2 A (due to a symmetry, the R is
roughly given by the Ge—N distance). Similarly as for the am-
monium cation, also this case lies very near the Na* curve.
Notably, though, Figure S7 suggests that N(CHj3); cation is
large enough to stabilize the GeF against the GeF2 , be-
cause the AAEgs > 0.

Although the above analysis was performed with small
clusters instead of solids, we believe that it correctly cap-
tures the qualitative trend that thermodynamic preference
of GeF;~ against GeF diminishes with increasing size of
cation. We therefore believe that the above presented anal-
ysis clearly demonstrates that apart from the steric effects,
bulky cations stabilize the GeF against the GeF3 ~ also due
to electrostatic effects. But Figure S7 should not be taken
too quantitatively, in the sense that GeF5 wins over GeF3 -
if R > 4 A. At what R. distance this happens (if at all)
for specific case, depends on the actual crystal structures
involved.

S2.6 Vibrational Characterization of SiF; and GeF; as
well as SiF?- and GeF2- Anions

$2.6.1 Raman Spectra

The vibrations of the MF; " anions (M = Si, Ge) can be as-
signed based on D3z, symmetry. Three stretching vibrations
(1, 2, and vs) are Raman active. According to the liter-
ature, the strongest Raman active peak is the v, which is
found at 708 cm~' for SiF; " and at 665 cm~' for GeF5 .2
In the recorded Raman spectra of [(LPPP)H][MFs], shown in
Figure S8a, the peak at 709 cm~" (Si) and 664 cm~' (Ge)
can be therefore confidently assigned to the v4 vibration of
the trigonal-bipyramidal anion MF . Other less intense vi-
brations that could belong to the anion cannot be discerned
due to strong masking vibrations of the cation. Raman spec-
tra of the of [(LPPP)H][MFs] were also recorded up to 4000
cm~" (Figure S8b). The most intense vibration of the anion
is marked by asterisk (*), whereas we assigned other peaks
to the vibrations of the cation.

With the use of the Raman spectroscopy we checked the
stability of the [(L°PP)H][MFs] compounds (2a) and (2b) ex-
posed to air. Raman spectra were taken in sealed capil-
lary and on the sample that was exposed to the air and air
moisture for 24 hours (Figure S9). According to the Raman
spectroscopy, there is no differences in the position of the
v1 vibrations of the MF;  anions (marked by asterisk) and
cations. The compounds (2a) and (2b) are therefore stable
on air at room temperature.

In contrast to trigonal-bipyramidal MF5 the vibrations of
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octahedral MF§* anions (M = Si, Ge) can be assigned based
on Oy, symmetry. Three vibrations (v1, 12, vs) are Raman
active and v is usually the strongest and found at 663 cm~'
for SiF3~ and 624 cm~" for GeF3 .7

Raman spectra of the [(LPPP)H][GeFs] compound (2b)
(blue line) and [(LPPP)H],[GeFs] compound (3b) (black line)
are presented in Figure S10a. The absence of the peak at
664 cm~" in the Raman spectrum of compound (3b) proofs
the absence of the trigonal-bipyramidal MF5 anions in the
compound (3b). Unfortunately, the position of the 14 peak’
of the GeF3~ at 624 cm~" falls in the region of the cation
vibrations and is therefore masked by them. The spectrum
of the [(LPPP)H],[GeFs] compound (3b) was also recorded
up to 4000 cm~" (Figure S10b.)

Table S9. PBE calculated vibrational frequencies of Raman active
vy (A1) normal mode of SiF; and GeFg anions. Labels “(crys-
tal)” and “(isolated)” indicate the results obtain from the plane-wave
calculation of full-crystal structure with all MFg" anions in domain
A and from calculation of isolated MF5 anion, respectively. The
Apge/pw column tabulates the difference in vibrational frequencies
as obtained from “(crystal)” and “(isolated)” calculations.

Normal mode PBE/pw  PBE/pW  Apsepw (crystal — PBE/
(crystal) (isolated) isolated) aug-cc-pVTZ

vi (SiFs) [cm] 653 644 9 652

vi (GeFs) [em™] 599 588 1 598

S2.6.2 Vibrational Calculations

PBE underestimates vibrational frequencies, in particular it
predicts 10% softer frequencies of Raman active vy (A’y)
normal mode of MF5 anions compared to experimental val-
ues. The PBE/pw values for v4 frequencies, obtained from
the full-crystal structure calculations, are 653 and 599 cm™~'
for Si and Ge compounds (2a) and (2b), whereas experi-
mental values are 709 and 664 cm~', respectively (cf. Fig-
ure S8). Yet the PBE/pw calculations allow to quantify the
effect of surrounding crystal structure on the vibrations of
MF5 anions. The PBE/pw calculations performed for iso-
lated MF5 anion (i.e. MF5 enclosed in a big box with the
compensating counter-charge background) give by about
10 cm~" softer vibrational frequencies (Table S9). Inter-
estingly, the crystal PBE/pw calculations give almost iden-
tical vibrational 4 frequency as the molecular PBE/aug-cc-
pVTZ calculations (Table S9). Small quantified effect of the
crystal-field on the v4 vibrational frequencies reassures that
the v4 vibrations of MFg anions can be characterized with
molecular calculations. In Table S10 we compare the results
for the B3LYP and MP2 calculated v; frequencies for iso-
lated bipyramidal MF5 and octahedral MFg‘ anions (M = Si
and Ge) to experimental values. For the sake of complete-
ness, we also list in Table S11 all the vibrational frequencies
along with IR intensities and Raman activities, calculated on
the MP2/aug-cc-pVTZ level of theory. The resulting calcu-
lated IR and Raman spectra are presented in Figure S11,
whereas normal mode displacement patterns are shown in
Figure S12.
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Raman spectrum of [(L°PP)H]2[GeFs] (3b) in range from 150 to 4000 cm ™.

It can be seen from Table S10 that MP2 values of isolated
bipyramidal SiF; and GeFg anions are very close to experi-
mental values, whereas for the isolated octahedral MFZ~ an-
ions the agreement is not as good and the MP2 values are

S13

too soft by about 40 cm~'. The reason is obviously due to
neglect of the crystal field stabilization, which is much more
important for bivalent Mz~ than for monovalent MF an-
ions; for the latter the effect of crystal-field on v frequency
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Figure S12. MP2/aug-cc-pVTZ calculated normal modes of GeF; anion. Vibrational frequencies and normal mode symmetries are also
reported below each snapshot. The Raman active 14 mode that was observed experimentally is highlighted.
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Chapter 8
Summary and Conclusions

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

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

8.1 Summary

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

a) Rare example of SbF; auto-ionization that shows amphoteric nature of SbFs.

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

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

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

ionization reaction.

Additionally, we have suggested the chemical mechanism of such conversion and
determined that the formation of [(LP*),SbF,|"[SbF.] is not induced by the presence of



100

tmen base in the reaction mixture. The mechanism could be described as “ligand-assisted
and heat-induced auto-ionization”.

In the second part, we have studied the reactivity of NHC with different HF sources.
Initial reaction with a surplus of aHF resulted in the formation of imidazolium
poly (hydrogen fluoride) product [(LP")H][F(HF),]. This prompted the question if we could
stabilize [(LP*)H|[F(HF)] and [(L”"")H][F] compounds in 1:2 and 1:1 ratios of HF,
respectively. Et;Nx3HF and KHF,; reagents readily accomplished this task in
stoichiometric quantities of HF. This way we have found an elegant solution for the
formation of [(LP**)H|[F| that was analytically pure without water or other impurities
usually present in analogous types of products. During the research and characterization
we established that product [(L""*)H]|[F] shows properties of a naked (free) fluoride reagent.
Additionally, we observed that dissolution of a solid [(L""")H][F] in acetonitrile leads to
the formation of [(LP*)H]|[F(HF),| and free NHC (LP*). This is the first example where
imidazolium salt reacts with itself and produces free NHC — a type of process not observed
before.

In the last part of our work we have tested the reactivity of [(L""*)H][F] reagent and
reacted it with SiFy and GeF4 Lewis acids. Reaction yielded discrete, monomeric, trigonal
bipyramidal SiFs and GeFs anions. With an additional equivalent of [(L""")H][F] the
reaction yielded a GeF¢* anion which, surprisingly, showed lower stability than the GeFs
anion (visual assessment under the microscope). With the help of quantum-chemical
calculations, we established that the large cations indeed stabilize the GeFs anion against
GeF¢® anion due to cation steric properties as well as electrostatic Coulomb interactions
with the surrounding cations. Discrete GeF; anion was structurally characterized for the
first time. The anion in the crystal structure is disordered in two distinct positions and
occupies two distinct positions. We tried to explain the disorder in the crystal structure
terms of rotation (R) or the Berry pseudorotation mechanism (BM). Calculated activation
energies for both mechanisms are comparable and small, which means both mechanisms
are equally probable. Additionally, we have reported the first Y’F NMR spectra of GeF;
and GeF¢ in organic solvents (acetonitrile). Trigonal bipyramidal GeFs anion has two
magnetically inequivalent sets of fluorides (equatorial and axial) but NMR shows only one
singlet at —136.60 ppm for GeFs anion in acetonitrile. This observation can be explained
by assuming that the lifetime of the anion in a single domain is very short which thus
confirms BM, however R mechanism cannot be excluded.
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8.2 Outlook

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

a) NHC modes of coordination — an aspect highly important in catalysis
b) effects of the central metal size on the system

c) different Lewis acidity effects

d) other unexpected phenomena

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

8.3 Final Personal Remark

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