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Abstract
The main focus of this thesis lies in the study of the potential of aluminum chlorofluoride
(ACF) as a catalyst for the synthesis of fluorinated compounds. In particular, C−F bond
activations of various polyfluorinated compounds were studied, showing the efficiency of
this solid Lewis acid catalyst for this type of reaction. The potent greenhouse gas 2-chloro1,1,1,2-tetrafluoropropane was successfully transformed into the dehydrofluorination
product 2-chloro-3,3,3-trifluoropropene under mild conditions, without the need of a
hydrogen source. Additionally, subsequent hydroarylation or hydrodefluorination reactions
were observed by varying the solvent or introducing a hydrogen source. Similarly,
transformation of pentafluoropropane isomers, such as 1,1,1,3,3-pentafluoropropane,
1,1,1,2,2- pentafluoropropane and 1,1,1,2,3-pentafluoropropane was also investigated
using ACF as a catalyst. It was evidenced that the primary CH2F group present in 1,1,1,2,3pentafluoropropane was easily activated without the need for a hydrogen source. In
contrast, to activate CF2 groups, a hydrogen source such as HSiEt3 was required, generating
a variety of products, which could be controlled by varying the amount of silane present in
the reaction mixture. Consecutive reactions such as Friedel-Crafts or hydroarylation
reactions were again observed by using an aromatic solvent such as C6D6.
Alternatively, successful hydrofluorination reactions of several substrates were conducted
by synthesizing a new material, based on the loading of hydrogen fluoride (HF) at the
surface of ACF. This HF-loaded ACF was deeply studied using a wide range of
characterization methods. For the bulk, MAS NMR spectroscopy, Fourier Transform
Infrared spectroscopy (FTIR), Inelastic Neutron Scattering (INS), Powder X-Ray
Diffraction (P-XRD), and thermoanalysis were performed, revealing a slight reorganization
of the bulk towards a better-ordered matrix and the formation of polyfluoride structure
interacting with the surface of ACF. The BET model was used for the surface area
determination, and the pore size analysis was established using the non local density
functional theory (NLDFT). Moreover, TEM images and EDX data were recorded to gain
a better understanding of the morphology of the material. Finally, various probe molecules
were adsorbed at the surface of HF-loaded ACF to determine the acidity of the surface,
revealing a significantly reduced Lewis and Brønsted acidity.
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Kurzzsusammenfassung
Der Fokus dieser Dissertation lag in der Untersuchung des Potentials von Aluminiumchlorofluorid (ACF) als Katalysator für die Synthese von fluorierten Verbindungen.
Insbesondere die C−F-Aktivierung von verschiedenen polyfluorierten Stoffen wurde
untersucht, welches die Effizienz des festen Lewis-Säure-Katalysators für diesen
Reaktionstyp zeigte. Das potente Treibhausgas 2-Chlor-1,1,1,2-tetrafluorpropan wurde
erfolgreich in das dehydrofluorierte Produkt 2-Chlor-3,3,3-trifluorpropen, ohne den
Einsatz einer Wasserstoffquelle unter milden Reaktionsbedingungen, überführt. Außerdem
wurden konsekutive Hydroarylierungs- oder Hydrodefluorierungsreaktionen beobachtet,
indem das Lösungsmittel variiert wurde oder eine Wasserstoffquelle verwendet wurde.
Weiterhin wurden Umsetzungen von Pentafluorpropan-Isomeren wie z.B. 1,1,1,3,3Pentafluorpropan, 1,1,1,2,2-Pentafluorpropan und 1,1,1,2,3-Pentafluorpropan mit ACF als
Katalysator untersucht. Es konnte gezeigt werden, dass die Aktivierung der primären
CH2F-Gruppe in 1,1,1,2,3-Pentafluorpropan schnell stattfindet und dabei keine
Wasserstoffquelle erfordert. Im Kontrast dazu, wurde für die Aktivierung von CF2Gruppen eine Wasserstoffquelle wie etwa HSiEt3 benötigt und resultierte in der Bildung
eines Produktgemischs, welches durch die eingesetzte Menge des Silans im
Reaktionsgemisch kontrolliert werden konnte. Folgereaktionen, wie z.B. Friedel-Craftsänhliche Reaktionen oder Hydroarylierung wurden beobachtet, wenn ein aromatisches
Lösungsmittel wie C6D6 eingesetzt wurde.
Alternativ wurden Hydrofluorierungsreaktionen von mehreren Substraten durch die
Synthese und den Einsatz eines neuen Materials erreicht, welches auf der Immobilisierung
von HF auf der Oberfläche von ACF beruht. Dieses HF-beladene ACF wurde unter der
Verwendung von vielfältigen Charakterisierungsmethoden umfassend untersucht. Die
innere Struktur des Festkörpers, der bulk, wurden mit MAS-NMR-Spektroskopie, FTIR,
Inelastische Neutronenstreuung, Powder XRD und Thermoanalyse analysiert Dadurch
konnte gezeigt werden, dass eine geringfügige Reorganisation des bulks zu einer besser
geordneten Matrix und die Bildung einer mit der ACF-Oberfläche wechselwirkenden
Polyfluorid-Struktur vorliegt. Zur Bestimmung der Oberflächengröße wurde das BETModell genutzt und zur Analyse der Porengröße wurde die non local density functional
theory (NLDFT) verwendet. Weiterhin wurden TEM-Bilder aufgenommen und EDXPage | x

Daten gesammelt um ein besseres Verständnis über die Morphologie des Materials zu
erhalten. Abschließend wurden verschiedene Probeverbindungen an der Oberfläche des
HF-beladenen ACFs adsorbiert um die Azidität der Oberfläche zu bestimmen und es konnte
gezeigt werden, dass eine signifikante Reduktion der Lewis- und Brønsted-Azidität
vorliegt.
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~ Chapter 1 ~

Chapter 1 Introduction
1- The important role of catalysts
A- Generalities
Jöns Jakob Berzelius was the first to introduce the word “catalysis” in 1835.[1,2] Even
though catalytic reactions have been known for centuries, for instance, in the production of
alcohol from sugar, Jöns Jakob Berzelius classified them as “the property of exerting on
other bodies an action which is very different from chemical affinity. By means of this
action, they produce decomposition in bodies and form new compounds into the
composition which they do not enter”.[2] The International Union of Pure and Applied
Chemistry (IUPAC) nowadays describes catalysts as “a substance that increases the rate of
a reaction without modifying the overall standard Gibbs energy change in the reaction.”[3]
Figure 1 represents the typical potential energy diagrams of a catalyzed and uncatalyzed
reaction. The activation energy (Ea) required for a reaction to take place is reduced,
employing a catalyst, compared to when no catalyst is used, therefore increasing the
reaction rate.

Figure 1. Potential energy diagrams comparison of a catalyzed and uncatalyzed exothermic
reaction. Ea is the activation energy, and ΔG is the Gibbs free energy released.

Without considering biological systems, two kinds of catalysts can be distinguished:
homogeneous and heterogeneous. In homogeneous catalysis, both the catalyst and the
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reactants are in the same phase, allowing for a smooth interaction between the substrate
and the active sites. In contrast, heterogeneous catalysts are in a different phase as the
reactants or the products, which in general enables an easy separation by filtration or
decantation of the desired product and the catalyst. The ease of the catalyst recovery stands
as an essential factor for the industry, as it enables a simple and straightforward
regeneration or recycling of the catalyst. Therefore, heterogeneous catalysts with high
activity and selectivity are used in majority by industries for commercial purposes. The
drawbacks related to heterogeneous catalysts are the non-uniformity of the distribution and
strength of the active sites, as can be seen in Table 1. However, their high stability
represents another appealing advantage, and a considerable amount of studies on the design
of new heterogeneous catalysts can be found in the literature.[4–11] Various reaction
mechanisms exist, such as the Langmuir-Hinshelwood mechanism, the Eley-Ridea
mechanism, or the Mars-Van Krevelen mechanism based on different reactions rate.
Table 1. Comparison between a heterogeneous and a homogeneous catalyst:
Aspect

Homogeneous

Heterogeneous

Activity

High

High

Selectivity

High

Low

Recovery

Difficult

Easy

Reaction conditions

Low temperature (>250 °C), low
thermal stability

High Temperatures, high thermal
stability

Catalyst life

Long

Short

Active site and
accessibility

Molecular active site, easily
accessible

Not well defined active site, limited
accessibility

Many catalytic processes were discovered around the eighteenth century and finally could
find industrial applications by the end of the nineteenth century when bulk chemicals were
highly demanded during the industrial revolution.[1,12] After the First World War, the wellknown Fischer-Tropsch and the Fluid Catalytic Cracking processes were developed, which
emphasized the significant importance of catalysts in industrial application.[13–16]
Nowadays, around 90% of the industrial processes require the use of a catalyst, such as
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polymerizations, production of ammonia and sulfuric acid, or steam reforming of methane
to only cite a few examples (Table 2).[10,17–19]
Table 2. Examples of some industrial chemical processes using catalysts:[19]
Chemical processes

Year of discovery Catalysts used by Industries

Sulfuric acid

1875

Pt, V2O5

Nitric acid

1906

Pt/Rh nets

Ammonia synthesis

1908

Fe/Al2O3/K2O

Methanol synthesis

1923

Cu/ZnO, ZnO/Cr2O3

Cracking of hydrocarbons

1937

Al2O3/SiO2

Alkylation of alkenes

1932

AlCl3

Naphtha reforming

1949

Pt/Al2O3

Acid or base catalysts are the most spread catalysts employed by industries, with a wide
range of applications in several sectors.[20] In particular, solid acid-base catalysis has
considerable advantages due to their low environmental impact and recycling capability
compared to liquid acid-base catalysts.[21,22] Furthermore, mostly solid acids catalysts are
used by industries when compared to base catalysts, as shown in Table 3.[17,23]
Table 3. Survey of catalysts used in industrial processes in 1999 depending on their nature:[17]
Type of catalysts

Number

Solid acid

103

Solid base

10

Solid acid-base bifunctional catalysts

14

Among the catalysts, solid Lewis acids are of significant relevance.[24,25] Indeed, they are
cheap, readily available, very active, and can often be converted to their corresponding
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Brönsted acid by hydration or by reaction with protonic species. A short introduction to
Lewis acid catalysts is therefore needed and will be the subject of the next section.

B- Lewis acid catalysts
Lewis acids are defined as electron-pair acceptors, according to Gilbert Newton Lewis, and
can be applied to a wide variety of elements (Figure 2).[26,27] Classic C–C bond formation
such as Friedel-Crafts reactions or Diels-Alder reactions are, for instance, catalyzed by
Lewis acids, such as AlCl3, TiCl4, or SnCl4.[25,28–33]
A

+

Lewis
Acid

:B

A:B

Lewis
Base

Acid-base
adduct

Figure 2. Lewis acid and base equation.

SbF5 is one of the strongest known Lewis acids, and was described by Olah as “by far the
strongest Lewis acid known in the condensed phase”.[34,35] Indeed, SbF5 can perform
oxidation, fluorination, and Friedel-Crafts type reactions. Moreover, when put together
with HF or FSO3H, a stable super-acid conjugate system is generated.[36–39] Due to its high
toxicity and corrosive character, research groups have been attempting to find alternative
compounds with improved handling and potentially an even higher Lewis acidity than
SbF5.[40] As a result, Lewis super-acids, such as B(OTeF5)3 or Al(OTeF5)3, were found to
be interesting compounds. To classify those compounds, a reliable measure of the Lewis
acidity was proposed based on the strength of Lewis acids and the binding enthalpy of a
fluoride ion F- with a Lewis acid: the fluoride ion affinity (FIA) (Scheme 1).[34,36] The FIA
was first introduced by Haartz and McDaniel using ion cyclotron resonance spectroscopy
to generate data for several compounds, and later, computational methods were found to be
a reliable tool for calculating the FIA of a variety of Lewis super-acids.[41]
A(g)

∆H = - FIA

+ F-

(g)

-

AF (g)

Scheme 1. The equation for calculating the FIA.
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Lewis acid can also be separated into two groups according to the concept of hard and soft
acids and bases (HSAB).[42,43] This principle was introduced by Pearson in 1963 and
describes the affinities between acids and bases independently from the atom
electronegativity.[44,45] It is stated that hard acids exhibit more affinity for hard bases, as
well as soft acids with soft bases.
“Soft” relates to species with a large size that can be strongly polarized. On the contrary,
“hard” applies to non-polarizable small species. Moreover, in 1967, Klopman used the
molecular orbital theory to quantify Pearson’s HSAB principle.[46] He defined the hardhard interaction as a charge controlled reaction where the reactants have very little electron
transfer and, therefore, a large HOMO-LUMO gap. On the other hand, the soft-soft
interaction is characterized as a frontier orbital-controlled reaction, in which the energy gap
between the two frontier orbitals is small.[42,43,47]
When looking at hard acids, aluminum (III) belongs to this category. Indeed, it forms a
strong bond with fluorine-, oxygen- and nitrogen-donor ligands.[48,49] Moreover, aluminumbased compounds are known to be excellent Lewis acids and will be discussed in the next
section.

C- Aluminum-based catalysts
Aluminum-based catalysts are widely used by industries.[49] The low cost and natural
abundance of aluminum (3 rd most abundant element in the Earth’s crust, after oxygen and
silicon) generate high interest in the development of aluminum-based catalysts. Elemental
aluminum (Al(0)) is not stable in nature, and thus can only be found combined with other
elements in the form of oxides, hydroxides, and aluminosilicates.[50–52] Bauxite, a
sedimental rock with a high aluminum content, was discovered in 1821 in France by the
chemist Pierre Bertier and was the first ore used by industry.[53] It consists of a mixture of
aluminum hydroxide, oxyhydroxides, iron oxides, and silicates. From bauxite, aluminum
oxide (Al2O3) can be produced through the Bayer process, developed in 1887.[54–56]
Extensively used in industries, aluminum oxide is extremely efficient as a catalyst and
deserves a small summary.
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i-

Aluminum oxide

A broad diversity of aluminum oxide (Al2O3) phases is known.[55] Indeed, eight different
phases (α, δ, κ, η, χ, ρ, θ, and γ) can be generated starting from the gibbsite (Al(OH)3),
boehmite (AlOOH), the diaspore (AlOOH), or the bayerite (Al(OH)3), depending on the
applied thermal treatment (Figure 3). As depicted in Figure 3, all the transition alumina
phases (δ, κ, η, χ, ρ, θ, and γ) will generate the most thermodynamically stable phase, αAl2O3, when the temperature is raised above 1000 °C.

Figure 3. Phase transformation of Al2 O3 depending on the temperature. [55]

The seven transition alumina phase (δ, κ, η, χ, ρ, θ, and γ) can be synthesized in a large
variety of sizes and shapes, which influence the properties of the material when used as a
catalyst.[51] The large surface area, high Lewis and Brønsted acidity, as well as the thermal
stability properties of aluminas, engender a highly suitable catalyst for various industrial
processes (Table 4). Moreover, transition aluminas were found to be interesting materials
as supports for catalysts, in particular for hydrogenation, using metals such as palladium,
platinum, or nickel (see above, Table 1).[57]
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Table 4. Examples of industrial processes catalyzed by alumina-based catalysts:[58]
Catalyst

Reactions

γ-Al2O3

Dehydration of alcohols to alkenes
Methyl chloride production

SiO2-Al2O3

Catalytic cracking

Co-Mo/γ-Al2O3

Hydrogenation of alkenes
Hydrodesulfurization

Ni-Mo/γ-Al2O3

Hydrogenation of aromatics
Hydrodenitrogenation

Cu/ZnO/Al2O3

Methanol production
Water-gas shift reaction

Fe and promoters/Al2O3 Ammonia synthesis (Haber-Bosch)
Cr2O3/Al2O3

Dehydrogenation of butane

Among all the existing phases, γ-alumina is the most widely used as support for catalysts
and as catalyst itself, in particular in the automotive and oil industries, due to its textural
and structural properties.[59] γ-Al2O3 is usually obtained by decomposition of the boehmite
oxyhydroxide or poorly crystallized hydrous oxyhydroxide at a temperature between 400
°C and 500 °C. The structure of γ-Al2O3 is generally considered as a cubic defective spinel
structure, which is applied to compounds with an AB2O4 stoichiometry; however, it is still
a matter of controversy.[60–62] Indeed, uncertainty remains regarding the position of the
aluminum atoms in the unit cell, and several studies report different results concerning the
localizations of the vacancies.[63–66]

ii-

Aluminum fluoride

As introduced earlier, aluminum oxides are widely used as heterogeneous catalysts. If
oxygen atoms are substituted by fluorine, the Lewis acidity should be enhanced due to the
electron-withdrawing characters of fluorine. However, AlF3 catalysts have shown not to be
as efficient as other aluminum halides or other Lewis acid catalysts.[67] As for aluminum
oxide, a variety of AlF3 phase exists in different crystalline structures, all of them consisting
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of corner-sharing AlF6 octahedrons, creating a three-dimensional network. They are called
β-AlF3, η-AlF3, κ-AlF3, Ɵ-AlF3, and α-AlF3.
The most stable one, α-AlF3, has a rhombohedral structure (space group R-3c) at room
temperature and is converted into a cubic phase called ht-AlF3, analogous to ReO3 at high
4). The four other aluminum fluoride phases are not

temperature (Figure

thermodynamically stable. Thus, they irreversibly convert into the α-AlF3 phase by thermal
treatment (Figure 4).[67]
∆

β-AlF3·3H2O

N(CH3)4AlF4

∆

θ

-AlF

3

∆

κ-AlF

(C5H5NH)4AlF4

∆

η-AlF3

α-AlF ·3H O
2
3

∆

β-NH4AlF4

β

-AlF

3

∆

α-AlF

∆
3

ht-AlF3

3

Figure 4. Different phases of AlF 3 . ht = high temperature. [67]

Interestingly, amorphous phases of AlF3 were found to be highly catalytically active.[67–69]
In 1957, the first amorphous AlF3 phase was discovered, obtained from the reaction of
Al(CH3)3 with BF3.[70,71] Later on, using a fluorolytic sol-gel reaction, the amorphous high
surface-AlF3 (HS-AlF3) was developed by Kemnitz et al.[68] HS-AlF3 was synthesized from
the reaction of aluminum isopropylate with anhydrous HF in organic solvents, followed by
a post fluorination step with CCl2F2 or CHClF2.[72] As indicated in the name, a large surface
area is observed, varying from 100 m2g-1 up to 250 m2g-1 depending on the synthesized
batch. Furthermore, a large number of very strong acid sites were identified using different
probe molecules, e.g., CO or CD3CN.[68,73] In the case of adsorbed CO, a shift of 95 cm-1
was detected for HS-AlF3, which is comparable to the shift observed for SbF5 (81 cm-1).[74]
Various characterizations methods were employed to gain a better understanding of the
precursor and the final product of the fluorolytic sol-gel reaction.[75,76] It was found that
traces of oxygen atoms remain after the post-fluorination step, which is believed to be
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responsible for the structural disorder, and therefore of the high catalytic performance of
the catalyst. When exposed to water, weak Brønsted acid sites are created reversibly at the
surface of HS-AlF3.
A comparable amorphous AlF3 material, aluminum chlorofluoride, firstly discovered in
1978 and later patented by DuPont, is the primary focus of this thesis and will be discussed
in detail in the next section.

D- Aluminum chlorofluoride (ACF)
Even though DuPont patented the synthesis of aluminum chlorofluoride, the first report of
ACF appeared in 1978, when AlCl3 was used as a catalyst in the mechanistic study of the
isomerization reaction of CF2ClCFCl2.[77] After the reaction, a precipitate was observed,
which was attributed to the formation of aluminum fluoride by chlorine-fluorine exchange
with the substrate. The synthesis of aluminum chlorofluoride was later developed by
Krespan and Sievert and patented in 1992.[78,79] It involves the use of a fluorinating agent,
such as CCl3F, which reacts by chlorine–fluorine exchange with AlCl3 (Scheme 2). Later,
Krahl et al. carried out further investigations on the synthesis and the structure of ACF and
demonstrated that an inert solvent, namely CCl4, is required during the synthesis due to the
extreme exothermic behavior of the reaction.[80,81] Notably, other fluorinating reagents can
be used to perform the halogen exchange reaction, such as CCl2F2 or CClF2-CCl2F, and
The chlorine-fluorine exchange reaction is possible owing to the formation of the aluminum
fluoride phase acting as the driving force of the transformation.
AlCl3

+ (3-x)CCl

3F

CCl4

AlClxF3-x

+ (3-x)CCl

4

x= 0.05 - 0.3

Scheme 2. Synthesis of ACF. [79,80]

The presence of chlorine atoms within this “AlF3 phase” was demonstrated by XANES
experiments, and those atoms are responsible for the excellent catalytic activity
observed.[80] Various chlorine contents were incorporated into ACF in order to obtain the
highest activity, which was shown to be when 12% of chlorine atoms were present in ACF
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(AlCl0.3F2.7). Indeed, ACF exhibits as well an extraordinary acid strength comparable to
SbF5.[78,82–85] Similar to HS-AlF3, this catalyst has a relatively high surface area (>200 m2g1)

and very strong acid sites, as demonstrated when probe molecules were adsorbed onto

its surface.[73,81] Microporosity was detected for ACF, whereas HS-AlF3 is known to be
mesoporous.[73,81]
The bulk of ACF has been profoundly investigated using a variety of characterization
techniques.[80,81] Solid-state NMR spectroscopy has been proven to be an efficient tool since
other characterizations such as infrared spectroscopy or Powder X-ray diffraction were not
conclusive due to the amorphous character of ACF. The 19F MAS NMR spectrum of ACF
reveals the presence of terminal fluorine atoms in a small amount (>10%), along with
fluorine bridging to aluminum atoms, which are also present on the crystalline phase of
AlF3.[80,81] The

27Al

MAS NMR spectrum displays a typical shift corresponding to

aluminum in octahedral coordination, and the broadness of the signal confirms the high
degree of disorder in ACF.[80,81] Since the halogen coordinates aluminum in a six-fold
manner, three different types of coordination can occur (Figure 5). On the one hand, all the
fluorine atoms can be bridged to two aluminum atoms, as depicted in Figure 5a.
Additionally, one of the fluorine atoms can be terminal (Figure 5, b). Alternatively, five
fluorines can be bridged to two aluminum atoms and one chlorine to three aluminum atoms
in a µ3 coordination (Figure 5, c).[81]

F
F

F
Al
F

a

F
F

F
F

F
Al
F

F
F

F
F

b

F
Al
F

Cl
F

c

Figure 5. The proposed structure of elemental arrangements in ACF. [80]

Temperature Programme Desorption of ammonia (NH3-TPD) reveals the presence of very
strong Lewis acidic sites.[81] Carbon monoxide (CO) and deuterated acetonitrile (CD3CN)
were used as probe molecules to further investigate the nature and strength of the acid
sites.[73,81] For both probe molecules, the highest shifts ever reported before were observed,
proving the very strong Lewis character of ACF (Table 5).
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Table 5. Wavenumbers of the (CO) stretching vibration of different adsorbed CO species at ACF
and HS-AlF 3 :[73]
Species

CO stretching bands (cm-1)

Gaseous CO

2143

Physisorbed CO

2140-2150

CO at Bronsted acidic centers

2150-2180

CO at weak Lewis acidic centers

2160-2180

CO at medium Lewis acidic centers

2180-2200

CO at strong Lewis acidic centers

2200-2220

CO at very strong Lewis acidic centers

>2220

HS-AlF3

2220, 2179

ACF

2226, 2174

Due to the promising results regarding the catalytic activity of ACF, this catalyst was tested
in various reactions, and several studies comparing the reactivity of ACF and SbF5 towards
different substrates revealed considerable advantages in using ACF as a catalyst.[78,82–85] As
mentioned earlier, SbF5 is expensive and toxic, and its use as a catalyst usually gives byproducts, lowering the yields of the reactions.
A considerable amount of isomerization reactions of a variety of substrates such as
fluorocarbons, fluoroepoxides, fluorocyclopropanes as well as halopolyfluoroalkanes were
tested in the 90s using ACF as the catalyst (Scheme 3).[78,84] The isomerization of 1,2dibromo-hexafluoropropane into 2,2-dibromo-hexafluoropropane was used to test the
Lewis acidity of the catalyst since this reaction can only be performed at room temperature
by a very strong Lewis acid (Scheme 3, up).[86] In this reaction, ACF shows extraordinary
activity, reaching more than 90% conversion at room temperature after 2 hours (Scheme 3,
up).[80,87] Whereas using SbF5, 80 °C was needed to reach the same conversion, and in the
case of AlCl3 as the catalyst, no conversion was observed in the same conditions.[87]
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Br
F

Br
F

ACF

F
CF3

Br

2h, RT
ACF

FCl2C CClF2

Br

F3C

CF3

Cl3C CF3

20min, RT

Scheme 3. Selected isomerization reactions performed using ACF as the catalyst. [80]

ACF was initially used as a catalyst for the production of polyfluorides and
chlorofluoropropanes by the addition of various fluorinated or chlorinated substrates to
tetrafluoroethene (TFE). The products are commonly used as a solvent or cleaning
agents.[79,82,85,88,89] Successful addition reactions, as well as fluoroolefin condensations,
were performed under mild conditions, which resulted in a broad scope of application
(Scheme 4).
Cl
F3C

Cl +

F2C CF2

Cl

CHCl2F +

F2C CF2

F

ACF
90min, RT

ACF
3h, 70°C

F3C

F Cl
Cl

Cl

+

F
F3C

F Cl
F Cl Cl

Cl +

F
F3C

F Cl
F

Cl

Cl
Cl

C2HCl2F5

Scheme 4. Selected addition reactions performed using ACF as the catalyst. [79,88]

Later on, in 2011, hydrogen-deuterium (H/D) exchange reactions under mild conditions
were observed using ACF as a catalyst, which usually requires harsh conditions, such as
the use of a precious transition-metal, high temperature, or long reaction time.[90] Only 40
°C were required to generate hydrogen-deuterium exchange reactions with benzene and
various cycloalkanes with the use of ACF as the catalyst (Scheme 5). Furthermore,
reasonable deuterium incorporation was obtained after only 22 hours of reaction time.
ACF
C 6D 6

D

D
+

22h, 40°C
ACF
C6D12

D

22h, 40°C

Scheme 5. Selected H/D exchange reactions performed using ACF as the catalyst. [90]
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Furthermore, in a recent study, when arenes and olefins were mixed in the presence of ACF,
the corresponding hydroarylation products were formed under mild conditions with high
conversions for a variety of substrates (Scheme 6).[91] It has been shown that ACF can
trigger the formation of the Markovnikov hydroarylation product when deuterated benzene
was used in the presence of ethylene, propylene, or 1-hexene. Moreover, when 3,3,3trifluoropropene was used as the substrate, the anti-Markovnikov addition product was
formed.[91]
R1

R1
+

R2

F

F

R3
F

= H, CH
R1
= H, CH3
R2
3

ACF
5min, 70°C

CF3

ACF

+

R3

R2

F 3C

+

R4

17h, 70°C

ACF

R3

>2d, 70°C

F

F

R3
F

+

CF2

= H, F
R3
= H, CH
R4
3

R4

Scheme 6. Selected hydroarylation reactions performed using ACF as the catalyst. [91]

Another challenging reaction known is the carbon–halogen bond activation. Indeed, the
energy dissociation of such bonds is considerably high, especially for C–F bonds (480
kJ/mol).[92] Thus, due to the exceptional catalytic properties of ACF, C–Cl, and C–F bond
activation reactions were recently intensively studied using ACF as a catalyst.[93–97] For
example, chlorinated and fluorinated methanes were activated in the presence of a hydrogen
source via hydrodehalogenation (Scheme 7).[94,95] The selectivities obtained were shown to
be dependent on the additional hydrogen sources used.
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+

Et3GeCl +

CH4

D5

ACF
HGeEt3
C6D6
3d, RT

CH3Cl

ACF
HSiEt3
C 6D 6
3d, 70°C

+ CH4 + Et3SiCl

D5
major

major

CH3F

ACF
HSiEt3
C 6D 6

+

24h, RT

HD

+

Et3SiF

+

CH4

major

Scheme 7. Selected C–Cl and C–F bond activation reactions in halomethanes performed using
ACF as the catalyst. [93–95]

Moreover, fluoropentane was tested in similar conditions, in the presence of silane or
germane as a hydrogen source, using a modified ACF as the catalyst (Scheme 8).[96] Again,
depending on the hydrogen source used, the generation of different products was observed.
ACF · HSiEt3
C 6D 6
-HD
- FSiEt3,

Ph

Ph
+

+
major

Ph

F
ACF · HGeEt3
C 6D 6
-H
- FGeEt3,
2

+
major

Scheme 8. C–F bond activation reaction in fluoropentane using Et3 SiH or Et3 GeH as a hydrogen
source, performed using ACF as the catalyst. [96]

Most of the reactions mentioned above can be performed under mild conditions, reaching
satisfying yield, making ACF an attractive candidate for the activation of a large variety of
substrates, not tested yet.
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2- Fluorinated organic compounds
A- Generalities
Fluorine-containing molecules can be found in everyday life through a variety of
applications, such as drugs, crop protection, or fire extinguishants, only to cite a few
examples [98,99,108,109,100–107]. Since the discovery and isolation of the fluorine atom by Henri
Moissan in 1886, obtained by the electrolysis of a solution of KHF2 dissolved in HF, using
an irradiated platinum electrode at low temperature, the fluorine chemistry field has widely
expanded.[110–113] However, substantial work on fluorine chemistry only started in the
middle of the 20 th century, with the Manhattan project and the development of Freons.[114–
116]

This development in fluorine chemistry led to a variety of application fields, such as

material science, with the invention of Teflon in 1938, or the development of drugs in the
pharmaceutical field and herbicides in the agrochemical field.[117–123] One of the first major
discoveries in the pharmaceutical field was evidenced in a study on the influence of the
incorporation of a halogen atom in the drug 9α-cortisones, responsible for glucocorticoid
activity (Scheme 9).[124] In this study, it was shown that when a fluorine atom was
substituted to a hydrogen atom, the activity of the cortisone acetate outpaced by a factor of
10 the parent hormone.
O
Me
Me

O

OAc
OH

HF

HO
Me

4.5h, 0°C

O

O
Me

OAc
OH

F
O

fludrocortisone

Scheme 9. Synthesis of the fludrocortisone.

Fluorine is not only used by pharmaceuticals in drug development; it is as well applied to
medicine itself.[125–128] Indeed, the short-lived

18F

radioisotope was introducing to

biologically active molecules such as 2-deoxy-2-18F-fluoro-β-D-glucose (18F-FDG), a
compound commonly employs in Positron Emission Tomography (PET) for the early
detection of tumors and the assessment of response to cancer therapy.[129–131]
Since those early findings, industries have increased their use of fluorinated molecules, and
the research is concentrating on the easiest way to synthesize them.[98,105,132] In 2018, the
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global demand for fluorochemicals reached 3.8 million metric tons and will continue to
rise, according to an industrial report released by the Freedonia group.[133] Among various
applications, the production of refrigerants is a considerable sector within the global
fluorochemical market.
As mentioned earlier, refrigerants appeared in the 30s with the development of Freons by
General Motors Corporation and have led to years of research on fluorocarbons.[98,102,134]
Indeed, Freon 12 (CF2Cl2) was the first commercialized organic fluoride, owing to its
significant advantageous refrigerant properties, that allowed the widespread use of
refrigerators and air conditioners at that time.[116,135,136] Later on, it was found that those
chlorofluorocarbons (CFCs) refrigerants were responsible for the depletion of the ozone
layer in the stratosphere.[137–141] This finding resulted in the development of alternatives to
CFCs, such as hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs), which
will be discussed in detail later on.[142–144]
As a consequence of the development of CFCs, polytetrafluoroethylene (PTFE) and
polychlorotrifluoroethylene (PCTFE) were discovered in 1938.[134,136,145–147] PTFE or
Teflon is produced by the polymerization of monomers of tetrafluoroethylene (TFE)
(Scheme 10, bottom). Initially, TFE was obtained by the combination of chloroform
(CHCl3) and HF, heated above 600 °C (Scheme 10 top and middle), followed by its
polymerization in the presence of a radical initiator (Scheme 10, bottom). Those
fluoropolymers are extensively used nowadays, as thermoplastics, coatings, elastomers,
and are present in our everyday life, in kitchenware and wire insulation.[102,103,118]
CHCl3

+

2 HF

2 CHClF2

F2C CF2

SbF5
80°C

>600°C, 1 atm
radical
initiator

+

2HCl

F2C CF2 +

2 HF

CHClF2

(-CF2-CF2-)n

Scheme 10. Production of Teflon (PTFE) from chloroform.

Another important field influenced by the use of fluorine concerns the agrochemical sector:
around 40% of the produced compounds are fluorine-containing molecules, with the most
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common applications being herbicides and insecticides.[118,148–151] For instance, cyfluthrin,
launched in the 80s, differs from its predecessor, the cypermethrin, by the presence of an
additional fluorine atom, which resulted not only in a considerably increased performance
in the rate for the control of cotton pests but also with an application in household
insecticide (Figure 6).[152] When more fluorine was added to this moiety (CF3 group instead
of a chlorine atom), this new insecticide, the λ-cyhalothrin, was also able to reduce the
phytophagous mites.[152]
CN

O

Cl
Cl

O

O

Cl

Me Me
Cypermethrin, 1978

CN

O

Cl

O
Me Me
Cyfluthrin, 1980

O
F

CN

O

F3C
Cl

O

O
Me Me
Cyhalothrin, 1980

Figure 6. Various herbicides with different fluorine content.

As described, the interest in fluorinated compounds arises from the enhanced properties
observed compare to the non-fluorinated one. Hence, a better understanding of the fluorine
properties must be explained.

B- Properties induced by fluorine
Fluorine can be found in nature in the form of calcium fluorspar (CaF2), cryolite (Na3AlF6),
or fluorapatite (Ca5(PO4)3F). It is ranked as the 13 th most abundant element in the earth's
crust; however, very little natural organic compounds have been identified to date.[153]
Since the discovery of elemental fluorine, the estimated annual production of F2 reached
28 000 tons in 2013.[118]
To explain this enormous interest in fluorine chemistry, some properties induced when
fluorine is present in a compound need to be reviewed. Indeed, a change in the polarity,
biological activity, but also in the thermal stability, is generally observed in fluorinated
molecules compared to the non-fluorinated ones.[99,103,154] For instance, when the fluorine
content is increased in olefinic polymers, their chemical and flame resistance increases, as
well as their melting point, whereas the friction coefficient decreases.[102]
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Those enhanced properties arise from the uniqueness of fluorine. Fluorine is the most
reactive halogen, but also the smallest ones: the Van der Waals radius of fluorine can be
compared to hydrogen (Table 6).[92,155,156] Thus, a simple substitution between those two
atoms can occur without any steric hindrance.[92,98,122,149,157] This substitution was studied
to mimic hydrogen in bioactive molecules, and it was shown that microorganisms often do
not distinguish when fluorine is replacing hydrogen.[106,157,158]
Table 6. Properties of different elements:[155]
Aspect

F

Cl

Br

I

H

Van der Waals radius (Å)

1.47

1.75

1.85

1.98

1.20

Electronegativity (Paulus)

4.0

3.2

3.0

2.7

2.2

Atomic polarizability

0.5

2.2

3.1

4.7

Electron affinity (kcal/mol)

79.5

83.3

72.6

70.6

17.42

272.4 242.2

313.9

Ionization potential (kcal/mol) 401.8 299.9
C–X bond energy (kcal/mol)

108

84

70

56

105

Moreover, being the most electronegative element according to the Pauling
electronegativity scale (4.0), fluorine possesses a high negative inductive ability (-I), which
can affect the electron density of adjacent functional groups and therefore modify their
acidity as illustrated in Table 7.[92,159,160] This change in pKa can strongly affect the
pharmacokinetic properties of a molecule, such as the oral bioavailability, necessary for
good absorption of the drug by the systemic circulation.[161]
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Table 7. pKa value of some selected acids:[162,163]
Acid

pKa

Acid

pKa

CH 3COOH

4.76

CF3COOH

0.52

CH 3CH2OH

15.9 CF3CH 2OH 12.4

C6H 6COOH

4.21 C6F6COOH 1.75

C6H 6OH

10.0

C6F6OH

5.5

Due to the high electronegativity of fluorine, when combined with other atoms, such as
carbon, significantly strong bonds are formed.[92] Thus, the bond dissociation energy of a
C–F bond is the highest one within the carbon–halogen bond (see above, Table 6). The high
electronegativity of the fluorine induces an electrostatic attraction, resulting in a highly
polarized bond, presenting a strong dipole moment (μ = 1.41D) and a low lying C−F σ*
orbital, which can interact via hyperconjugation with a vicinal C−H bond.[92] This hyper
conjugative interaction favorises a gauche conformation in fluoroalkyl groups, which is an
interesting approach in the alteration of the conformation of a molecule (Scheme 11).[99,164–
167]

H
H

F

F

H

H

H

H

H

F

H
F

Scheme 11. The gauche preference for 1,2-difluoroethane. [165]

As a consequence of this electrostatic attraction induced by fluorine, a shortening of the
bond is observed, which is even more pronounced when the fluorine content is
increased.[92,168] For instance, in tetrafluoromethane, the C–F bond length is equal to 1.32
Å, whereas, in fluoromethane, the C–F bond length reaches 1.39 Å.[168] The polarization of
the C–F bond can also influence the geometry of the molecules, depending on the number
of fluorine atoms present.[92]
To obtain those fluorinated compounds with enhanced properties, one primary synthetic
approach involves the derivatization of readily fluorinated building blocks using, for
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instance, a catalytic process. On the other hand, using fluorinating reagents, direct
fluorination of a variety of molecules can be produced. Those synthetic approaches towards
fluorinated organic compounds will be discussed in the next section.

C- C−F bond activation
In order to break the C–F bonds, various strategies can be employed.[169–171] With the use
of a transition metal, a reductive heterolysis of the C−F bond can take place by oxidative
addition of the C−F bond to an electron-rich metal center (Scheme 12, up). Low-valent
metals can alternatively induce a homolytic splitting of the C−F bond via a single-electron
transfer process (Scheme 12, middle).[170,172–180] Besides those strategies, a heterolytic
fluoride abstraction will be possible in the presence of a strong fluorophilic Lewis acid
(Scheme 12, bottom ).[169,181,182]
[M]

e

−

R 3C F

[M]

CR3
F

-

-

LA

F

+

R C•
3

LA-F

+

R 3C +

Scheme 12. Selected strategies for the activation of C–F bonds.
[M]: electron-rich metal; e-: low valent metal; LA: Lewis acid. [169]

i-

Hydrodefluorination

The replacement of a fluorine atom by hydrogen in organic molecules is the easiest
approach to access building blocks via derivatization.[183] Therefore, H2 could be employed;
however, it leads to the formation of HF in the reaction mixture, which remains a significant
drawback. As an alternative to H2, other hydrogen sources such as silanes with formula
R3SiH where R= alkyl or aryl can be used, generating the corresponding fluorosilane, which
is thermodynamically stable (Scheme 13).[184–186]
R3C-F

+

R'3Si-H

Cat.

R3C-H

+

R'3Si-F

Scheme 13. Hydrodefluorination reaction using silane as a hydrogen source.
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Several working groups reported the hydrodefluorination of aliphatic C(sp 3)–F bonds under
mild conditions via the abstraction of fluoride by electrophilic silylium-species.[185–187]
Following those discoveries, various catalysts were investigated in combination with a
hydrogen source (Scheme 14).[181,188–190] For instance, the hydrodefluorination of a
trifluoromethyl group in perfluorinated arenes was possible in the presence of AlCl3 and
Et3SiH as a hydrogen source (Scheme 14 top).[191] Besides, aluminum and boron-based
catalysts, such as aluminum ions (R2Al+) and B(C6F5)3, were shown to be efficient in the
activation of C(sp 3)-F under mild conditions (Scheme 14 middle and bottom).[181,188,190,192–
194]

F
F

F
CF3
F

F

F

AlCl3
Et3SiH

F

24h, RT

F

F
CH3

+

FSiEt3

H

+

FSiEt3

H

+

iBu2AlF

F

F

B(C6F5)3
Et3SiH
5 min, RT
+

4

F

[Ph3C] [B(C6F5)4]
iBu2AlH
24h, RT

-

4

Scheme 14. Selected hydrodefluorination reactions using HSiEt3 . [195]

Moreover, when main group Lewis acids are used as catalysts, consecutive
functionalization of the C–F bond could occur, due to the formation of carbenium species
as intermediates.[186,187,196–200] Therefore, using a nucleophile or an aromatic solvent will
lead to subsequent C–Nucleophile or C–C bond formation reactions.[169]
Mechanistically, in the presence of silylium-ions (Si+X-), a cleavage of the C−F bond can
occur by abstraction of a fluoride, generating the corresponding carbenium ion and a
fluorosilane (Scheme 15).[185] By the subsequent reaction of the carbenium ion with a
triorganosilane, a C−H bond can be generated, together with the regeneration of the catalyst
Si+X-.
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-

R3C-H

+
Si X

Si-H

R 3C + X

R3C-F

-

Si-F

Si = R3Si

Scheme 15. Proposed mechanism in the hydrodefluorination of C(sp3 )–F bonds using silylium-ion
as the catalyst. [185]

ii-

Dehydrofluorination

Alternatively, through the elimination of HF, a C=C bond can be formed from a C–F bond
and C–H bond. Indeed, the alpha carbon bearing the halogen is electropositive due to the
electronegativity of the fluorine; therefore, fluorophilic Lewis acid catalysts can abstract
fluorine from a C–F bond, as shown previously (Scheme 12). In comparison to
hydrodefluorination, dehydrofluorination usually requires harsh conditions to eliminate HF
and form a double bond.
Several patents describe the preparation of hydrofluoroolefins via dehydrofluorination,
starting from fluoroalkanes.[201–208] For instance, in 1996, the group of Takita investigated
the catalytic dehydrofluorination of CF3CH3 into CF2=CH2, using various metal
phosphates, and showed the efficiency of Mg2P2O7 to selectively form CF2=CH2 at 500
°C.[201] The mechanism involved in this reaction was proven to take place via a heterolytic
cleavage of the C–F bond (Scheme 16). Even though the dissociation energy of a C–H bond
is lower than for a C–F bond (410 kJ/mol vs. 517 kJ/mol), the strong interaction of the
acidic sites of the catalyst and the electronegative fluorine pre-value leading to an
abstraction of the fluorine and the formation of carbenium-ion like species.[201,203,209]
F3C CH3

Cat.

- H+
C2F CH3

F2C CH2

Scheme 16. Dehydrofluorination of CF 3 CH3 . [203]

Aluminum-based catalysts have been commonly used for dehydrofluorination reactions of
alkanes. Thus, in 1952, du Pont de Nemours and Co. published a patent describing the use
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of aluminum sulfate (Al2(SO4)3) as an efficient catalyst in the dehydrofluorination of 1,1difluoroethane.[210] The temperature was set between 250 °C and 400 °C, while a specific
rate of 1,1-difluoroethane was passed through the reactor. However, only a low yield of the
corresponding olefin was obtained. Later on, in 1964, a patent developed by Phillips
Petroleum Co. describes the use of fluorinated alumina in the dehydrofluorination reaction
of difluoroethane.[211] In this instance, high conversion was obtained at elevated
temperatures. Moreover, multiple fluorinated alkanes were tested, showing the
considerable potential of fluorinated alumina-based catalysts.[212]
Teinz et al. recently investigated the dehydrohalogenation of 3-chloro-1,1,1,3tetrafluorobutane using AlF3 and a variety of other catalysts.[213] Reaching full conversion
and full selectivity towards dehydrofluorination, the strong Lewis acid AlF3 was, therefore,
further used as a dehydrofluorinating catalyst.[214–218] For instance, γ-AlF3 was modified by
a variety of metal oxides and tested in the dehydrofluorination of CF3CFH2.[219] The
fluorinated NiO/Al2O3 was found to be the catalyst exhibiting the highest catalytic activity
at different temperatures.

D- C−F bond formation
Another possible approach to synthesize fluorinated compounds requires the use of
fluorinating agents. A variety of reagents exists and can be divided into two categories:
electrophilic or nucleophilic reagents.[122,220–222]
Among the electrophilic fluorinating agents, elemental fluorine needs to be considered,
since a formal transfer of F+ to an electron-rich site can take place.[223–226] However,
considering its high reactivity and toxicity, further electrophilic reagents were developed,
such as O-F or N-F-based reagents (Figure 7).[227–234]
F F

CF3OF

F
Ph
Ph
N
S
S
O
O
OO

Fluorine

Fluoroxytrifluoromethane

N-fluorobenzene sulfonimide (NFSI)

Figure 7. Selected electrophilic fluorinating reagents.
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Alternatively, the use of nucleophilic reagents turns out to be another useful strategy to
achieve fluorination of organic molecules.[222,235–239] The release of a fluoride ion using
fluoride salts such as KF, AgF, CsF, or tetra-n-butylammonium fluoride (TBAF) allows a
straightforward and economic fluorination process.[237,238,240–243] However, in protic
solvents, the fluoride is strongly solvated, resulting in a poor nucleophile character.[122]
Thus, fluoride forms tight ion pairs in aprotic solvents, which also diminishes the
nucleophilicity of the fluoride ion.[244] Therefore, new reagents were developed with higher
nucleophilicity, such as diethylaminosulfur trifluoride (DAST) and derivatives (Figure
8).[122,236,245–249] Moreover, superacids, such as HF-SbF5, were recently used in fluorination
reactions, showing satisfying efficiency.[250]
F
N S F
F

O

Diethylaminosulfur
trifluoride (DAST)

F
F S F
N

SF3

O

Deoxo-fluorâ

Fluolead

Figure 8. Selected nucleophilic fluorinating reagents.

On the other hand, HF based reagents were shown to be efficient in the fluorination of
organic compounds. It is a very inexpensive source of fluoride, which is used as a precursor
in most of the known fluorinated compounds, although great care needs to be taking into
account when using HF, due to its high toxicity and corrosive character.
HF was first observed in 1771 by Wilhelm Scheele, who used CaF2 together with sulphuric
acid and observed etching of glass (Scheme 17).[98] HF was further used by industries in
the development of inert Freons refrigerants.[98]
CaF2

+ H

2SO4

2HF + CaSO4

Scheme 17. Production of HF.

Anhydrous HF is a very strong acid, having a relatively strong intermolecular H---F
hydrogen bond. It is commonly used by industries, mostly in halogen exchange reactions,
production of fluorinated carbons, but also of elemental fluorine.[251] In comparison,
aqueous HF is a very weak acid and a weak nucleophile due to a strong ion pair or proton
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transfer between water molecules and fluoride ion. It is, therefore, easier to handle, but
weaker than anhydrous HF in fluorination reactions. However, it is still used by industries
as a cleaning agent for cast metals or in the etching of silicon for photovoltaic applications.
Due to the difficult handling conditions of pure HF, and the diminished nucleophilicity of
fluoride in protic solvents, the combination of HF with a Lewis base was developed.[252,253]
Hirschman presented in 1955 the tetrahydrofuran-hydrogen fluoride system and its
application as a reagent.[254] This work was followed by many researchers that reported
stable solutions of HF with amines, amides, carbamic acids and esters, trialkyl phosphines,
and alcohols.[252] They all have the drawback of being limited to specific fluorinations of
organic compounds. Later in the 70s, Olah and his group introduced the famous Olah's
reagent: pyridinium poly(hydrogen fluoride) consisting of 30% pyridine and 70% hydrogen
fluoride, which showed good efficiency towards a variety of substrates (Table 8).[255,256]
Table 8. Selected fluorination reaction using Olah's reagent:
Substrate

Product

OH

Yield (%)

F

84
F

80
C3 H7

F F
C3 H7

70

Later on, another HF source emerged, Et3N∙3HF, less corrosive than anhydrous HF or
Olah’s reagent, and showed good reactivity towards nucleophilic substitution with halides,
ring-opening of epoxides, and halofluorinations (Scheme 18).[252] By using Et3N∙HF, the
reaction can be carried out in standard glass vessels without the release of toxic HF.
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O

Et3N•3HF
Br

O

O

110°C

F
F

Et3N•3HF
115°C

OH

Et3N•3HF
NBS

F

0-20°C

Br

NBS: N-Bromosuccinimide

Scheme 18. Selected reactions performed using Et3 N∙3HF.

One of the most recent HF-based fluorinating reagents is the 1,3-dimethyl-3,4,5,6tetrahydro-2(1H)-pyrimidinone-HF (DMPU-HF) complex, developed by Hammond and
Xu.[257] DMPU exhibits lower basicity, as well as a better hydrogen bond basicity compared
to pyridine or trimethylamine, resulting in a more stable and less basic complex with HF
(Table 9).[258] The hydrogen bond basicity (pKBHX) is defined as a scale measuring the
basicity towards HX, where X stands for 4-FC6H4OH as reference.[259]
Table 9. Comparison between pyridine, triethylamine, and DMPU:[258]
Base

pKBHX

pKaH

Nucleophilicity

Pyridine

1.86

5.2

++

Triethylamine

1.98

10.2

+++

DMPU

2.82

<0

+

pKBHX: Hydrogen bond basicity (pKBHX = -log10KBHX = +log10K)
pKaH: basicity

Very recently, Hammond developed a novel solid anhydrous HF equivalent, efficient in the
hydrofluorination reactions of alkenes, in the ring-opening of aziridines, and in fluoro-Prins
reactions under mild condition.[260] This solid was prepared by mixing HF gas with an anion
exchange resin (Scheme 19). Compared to the HF-based reagents described before, this
polymer-supported HF reagent has the advantage to be easily separated from the reaction
mixture and reusable, but also, its synthesis is straightforward and inexpensive. Finally, it
was shown in the reactivity study that it could be used for flow fluorination and multiple
other fluorination reactions.
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OH
CH3
N CH3
CH3

H2SO4
-H2O

SO4
CH3
N CH3
CH3

O

HF

CH3 HO
N CH3
CH3

S

O
O

(HF)n

Scheme 19. Preparation of the polymer-supported HF reagent. [260]

Since hydrofluorination using HF-based reagents is an interesting approach to produce
fluorinated compounds, this thesis will describe a new material for showing efficiency in
those reactions.
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Chapter 2 Aim and Objectives
Due to the rising demands for fluorinated compounds and the considerable potential of
ACF as a catalyst in carbon-halogen bond activation, this thesis will focus on the use of
ACF as a catalyst in the synthesis of various fluorinated molecules via two different
approaches. The first approach will address dehydrofluorination reactions under mild
conditions of

compounds with

a high

ozone depletion potential, such as

hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs). Up to date, ACF was
scarcely tested in the dehydrohalogenation of polyfluorinated compounds. Thus, one of the
aims of this thesis will be the activation of various substrates, using this unique catalyst. To
achieve the activation of polyfluorinated compounds, a hydrogen source such as HSiEt3
will also be employed to observe hydrodehalogenation of the substrates, in addition to the
dehydrohalogenation products generated without the silane. The potentiality in forming
Friedel-Crafts products from those HCFCs and HFCs in the presence of an aromatic solvent
such as C6D6 will also be a matter of investigation.
The second approach in the synthesis of fluorinated compounds will involve the
development and the study of a modified ACF, loaded with HF, and its application in
hydrofluorination reactions. In the first place, various synthesis conditions will be used to
obtain the best performing material in hydrofluorination reactions. Secondly, several
characterization methods will be used to understand the modification in the bulk and at the
surface induced by the loading of ACF with HF. Among those characterizations, MAS
NMR spectroscopy, Inelastic Neutron Spectroscopy, and adsorption of probe molecules at
the surface of the materials, such as acetonitrile or pyridine, will be of great significance
and will be presented in details. Finally, several substrates will be tested, such as alkynes,
alkenes, ynamides, aziridines, and epoxides, to establish the potential of HF-loaded ACF
in hydrofluorination reactions.
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Chapter 3 C–F bond activation of polyfluorinated
molecules using ACF as a catalyst
1- Introduction
Hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) are extensively used
in everyday life, mainly as refrigerants due to their low toxicity and extraordinary
properties.[131,261,262] HCFCs and HFCs were thought to be a good replacement for
chlorofluorocarbons (CFCs) because of their similar physicochemical properties and the
presence of hydrogen atoms, resulting in their decomposition in the lower
atmosphere.[137,138,263] Thus, the transport of chlorine to the stratosphere from the
troposphere (for HCFCs) is greatly reduced. CFCs are indeed ozone depletion substances
(ODS) and were therefore highly restricted by the Montreal protocol since 1987.[140,264–266]
Even though some HCFCs exhibit a low ozone depletion potential (ODP) (for example,
HCFC-22 has an ODP = 0.034) and HFCs have an ODP value of zero, both are still known
to be potent greenhouse gases because of their high global warming potential
(GWP).[143,267,268] Therefore, in 1992, HCFCs were also banned by the Copenhagen
amendment of the Montreal protocol, followed in 2016 by the Kigali amendment phasing
down the use of HFCs as well.[264,269–273] The fourth generation of refrigerants
recommended by the Montreal Protocol is based on unsaturated HFCs: hydrofluoroolefins
(HFOs).[139,274–276] HFOs exhibit a negligible GWP and a zero ODP, which makes them
highly valuable and thus applicable as heat transfer media or foaming and blowing agents,
for instance.[276,277] In particular, HFO-1234yf (2,3,3,3-tetrafluoropropene) and HFO1134ze (1,3,3,3-tetrafluoropropene) are nowadays of high importance due to their low
toxicity compared to others. Thus, many patents, as well as publications, are reporting their
synthesis and their reactivity.[274,277–281] Those reports are mainly based on the use of
chromia-based catalysts or metal-halogen supported catalysts using HFCs or HCFCs as
starting compounds. However, harsh conditions are needed to synthesize HFOs.
Undeniably, C–F bonds in HFCs are challenging to activate, and the high dissociation
energy can be usually overcome by the generation of Al–F or Si–F bonds being
thermodynamically more favored.[83,169,282,283]
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Among the HCFCs, HCFC-244bb (2-chloro-1,1,1,2-tetrafluoropropane) is an interesting
precursor in the preparation of olefins.[274,284,285] Via dehydrofluorination, HFO-1233xf (2chloro-3,3,3-trifluoropropene) can be obtained, and via dehydrochlorination, the target
molecule HFO-1234yf is formed (Scheme 20). The group of Teinz and the group of Mao
carried out detailed investigations on the two different pathways that can occur on the
activation of HCFC-244bb.[214,286] Testing different conditions and catalysts, Teinz et al.
evidenced that using fluorinated-chromia or HS-AlF3 as catalysts, dehydrofluorination
occurred, whereas when using SrClF or BaClF, dehydrochlorination was observed.[214] As
mentioned already in the introduction, the difference in selectivity can be explained by the
HSAB theory. Therefore, it is in good agreement that using an Al–based catalyst,
dehydrofluorination will occur, whereas when a Ba–based catalyst is employed,
dehydrochlorination is favored.[213,214] Moreover, the reaction pathway between the HFOs
and HCFC-244bb, as well as the HFC-245cb (1,1,1,2,2-pentafluoropropane), was studied,
revealing the influence of the catalyst used in the product formation and the establishment
of a temperature-sensitive equilibrium between HFO-1234yf and HFC-245cb (Scheme 21).
Cl
- HF
Cl
F3C

F

F3C

2

Cat.

1

F
- HCl

F 3C

2a

Scheme 20. Dehydrohalogenation of HCFC-244bb.

HFCO-1233xf

Cl
F3C
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F
F3 C

2a

Cl
F3C

2

+ HF
- HCl

HFO-1234yf

+ HF

HCFC-244bb

1

+ HF
- HCl

+ HF
- HF

F

F
F3C

F

HFC-244cb

6c

Scheme 21. Possible reaction pathways of HCFC-244bb to access HFOs and HFCs.
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HFCs can also be considered as interesting starting compounds in the synthesis of HFOs,
although their activation requires harsh conditions.[205,282,287] Numerous patents described
the conversion of different HFC-245 isomers (pentafluoropropane isomers) to access HFO1234yf or HFO-1234ze at elevated temperature (>250 °C) using a variety of solid acid
catalysts.[206–208,216,217,280,288–290] The vapor-phase dehydrofluorination from HFC-245
isomers to the corresponding hydrofluoroolefin is indeed the most common route used by
industries to prepare HFO-1234ze since high yields are obtained.[207]
As described previously, ACF is a strong Lewis acid that exhibits excellent reactivity
towards carbon-halogen bond activation.[93–97] Within the scope of this thesis, it was
therefore of interest to study the reactivity of HCFC-244bb and HCF-245 isomers using
ACF as a catalyst, together with the use of a hydrogen source such as silane in order to
form the thermodynamically stable Si–F bond. It was suggested by Ahrens et al. and
Meißner et al. that when silanes or germanes were put in contact with ACF, the formation
of surface-bound species with a silylium or germylium–ion–like character might be formed
at the Lewis acidic sites.[96,291] Pulse thermal analysis (Pulse TA) evidenced the interaction
of HSiEt3 with the surface of ACF, with a high surface coverage of about 0.13 mol%.[291]
Solid-state NMR spectroscopy and the

19F

spin-echo measurements evidenced the

disappearance of the terminal-fluorine atoms, usually present at the surface of ACF. Those
terminal-fluorine atoms are revealed by a signal at about δ = -200 ppm. Immobilized
species were detected using 1H-13C CP MAS NMR spectroscopy for germanes and
29Si{1H}

CP MAS NMR spectroscopy for silanes.

Moreover, ACF is also known to perform Friedel-Crafts type reactions as well as
hydroarylation reactions when C6D6 is present as the solvent, as described earlier.[91,93,94,97]
Friedel-Crafts reactions play an important role in many industrial processes and are,
therefore, highly relevant. Discovered in 1887 by Charles Friedel and James Mason Crafts,
Friedel-Crafts alkylation consists of the replacement of a C–H aromatic ring by an alkyl
group from an alkyl halide, usually in the presence of a Lewis acid, e.g., AlCl3 or BF3
(Scheme 22). A study showed that by modifying the Lewis acid catalyst, as well as the
amount of the substrate used, or the temperature, AlCl3 was found to be the most active
catalyst.[30]
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+

Cl

AlCl3
- HCl

Scheme 22. Friedel-Crafts reactions catalyzed by AlCl3 .

Therefore, in the following section, C6D6, as well as C6D12, were employed as solvents to
observe the plausible corresponding Friedel-Crafts and hydroarylation products formation.
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2- Activation of 2-chloro-1,1,1,2-tetrafluoropropane
- (HCFC-244bb)
A- Without the presence of a hydrogen source
When 2-chloro-1,1,1,2-tetrafluoropropane (HCFC-244bb, 1) was treated with ACF in
C6D12 as a solvent, the formation of 2-chloro-3,3,3-trifluoropropene (HFO-1233xf, 2) was
observed with a conversion of 61% after 7 days (Scheme 23, top; Table 10, entry 1).
Treatment of 1 in C6D6 gave the dehydrofluorination product 2, together with the additional
hydroarylation product CF3CClDCH2C6D5 (3) (Scheme 23, bottom). Those two products
were detected in a ratio of 1:1, reaching 55% conversion after 7 days (Table 10, entry 2).
In a recent report on the hydroarylation of olefins using ACF, fluorinated olefins were also
found to undergo hydroarylation, which is in good agreement with the observation made
here with HCFC-244bb.[91]
Cl

C6D12
F3C

- HF
Cl
F3C

1

F

2

ACF
70°C
Cl

C 6D 6
F3C

- HF

+

2

1

Cl
F3C

D

3

C 6D 5

1

:

Scheme 23. Reactivity of HCFC-244bb (1) using ACF as a catalyst in C6 D12 (top) and C6 D6
(bottom).

Since the formation of 3 presumably results from a subsequent activation of the double
bond at HFO-1233xf (2) with benzene, an independent reaction was performed (Scheme
24; Table 10, entry 3). The formation of the hydroarylation product 3 was observed, with
90% conversion after 7 days, which confirms the suggested pathway through the
hydroarylation reaction of 2 (Table 10, entry 3).
Cl
F3C

2

ACF
C 6D 6
70°C

Cl
F3C

3

D

C 6D 5

Scheme 24. Reactivity of HFO-1233xf (2) using ACF as a catalyst in C6 D6 .
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Table 10. Conversion and TON of 1 and 2 in different solvents using ACF as a catalyst:
Entry

Substrate

Solvent

Products

t [days] Conversion [%]

TON

1

1

C6D12

2

7

61

5

2

1

C6D6

3 and 2 (1:1)

7

55

5

3

2

C6D6

3

1

59

6

Remarkably, no activation of the C–Cl bond was detected at HCFC-244bb (1), even though
ACF revealed in previous studies the ability to activate chlorinated methane in the presence
of silane or germane as hydrogen sources.[94,95] Moreover, it was also reported that when
both fluorine and chlorine are present in the substrates, e.g., CHCl2F, dismutation reactions
followed by hydrodechlorination were observed to give CH2Cl2 and CH2F2 as major
products.[95] However, in the case of HCFC-244bb (1), no isomerization product could be
detected.
The results obtained for the activation of HCFC-244bb (1) are furthermore in good
agreement with a report on the activation of 3-chloro-1,1,1-3-tetrafluorobutane, using
different fluoride-based metal catalysts such as AlF3, CaF2, or BaF2 (see above).[213] It was
shown that the conversion, as well as the selectivity, can be entirely contrastive depending
on the catalyst used, emphasizing the critical role of the metal-halogen affinity in the
product selectivity. Since the formation of AlF3 is strongly favored over the formation of
AlCl3, the fluorine atom in the substrate will selectively interact with the aluminum acidic
sites of AlF3.
In the case of HCFC-244bb (1), its activation at ACF is exceptional, since no usage of a
hydrogen source was needed. Indeed, most of the C–F bond reactions using ACF as a
catalyst require an additional hydrogen source such as silane or germane in the reaction
mixture, causing an additional separation step to isolate the products.[93,96,97] Moreover,
dehydrofluorination reactions usually require elevated temperatures, whereas, with ACF,
only 70 °C was needed to observe the almost full conversion of HCFC-244bb (1) to HFO1233xf (2).[201,215,292] In contrast, in the dehydrohalogenation of 3-chloro-1,1,1,3tetrafluorobutane reported by Teinz et al., the temperature was set to 200 °C.[213]
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Furthermore, the research group of Lu investigated as well the dehydrohalogenation of
HCFC-244bb (1) with temperatures set above 350 °C for all their reactions.[286]
Mechanistically, the catalyst can abstract the fluorine on the CFCl group generating a
carbenium-like species at the surface of the catalyst (Scheme 25). After an HF-elimination
step, HFO-1233xf (2) is released, and the catalyst regenerated.

HF

Cl

Cl

+

F3C

F3C
ACF

2

ACF F

Cl
F3C

F

1

−

δ δ+
ACF F
CF3
Cl
H

ACF F
Cl
F3C

Scheme 25. Proposed catalytic cycle of the activation of HCFC-244bb (1) in C6 D12 .

When C6D6 is present as a solvent, a subsequent hydroarylation at the double bond at 2
takes place to form the corresponding hydroarylation product, as proven independently.
Different pathways are conceivable: after the initial formation of 2, the CF3 group can
undergo a subtraction of a fluoride by the Lewis acid sites at the surface of the catalyst,
followed by an electrophilic attack at the aromatic solvent, forming a zwitterionic
Wheeland-like intermediate (Scheme 26). The migration of the deuterium, together with
the attack of the fluoride, finally gives the hydroarylation product 3 and regenerates the
catalyst (Scheme 26, middle). Another possibility is the release of DF from the Wheelandlike intermediate, to form F2C=CCl-CH2C6D5, which can then further react with the formed
DF to give the final hydroarylation product 3 (Scheme 26, left). However, since no
observation of the intermediate F2C=CCl-CH2C6D5 was possible at any reaction time, it is
more likely that the deuterium will migrate from the Wheeland-like intermediate to
generate the final product 3.
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Scheme 26. Proposed catalytic cycle of the activation of HCFC-244bb (1) in C6 D6 .

A recent study revealed the very similar behavior of ACF and HS-AlF3.[73] Both catalysts
are very strong Lewis acids, with a similar surface area. As one of the main differences
among them is their porosity; in some cases, diverse reactivity can be expected. Since HSAlF3 is a mesoporous catalyst, larger substrates which cannot be activated by ACF for
sterical reasons could be activated at HS-AlF3. Besides, higher conversions could be
expected at HS-AlF3 due to the easier availability of the acidic sites for larger substrates.
Indeed, HS-AlF3 has bigger pores (90 Å), which allow the substrate to enter the pores
slightly faster and more efficiently than on ACF, which has smaller pores (>15 Å) (Table
11).
Since a reasonable conversion was achieved at ACF in the activation of HCFC-244bb (1),
the reactivity of HS-AlF3 was tested as well. Under the same conditions, identical products
as when ACF was used as a catalyst were observed. However, their selectivity differs.
When C6D6 was used as the solvent, a ratio of 10:1 was found between the HFO-1233xf
(2) and the hydroarylation product (3), respectively, in the case of HS-AlF3, whereas a ratio
of 1:1 was obtained using ACF. As mentioned before, ACF is prone to form hydroarylation
products, whereas this finding was never evidenced at HS-AlF3. In C6D12, HFO-1233xf (2)
was selectively formed, with 78% conversion (Table 11).
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Table 11. Comparison between ACF and HS-AlF 3 :[73]
ACF

HS-AlF3

Surface area by BET (m 2/g)

334

240

Pore size (Å)

10

90

Conversion of 1 in C6D6 (%)

55

67

Conversion of 1 in C6D12 (%)

61

78

B- In the presence of a hydrogen source
As mentioned before, various C–F bond activation reactions at ACF are reported using a
hydrogen source.[93,96,97] Therefore, it was of interest for an accurate comparison to observe
the impact of the hydrogen source in the activation of HCFC-244bb (1). Scheme 27 shows
the three conditions discussed with HSiEt3 as a hydrogen source in combination with C6D6
or C6D12.
In the presence of a solvent such as C6D12, dehydrofluorination occurred to give the HFO1233xf (2) and the allylic hydrodefluorination product 2-chloro-1,1difluoropropane (4) in
a 4:1 ratio (Scheme 27, top; Table 12 entry 1). The conversion significantly improves to
78% when compared to the reaction without silane, confirming the ability of silane to
promote C–F bond activation reactions. The generation of 4 could be caused by a
subsequent hydrodefluorination of 2 formed in situ. Independent reactions will be described
later to demonstrate the formation of 4.
When the aromatic solvent C6D6 was used instead of C6D12, in the presence of silane, both
the Friedel-Crafts (CF2CClCH2C6D5, 5) and the hydroarylation (3) products were
generated, resulting from the electrophile attack of the double bond from the HFO-1233xf
(2) after C−F bond cleavage (Scheme 27, middle). Noticeably, 2 is also present in the
reaction mixture, and the three products obtained are in a 1:1:4 ratio, the major product
being the Friedel-Crafts one (Scheme 27, middle; Table 12, entry 2). As expected, the
presence of C6D6 induces the formation of the hydroarylation product 3, which was already
observed when no silane was present in the reaction mixture.
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In neat HSiEt3, the reaction is similar to the one performed in pure C6D12 when no hydrogen
source was introduced (Scheme 1, top and Scheme 27, bottom). Indeed, the HCFC-244bb
(1) is selectively converted at 45% into HFO-1233xf (2) using ACF as a catalyst, and FSiEt3
is released in the reaction mixture (Table 12, entry 3). Surprisingly, an increase in the
conversion was not observed in this condition; on the contrary, the conversion dropped
from 61% to 45% (Table 11, entry 2 and Table 12, entry 3). Similar results were observed
in a study on the activation of fluoromethanes.[93] For the latter, an increase of the
conversion was observed when the amount of the hydrogen source was increased, and a
solvent was present, whereas, when the reactions were performed in neat silane, a drop in
the conversion was observed.[93] It is conceivable that the acidic sites of ACF are blocked
by the large excess of HSiEt3, preventing the adsorption of substrates at the surface of the
catalyst.[96,291]
Cl
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Cl

C 6D 6
- FSiEt3,

2
4

- HD

F 3C

+
:
+
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:
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Cl
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Scheme 27. Reactivity of HCFC-244bb (1) using ACF as a catalyst in the presence of HSiEt3 and
solvents (C6 D6 or C6 D12 ).

Table 12. Conversion and TON of 1 in different solvents in the presence of HSiEt3 using ACF as
the catalyst:
Entry

Substrate

Solvent

Products

t [days]

Conversion [%]

TON

1

1

C6D12

2 and 4 (4:1)

7

78

7

2

1

C6D6

2, 5 and 3 (1:1:4)

7

48

4

3

1

-

2

7

45

4
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For an accurate understanding of the generation of the products 4 and 5, independent
reactions were performed: 2 was put into contact with ACF in the presence of HSiEt3 and
C6D12 or C6D6 as solvents as well as in neat HSiEt3 (Scheme 28).
When C6D12 was used as the solvent, activation of the CF3 group could be observed via an
allylic hydrodefluorination, producing 2-chloro-1,1-difluoropropene (4) (Scheme 28, top;
Table 13, entry 1). Noticeably, when 2 was treated in silane and benzene, the Friedel-Crafts
product 5 was detected, together with the release of HD and FSiEt3 (Scheme 28, middle;
Table 13, entry 2). Interestingly, no observation of the hydroarylation product 3 was
possible, even though it is the main product observed when starting from 1 (Scheme 28
middle, see above, Scheme 27). This observation can come from the fact that the activation
of the CF3 group takes place substantially faster than the competitive hydroarylation
reaction. Finally, in neat HSiEt3, the formation of 4 could be observed, as also observed in
C6D12 and HSiEt3 (Scheme 28, top and bottom; Table 13, entry 3). Again, a lower
conversion was observed when the reaction was performed in neat silane, suggesting a
likely blocking of the acidic sites by the presence of a large excess of silane in the reaction
mixture. When the tetrafluoropropene analog of 2, HFO-1234yf (6), was activated by ACF,
the corresponding product derivated from the allylic monohydrodefluorination was also
generated (Scheme 29).[97]
Cl

C6D12
- FSiEt3
Cl
F3C

2

ACF
HSiEt3
70°C

F2C

Cl

C 6D 6
- FSiEt3,

- HD

4

F2C

5

C 6D 5

Cl
- FSiEt3

F2C

4

Scheme 28. Reactivity of HFO-1234xf (2) using ACF as a catalyst in the presence of HSiEt3 and
solvents (C6 D6 or C6 D12 or neat HSiEt3 ).
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F

F
F3C

6

- FSiEt3

ACF
HSiEt3

F 2C

7

70°C
F

C 6D 6
- FSiEt3,

- HD

F2C

C 6D 5

8

Scheme 29. Reactivity of HFO-1233yf (6) using ACF as a catalyst in the presence of neat HSiEt3
(top) or in combination with C6 D6 (bottom).[97]

It appears that by using HSiEt3, the consecutive reaction of 2 towards the monoallylic
hydrodefluorination and Friedel-Crafts products can be observed, depending on the
conditions. To note, for the three conditions described (HSiEt3 and C6D12, HSiEt3 and C6D6,
and neat HSiEt3), the conversion of 2 into its different products exceeded 70% after 24
hours at room temperature, revealing the reactive character of 2 using ACF as the catalyst
in the presence of silane (Table 13).
Table 13. Conversion and TON of 2 in different solvents in the presence of HSiEt3 using ACF as
the catalyst:
Entry

Substrate

Solvent

Products

t [days]

Conversion [%]

TON

1

2

C6D12

4

1

76

8

2

2

C6D6

5

1

76

8

3

2

-

4

1

78

8

The mechanism involved when HSiEt3 is present in the reaction mixture resembles the one
described before on the activation of HCFC-244bb (1) in C6D6 (see above). After the first
C–F bond activation generating HFO-1233xf (2), followed by the abstraction of a fluoride
from the CF3 group of the latter, two pathways can be distinguished depending on the
reaction conditions: in the presence of silane, fluorosilane, and the corresponding allylic
monohydrodefluorination product 4 can be producing, together with the regeneration of the
catalyst (Scheme 30, left). When benzene is present, the same mechanism as when no
hydrogen source was present is likely to occur (Scheme 30, right). However, the release of
DF led to the formation of fluorosilane and HD (Scheme 26 and 30, right).
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Cl
F3C

F2 C

4

5

HSiEt3
+ DF

C6D5

+ HD

2

ACF F

ACF F

Cl

4

ACF
FSiEt3

Cl

+ ACF

F2C

FSiEt3

Cl
F2C

F3C

Cl

1

ACF

Cl
F2C

F

Cl
F2C

D

D5

C 6D 6
HSiEt3

Scheme 30. Proposed catalytic cycle of the activation of HCFC-244bb (1) in the presence of HSiEt3
(left) or in C6 D6 (right).

Nevertheless, an alternative mechanism needs to be considered, according to the
independent reaction starting from 2. Indeed, the primary formation of silylium-ion-like
species can be initiated by an interaction between ACF and HSiEt3 (Scheme 31). The
polarization of the Si–H bond, as the proton from the HSiEt3, interacts with the Lewis acidic
sites at the surface of the catalyst, which can lead to the generation of silylium-like
species.[93,291] This initial step would be followed by a subsequent C–F bond activation to
form FSiEt3 and the corresponding carbenium-like species. On the catalyst, a surface-bound
hydride can, therefore, further react with this carbenium-like species to generate 4. In the
presence of C6D6, the Friedel-Crafts product 5 can as well be generated from the carbeniumlike species as already described in the study on the activation of HFO-1234yf (6).[97] This
conceivable mechanism was previously reported by the Braun and Kemnitz groups in the
study on the activation of fluoromethanes at room temperature using silane as a hydrogen
source.[93]
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δ+ δ
ACF H SiEt3

Cl
F3C

2

HSiEt3
−

δ+ δ
ACF H SiEt3

ACF

Cl
F3C
H2

+

2

Cl
F2C

4

ACF H
FSiEt3

Cl
F2C

C 6D 6

Cl
F 2C

5

C6D5 + HD

Scheme 31. Proposed catalytic cycle of the activation of HFO-1233xf (2) in the presence of
silylium-ion like species at the surface of ACF.
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C- Using AlCl3 as a catalyst
In the presence of AlCl3 as a catalyst, HCFC-244bb (1) could furthermore be activated
under mild conditions. However, in this case, no dehydrofluorination products were
observed. Instead, only the chlorine-fluorine exchange product 9 was generated, as shown
in Scheme 32 and Tables 14 and 15.
Cl
F3C

AlCl3
HSiEt3
solvent

F

70°C, 3d

1

Cl
F3 C

Cl

9

Scheme 32. Reactivity of HCFC-244bb (1) using AlCl3 as a catalyst, with and without the presence
of HSiEt3 and different solvent (C6 D6 , C6 D12 , or neat HSiEt3).

AlCl3 is well known to perform halogen exchange reactions.[87,293,294] Indeed,
chlorofluoromethanes and ethanes can undergo chlorine-fluorine exchange when they are
in contact with AlCl3.[295,296] Similarly, benzotrifluoride can be fully converted into
benzotrichloride.[192] The generation of 9 via chlorine-fluorine exchange with the catalyst
(AlCl3) is therefore rational.
Table 14. Conversion and TON of 1 in the presence of HSiEt3 in different conditions using AlCl3 as
the catalyst:
Entry

Substrate

Solvent

Products

t [days]

Conversion [%]

TON

1

1

C6D12

9

3

73

0.9

2

1

C6D6

9

3

99

1.2

3

1

-

9

3

84

1

Table 15. Conversion and TON of 1 in different solvents using AlCl3 as the catalyst:
Entry

Substrate

Solvent

Products

t [days]

Conversion [%]

TON

1

1

C6D12

9

3

82

1

2

1

C6D6

9

3

99

1.2
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D- Small summary
All those results demonstrated the remarkable character of ACF in the activation of C‒F
bonds, which could be achieved under mild condition, as compared to the literature, where
elevated temperatures are needed.[86,297–300] Moreover, C‒F bond activations at ACF are
usually performed using a hydrogen source, which was not necessary in the case of HCFC244bb (1), reducing the cost, and the reactions step to recover the final product.[93,96,97] This
study demonstrated the importance of the conditions used to control the product selectivity.
Indeed, the variation of the solvent for an aromatic one allows subsequent reactivity of the
HFO-1233xf (2) towards Friedel-Craft and hydrorylation product formation, always under
mild conditions.
Furthermore, by introducing a hydrogen source in the system, diverse reaction mechanisms
could be proposed and are supported by independent reactions. Indeed, the silylium-ion
formation at the surface of ACF when silane is present in the reaction mixture was
demonstrated before and is further evidenced in this study. As shown, distinct reactivity
was observed depending on when HSiEt3 was present or not in the reaction mixture. It
appears that the likely existence of silylium-ion induces activation of the CF3 group via a
single allylic monohydrodefluorination, whereas when no hydrogen source is introduced,
the CF3 group remained untouched.
No activation of the C‒Cl bond was observed in any experiment performed with ACF,
which indicates a high affinity of the catalyst to fluorine. Therefore, more substrates
containing C‒F bonds could be considered as candidates for testing the extensive potential
of ACF in the cleavage of C‒F bonds.
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3- Activation of pentafluoropropane - (HFC-245) isomers
A- Activation of 1,1,1,2,3-pentafluoropropane - HFC-245eb
i-

Without the presence of a hydrogen source

When 1,1,1,2,3-pentafluoropropane (HFC-245eb, 10a) was treated with ACF in different
solvents (C6D6 or C6D12) at 70 °C, the activation of the CH2F group was observed (Scheme
33). A different reactivity was found, depending on the solvent used. In C6D12, the
formation of HFO-1234yf (6) was observed, together with 1,1,1,2,2-pentafluoropropane
(HFC-245cb, 10c) in a 1:2 ratio respectively, reaching almost full conversion after 7 days
(Scheme 33, top; Table 16, entry 1). An equilibrium between these two products (6 and
10c) when HF is present in the reaction mixture was previously described in the literature
by the group of Kemnitz.[214] They demonstrated that when starting from HFO-1233xf (2),
depending on the catalyst used and in the presence of HF, HFO-1234yf (6) can be
generated, which further reacts to produce HFC-245cb (10c) (see above, Scheme 21).
Besides, when C6D6 was used as a solvent instead of C6D12, 6 is generated as major
compound together with traces of the Friedel-Crafts CF3-CHF-CH2C6D5 (11) and the
hydroarylation CF3-CDF-CH2C6D5 (12) products. (Scheme 33, bottom; Table 16, entry 2).
In C6D6, the conversion did not exceed 22% after 7 days at 70 °C. This significant
difference in conversion, depending on which solvent was used, can possibly arise from
an interaction of benzene with the surface of ACF, blocking the acidic sites of the catalyst,
as described earlier. A recent study using a Pulse TA experiment and 1H MAS NMR
spectroscopy suggested a strong interaction when benzene was put into contact with
ACF.[95] This strong interaction can, therefore, hinder the adsorption of other substrates,
resulting in a decrease in the conversion.
F

C6D12
- HF
F
F3C

10a

F

ACF

F3C

+

6

1

F
F3 C

:

F

10c
2

70°C
F

C 6D 6
- HF, -DF

F3C

+

6

16

:

F
F 3C

11
3

C 6D 5

+

:

F
F3C

D

C 6D 5

12
2

Scheme 33. Reactivity of HFC-245eb (10a) using ACF as a catalyst in C6 D12 (top) or C6 D6
(bottom).
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Table 16. Conversion and TON of 10a in different solvents using ACF as a catalyst:
Entry

Substrate

Solvent

Products

t [days]

Conversion [%]

1

10a

C6D12

6 and 10a (1:2)

7

99

2

10a

C6D6

6, 11 and 12
(16:3:2)

7

22

The performance of ACF as a catalyst in the dehydrofluorination of HFC-245eb (10a) is
astonishing since it is successfully achieved at very mild conditions as compared to the
literature.[206,207] Indeed, with the use of chromia-based catalysts, the reaction temperature
required to activate 10a is set above 200 °C according to published patents.[206,207]
Mechanistically, in a similar way as previously described in the activation of HCFC-244bb
(1), the surface of ACF can abstract a fluorine from the CH2F group. Indeed the C−F bond
present in the CH2F group is weaker than the secondary C–F bond in the CHF group,
therefore easier to activate by the catalyst (Scheme 34). Thus, a carbenium-like species and
a surface-fluoride can be generated. In the presence of C6D12, the olefin HFO-1234yf (6) is
produced via HF elimination. This released HF can re-attack the double bond formed,
generating the isomer HFC-245cb (10c) (Scheme 34, left). In the presence of C6D6, the
hydroarylation product 12 can be produced from 6 (Scheme 34, left top). Simultaneously,
the aromatic solvent can attack the initial carbenium-like species to generate a zwitterionic
Wheeland-like intermediate, which subsequently gives the Friedel-Crafts product 11 and
DF, thus allowing the catalyst to regenerate itself (Scheme 34, right).
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F
F 3C

F
D
12

F 3C

C6D5

F
F 3C

C 6D 6

D5
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F
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+

ACF

F
F3C
10c

F

+ HF

F
F 3C
6

ACF F

+ ACF

ACF F

F
F3C

- HF

F
F3C

D

D5

C 6D 6

Scheme 34. Proposed catalytic cycle of the activation of HFC-245eb (10a).

ii-

In the presence of a hydrogen source

As detailed previously, the conditions were modified in order to observe different reactivity
or selectivity when a hydrogen source was introduced. When C6D12 was used as a solvent,
together with HSiEt3, the same products were generated, like those obtained in the reactions
without the hydrogen source, with additional traces of 1,1,2-trifluoropropene (7) (Scheme
35, top). Noticeably, a change in the product ratio was observed, compared to the reaction
performed without silane. Indeed, a ratio of 3:1 was observed for HFO-1234yf (6) and
HFC-245cb (10c), respectively, when HSiEt3 was present in the reaction mixture, whereas
a ratio of 1:2 was obtained when no hydrogen source was present (Table 7 and 8, entry 1).
It can be conceivable that less HF is produced in the reaction containing HSiEt3 since an
alternative mechanism pathway can be considered where FSiEt3 and H2 are produced
instead of HF, which hinders the formation of 10c via refluorination and gives a higher
selectivity towards the olefin 6 (see below). [86,96,301]
Similarly, in C6D6, the same products (6, 11, 12) as when no hydrogen source was present
are generated, with the additional formation of the Friedel-Crafts CF2=CF-CH2C6D5
product (8) observed only in traces (Scheme 35, middle). The selectivity remains the same
as in neat C6D6; however, a considerable increase in conversion was observed from 22% to
99% when silane is present in the reaction mixture (Table 16 and 17, entry 2). This increase
Page | 51

~ Chapter 3 ~
can arise from the presence of silane, which can now as well interact with the surface of
the catalyst and form silylium-ion like species in a competing pathway, allowing more
substrate to convert (see above).
Treatment of HFC-245eb (10a) in neat silane, gave 6, 10c and 1,1,2-trifluoropropene 7
once again, together with 1,1,1,2-tetrafluoropropane (13), 1,1-difluoropropene (14) and
1,1,1-trifluoropropane (15) (Scheme 35, bottom). The compound 15 was generated in
majority, via consecutive reactivity which will be described later; however, various
intermediates are still present in considerable amounts.
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+
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+
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+
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F3C

+
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+
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:

F
F2C

+

7
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F2C
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F 3C
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14

2

F3C

:
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Scheme 35. Reactivity of HFC-245eb (10a) using ACF as a catalyst in the presence of HSiEt3 and
solvents (C6 D6 or C6 D12 ).

Table 17. Conversion and TONs of 10a in different solvents in the presence of HSiEt3 using ACF
as the catalyst:
Entry

Substrate

Solvent

Products

t [days]

Conversion [%]

TON

1

10a

C6D12

6, 10c and 7
(3:1:t)

7

99

4

2

10a

C6D6

6 (major), 8, 11
and 12

7

99

4

3

10a

-

6, 10c, 7, 13, 14
and 15 (2:t:t:4:2:6)

7

99

4

t: traces

Note that in all cases (C6D6 and HSiEt3, C6D12, and HSiEt3 or in neat HSiEt3), the
conversion reaches over 99% after 7 days at 70 °C, which highlights the significant role of
the hydrogen source (Table 17). Those improved conversions can result from an interaction
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of the silane with the surface of ACF, involving different C−F bond activation as compared
with the reaction without any silane. Indeed as mentioned already, the formation of
silylium-like-species is highly likely, which can initiate the C−F bond activation at the
primary carbon in 10a (Scheme 36). Thus, the corresponding carbenium-like species,
FSiEt3 and a surface-bound hydride, can be generated, followed by the formation of 13 via
hydrodefluorination or 6 via dehydrofluorination. Moreover, the CF3 group in 6 can further
be activated in the presence of silylium-ion like species, yielding once more a surface
hydride and the corresponding carbenium-like species. Via allylic hydrodefuorination, 7
can subsequently be generated, as it was observed previously at ACF, in the activation
study of tetrafluoropropenes.[97] Alternatively, since 10a could be activated without the
presence of silane, the formation of the products 6, 10c, 11, and 12 can be directly initiated
by ACF, via abstraction of a fluoride from the CH2F group at the surface of the catalyst.
The corresponding carbenium-ion generated could therefore react with silane, yielding the
hydrodefluorination products, or via dehydrofluorination, HF and HSiEt3 can form FSiEt3
and H2. Additionally, in the presence of C6D6, Friedel-Crafts-like reactions can occur with
any carbenium-like species intermediate present in the reaction mixture.
F
F2C

F
F 3C
13

7

HSiEt3

HSiEt3

F

ACF H

−

δ+ δ
ACF H SiEt3

F
F2C

F 3C

F

10a

- FSiEt3

ACF H
F
F3C

F
F 3C
6

HSiEt3
- FSiEt3

- H2

Scheme 36. Proposed catalytic cycle in the activation of HFC-245eb (10a) in the presence of
silylium-ion like species at the surface of ACF.
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iii-

Independent reactions

As various reaction steps are involved in the formation of the products described above,
such

as

dehydrofluorination,

hydrodefluorination,

hydrofluorination,

allylic

hydrodefluorination, hydroarylation, and Friedel-Crafts like reactions, independent
reactions were performed to elucidate the reaction patterns and the transformation between
certain products (Scheme 37).
The activation of 13 using ACF as the catalyst in C6D12 combined with HSiEt3 or in neat
HSiEt3, led to the formation of 14 and 15 (Scheme 37, top and bottom). In the presence of
C6D6 and HSiEt3, 16, 14, and the Friedel-Crafts product (CF2=CH-CH2C6D5) 17 were
generated (Scheme 37, middle). In the absence of silane and in C6D12, the selective
formation of 16 was observed, whereas, in C6D6, 16 was once again generated together
with the corresponding Friedel-Crafts and hydroarylation products, both found in traces.
(Scheme 37).
C6D12
- FSiEt3

F3C

F

ACF
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13

70°C

F3C
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15
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C 6D 6
- FSiEt3,
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- FSiEt3

+

F3C

16
1

F3C

:

:
+

15

2

:

F2C

14

1
+

F2C

14
traces

F2C

F2C

17
1

:

C 6D 5

+

C 6D 5

F3C

:

1

14

1

C6D12
- HF
F3C

F

ACF

13

70°C

F3C

16

C 6D 6
- HF, - HD

F3C

16
major

+
:

D
F3 C

C 6D 5

traces

+
:

F3C

C6D5
traces

Scheme 37. Reactivity of 7 using ACF as a catalyst in the presence of HSiEt3 and solvents (C6 D6
or C6 D12 , top) or in solvent only (bottom).

Additionally, 16 was as well tested in the presence of ACF and HSiEt3 in both solvents
(C6D6 and C6D12) (Scheme 38). In C6D12 and HSiEt3, 14 was generated as the main
compound via allylic hydrodefluorination, together with 15 and traces of 2-chloro-1,1,1trifluoropropene (18) (Scheme 38, top). The chlorinated product 18 can arise from the
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formation of HCl if the substrate is fluorinating ACF. Note that for the synthesis of ACF,
AlCl3 is fluorinated using fluorinated reagents.[80,81]. In the presence of C6D6, 14, 15, and
traces of the corresponding Friedel-Crafts product CF2=CH-CH2C6D5 17, were produced
from 16 (Scheme 38, middle). To establish the formation of 15 in those reactions, the
substrate 14 was as well tested in an independent reaction, using ACF as a catalyst and in
the presence of HF (Scheme 38, bottom). In those conditions, 15 was generated in traces
via hydrofluorination. Consistent with this, when 15 was tested as a substrate, the formation
of 14 was detected (Scheme 38, bottom). Therefore, an equilibrium can be assumed
between 14 and 15, which depends on the amount of HF present in the reaction mixture.
C6D12

F3C

ACF
HSiEt3
16

- FSiEt3

F2C

+
14

5

F3C

:

+
15

1

:
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C 6D 6
- FSiEt3,
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F2C

+
14

1

F3C

:

+
15

1

:

F2C

17

C6D5

traces

ACF
HF
C6D12
F2C

14

- HF

F3C

15

Scheme 38. Reactivity of 16, 15, and 14 using ACF as a catalyst in the presence of HSiEt3 or HF
and solvents (C6 D6 or C6 D12 ).

From the independent reactions, it could be shown that starting from 1,1,1,2tetrafluoropropane 13, three consecutive C–F bond activation steps can occur in a specific
way, as shown in the summary depicted in Scheme 39.

Page | 55

~ Chapter 3 ~
F2C

17

C 6D 5

C6D6, - FSiEt
3
HSiEt3
- HD

F
F3C

Et3SiH

13

- HF

F3C

Et3SiH
16

+ HF

- FSiEt3

F3C

F 2C

- FSiEt3

14

- HF

15

Scheme 39. Proposed reaction pathway between 13, 14, 15, 16, and 17 in the presence of ACF as
a catalyst.

iv-

Reaction pathway starting from HFC-245eb (10a)

Considering all these results from the independent reactions, a general reaction pathway
starting from 10a, which illustrates the generation of each product observed, can be
proposed (Scheme 40). Since the products resulting from the activation of 10a observed in
C6D6 or C6D12 and silane were the same as when no hydrogen source was present, the
mechanism is believed to be similar (see above, Scheme 34). Moreover, the additional
presence in traces of 7 in C6D12 and 8 in C6D6 results from the further activation of HFO1234yf (6), which was proven in a recent study.[97] This reaction from HFO-1234yf (6) to
7 and 8 was repeated independently under the same conditions as used for the activation of
HFC-245eb (10a), confirming their generation. Besides, via dehydrofluorination, an
equilibrium can be formed between HFC-245eb (10a) and HFO-1234yf (6). The latter can
further react via HF addition to give the HFC-245cb (10c). In the presence of C6D6, HFO1234yf (6) can be transformed into the corresponding hydroarylation product 12. The
Friedel Crafts product 11 can alternatively be directly generated from HFC-245eb (10a)
when silane is present or in the same way as described before when no silane was used (see
above, Scheme 24).
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Scheme 40. Proposed summary of all the plausible reaction pathways in the activation of HFC245eb (10a).
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B- Activation of 1,1,1,3,3-pentafluoropropane - HFC-245fa
1,1,1,3,3-pentafluoropropane (HFC-245fa, 10b), an isomer of HFC-245eb (10a), was also
tested under the same conditions as 10a, to further elucidate conceivable reaction pathways
and to understand potential similarities in their reactivity. However, no activation was
observed without the use of HSiEt3 as a hydrogen source. Thus, the following sub-section
will only display the results obtained in the presence of HSiEt3.
Interestingly, when 10b was treated with 0.5 equivalents of HSiEt3 with respect to the
substrate and ACF as a catalyst at 70 °C, the selective formation of the 3,3,3,1tetrafluoropropene (HFO-1234ze) isomers E (19a) and Z (19b) was observed in a 10:1
ratio, respectively (Scheme 41). This observation is remarkable since the formation of
HFO-1234ze (19a and 19b) usually requires elevated temperatures and the presence of
chromia-based catalysts.[208,217,287,290,302]
F

F3C
10b

F

ACF,
0.5eq HSiEt3
C6D12
- FSiEt3
- H2

F

F3C

+

10

F3C

19b F

19a
:

1

Scheme 41. Reactivity of HFC-245fa (10b) using ACF as a catalyst in the presence of 0.5eq of
HSiEt3 in C6 D12 .

A similar mechanism as the one proposed in the activation of 10a in the presence of silane
is likely to take place starting from 10b (Scheme 42). Indeed, silylium-like species are
believed to be involved in the C−F bond activation steps at ACF, since no activation was
observed in the absence of silane. Two pathways can be plausible: the silylium-ion like
species can induce an initial C−F bond activation at 10b, producing fluorosilane and the
corresponding carbenium-like species. The latter can thus produce 19 and H2, together with
the regeneration of the catalyst. Alternatively, the surface of the catalyst can abstract a
fluoride at the CHF2 group, leading to the carbenium-like species, which by HF elimination
can generate 19. HF can, therefore, further react with HSiEt3, yielding FSiEt3, and H2.

Page | 58

~ Chapter 3 ~
F

F3C
10b

F

F

F3C
−

δ+ δ
ACF H SiEt3

HSiEt3

10b

F

−

ACF F

ACF
F

F3C

δ+ δ
ACF H SiEt3

F

F3C

F

F3C
10b

F

19
ACF H

FSiEt3

+H

2

ACF
HSiEt3

H2

F3C

F

FSiEt3

HF

Scheme 42. Proposed catalytic cycle in the activation of HFC-245fa 10b.

As mentioned earlier, the Meissner et al. previously studied the activation of the
tetrafluoropropenes HFO-1234yf (6) and HFO-1234ze (19) using ACF as a catalyst and a
hydrogen source.[97] In the case of HFO-1234ze (19), they demonstrated the formation of
1,1-difluoropropene (14) and 1,1,1-trifluoropropane (15) in neat silane, whereas, in C6D6,
the Friedel-Crafts products CF2=CH-CH2C6D5 (17) and CF3–CH=CHC6D5 (20) as well as
the hydroarylation product CF3-CHD-CH2C6D5 were observed.[97] Therefore, it was of
interest to increase the amount of silane present in the activation of HFC-245fa (10b) to
study the potential subsequent reactivity of HFO-1234ze (19) and compare the results with
the one reported on the activation of HFO-1234ze (19).[97]
In the presence of 1 equivalent of HSiEt3, starting from HFC-245fa (10b), further reactivity
was indeed observed (Scheme 43). In C6D12, the products 16, 14, and 15 were generated
(Scheme 43, top; Table 18, entry 1). As demonstrated earlier in the study of the activation
of HFC-245eb (10a), all three products are related to each other, and their interconversion
was proven independently (Scheme 39). When C6D6 was used as a solvent, the same
products as in C6D12 were formed (16, 14, and 15), together with the Friedel-Crafts products
17 and 20, both which were also observed in the activation of HFO-1234ze (19) (Scheme
43, top; Table 18, entry 1).[97]
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In neat silane, 15 and 14 were generated in a 4:1 ratio, respectively (Scheme 43, bottom).
This result is consistent with the previously published report on the activation of HFO1234ze (19) in neat silane; however, the two products 14 and 15 were observed in a
different ratio (0.8:1) (Scheme 43, bottom; Table 18 entry 3).[97] The presence of HF, which
is released in the activation of HFC-245fa (10b), is likely to be responsible for this
difference observed in selectivity since it can induce a hydrofluorination form 14 to 15, as
shown in the study of independent reactions (see above, Scheme 39).
Noticeably, in neat silane, no formation of 16 could be detected, whereas when less silane
was present in combination with a solvent, this product could be observed (Scheme 43). A
reason for this observation could arise from the large amount of silylium-like species
generated in excess of silane, which could contribute to increasing the rate of the reaction
from 10b to 15 as compared to the reaction performed in a limited amount of silane.
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Scheme 43. Reactivity of HFC-245fa (10b) using ACF as a catalyst in the presence of HSiEt3 and
solvents (C6 D6 or C6 D12 ).

Table 18. Conversion and TON of 10b in different solvents in the presence of HSiEt3 using ACF as
the catalyst:
Entry

Substrate

Solvent

Products

t [days]

Conversion [%]

TON

1

10b

C6D12

16, 14 and 15
(major)

7

92

5

2

10b

C6D6

16, 14, 15, 17 and
20 (2:3:t:t:1)

7

95

5

3

10b

-

14 and 15 (1:4)

7

86

5
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For all conditions (C6D6 and HSiEt3, C6D12 and HSiEt3, or in neat HSiEt3), by monitoring
the reactions by 19F NMR spectroscopy, it was possible to observe the early generation of
HFO-1234ze (19a and 19b) after 24 hours of reaction time at 70 °C. After 3 days, its
transformation into the different products mentioned before was detected. Besides, the
continuous formation of FSiEt3 was observed for all reactions, which underlines the crucial
role of the hydrogen source at each reaction stage.

Overall, a reactivity pathway can be proposed starting from 10b, which includes several
consecutive C−F bond activation steps (Scheme 44). Via dehydrofluorination, 19, is
generated as described above. Subsequent activation of the CF3 group at 19 can lead to the
formation of the intermediate (not observed) 1,1,3-trifluoropropene, which in the presence
of benzene, can undergo a Friedel-Crafts type reaction generating 17. Alternatively, via
hydrodefluorination, 1,1,3-trifluoropropene can lead to 14. Moreover, 19 can also via HF
addition regenerate 10b, which, via hydrodefluorination give the intermediate 1,1,1,3tetrafluoropropane. This

intermediate can either

produce 15

via

a

second

hydrodefluorination reaction or 16 via dehydrofluorination. Thus, 16 can in the presence of
C6D6 from the Friedel-Crafts product 17, or via hydrodefluorination, yield to 14 as shown
by the independent reaction (see above). Finally, 20 can be generated directly from 10b via
Friedel-Crafts type reaction followed by an HF elimination.
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Scheme 44. Proposed summary of all the plausible reaction pathways in the activation of HFC245fa (10b). The parentheses represent key intermediates, which were not observed.
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C- Activation of 1,1,1,2,2-pentafluoropropane - HFC-245cb
As for HFC-245fa (10b), the isomeric 1,1,1,2,2-pentafluoropropane (HFC-245cb, 10c)
could not be activated without the presence of a hydrogen source. Moreover, in general,
only low conversions were obtained, although HSiEt3 was used (Table 19). HFC-245cb
(10c) is known to be a very stable compound that requires elevated temperatures to be
activated.[280] Furthermore, an equilibrium with HFO-1234yf (6) is initiated, as described
previously.[214]
Treatment of 10c in silane and C6D12 at 70 °C gave the allylic monohydrodefluorination
product 1,1,2-trifluoropropene (7) and 14 in a 1:1 ratio with 38% conversion (Scheme 45,
up; Table 19, entry 1). This observation is consistent with the equilibrium existing between
10c and 6 since the latter is known to generate 7 when it is in the presence of silane and
ACF (see above).[97] In the presence of C6D6 and HSiEt3, the corresponding Friedel-Crafts
products of 8 and 20 were observed, and the conversion reached only 18% (Scheme 45,
middle; Table 19, entry 2). In that case, the benzene might interact with the surface of the
catalyst and block some acidic sites, which would explain the lower conversion when
compared to the reaction performed in C6D12.
When the reaction was executed in neat silane, the same products obtained in C6D12 and
HSiEt3 were generated (7 and 14) (Scheme 45, bottom). The only difference between those
two conditions can be seen in the conversion. Indeed, in neat silane, the conversion did not
exceed 10%, whereas, in C6D12, it reached 38% (Table 19, entries 1 and 3). Again, as it
was described before, HSiEt3 can, in the same way as benzene, block the access to some
acidic sites, resulting in a lower conversion compared to when a smaller amount of silane
is used.
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Scheme 45. Reactivity of HFC-245cb (10c) using and ACF as a catalyst in the presence of HSiEt3
and solvents (C6 D6 or C6 D12 ).

Table 19. Conversion and TON of 10c in different solvents in the presence of HSiEt3 using ACF as
the catalyst:
Entry

Substrate

Solvent

Products

t [days]

Conversion [%]

TON

1

10c

C6D12

7 and 14 (1:1)

7

38

1

2

10c

C6D6

8 and 17 (1:1)

7

18

1

3

10c

-

7 and 14 (1:1)

7

10

0.4

Mechanistically, in the same way as for the initial activation of 10b, via the formation of
surface silylium-ion like species, 6 will be initially generated, together with FSiEt3 and H2.
Thus, a general reaction pathway can be proposed (Scheme 46). Via an allylic
monohydrodefluorination, 7 can be formed, as it was observed in the study on the activation
of HFO-1234yf (6).[97] Similarly, in the presence of C6D6, 6 can generate the corresponding
Friedel-Crafts product 8. Moreover, to rationalize the presence of 14 and 17, it is possible
that as for the other two HFC-245 isomers studied before, HFC-245cb (10c) could via a
hydrodefluorination form the intermediate 13. This intermediate can further react as it has
been described earlier, to give 16, which can also react to generate 14, or in the presence of
C6D6, the Friedel Crafts product 17.
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Scheme 46. Proposed summary of all the plausible reaction pathways in the activation of HFC245cb (10c). The parentheses represent key intermediates, which were not observed.

D- Small summary
Overall, a variety of polyfluorinated compounds could be easily activated by ACF via
dehydrofluorination and hydrodefluorination reactions under mild conditions. The three
HFC-245 isomers (10a, 10b, and 10c) were found to be reactive in that order:
HFC-245eb (10a) > HFC-245fa (10b) > HFC-245cb (10c)
Due to the strong polarization of the C–F bond, the bond strength becomes more
challenging to break, as the fluorination degree at the carbon increases, as revealed by the
bond dissociation energy (BDE) values of fluoromethanes.[283] Indeed, the BDE increases
with the content of fluorine attached to a carbon atom (Table 20).[283]
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Table 20. Bond dissociation energy (BDE) of fluoromethanes:
Compound BDE (kcal/mol)
CH 3F

109

CH 2F2

122

CHF3

128

CF4

129.7

Hence, it is more difficult to break a C–F bond in a trifluoromethyl group than in a
difluoromethyl one or a monofluoromethyl group, a principle which was evidenced once
more in this study of three hydrofluorocarbons isomers.
In HFC-245eb (10a), the primary C−F bond in the CH2F group was easily activated without
the need for a hydrogen source. However, in the presence of a silane, further reactivity
could be observed, yielding to the formation of subsequent defluorination products. On the
other hand, the study on HFC-245fa (10b) and HFC-245cb (10c) (CHF2 and CF2 groups)
revealed the need for a hydrogen source to promote the activation of at least one C−F bond
through the formation of the thermodynamically stable Si−F bond. Moreover, the primary
C−F bond at the CHF2 group in HFC-245fa (10b) was found to be more reactive than the
secondary C−F bond at the CF2 group in HFC-245cb (10c). All those results are in good
agreement with a study on fluoromethanes using ACF as a catalyst.[93] Indeed, higher yields
were obtained for the activation of CH3F than for CH2F2 or CHF3, confirming the order of
reactivity observed with the HFC-245 isomers.
For 10a and 10b, when only a limited amount of silane was present in the reaction mixture,
dehydrofluorination products were shown to be favored, whereas, in excess of silane,
hydrodefluorination products were generated in majority. In contrast, for 10c, both
dehydrofluorination and hydrodefluorination pathways compete with each other,
independently from the amount present of the hydrogen source. Besides, by using an
aromatic solvent such as C6D6, several Friedel-Crafts type reaction take place, generating
a variety of Friedel-Crafts products.
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Chapter 4 Loading of HF at the surface of ACF for
hydrofluorination reactions
1- Introduction
Fluorination reactions are of high interest nowadays, due to the enhanced properties
induced by the incorporation of a fluorine atom into a molecule.[122,303] As described in the
introduction, various fluorinating reagents can be used to fluorinate a large scope of
substrates. Among them, HF-based reagents are widely used due to their low prices and
simple handling.[256,257,304,305] Often combined with transition metal complexes, such as
iridium, palladium, or gold, pyridinium poly(hydrogen fluoride), triethylamine-HF
(Et3N∙3HF), and DMPU-HF have shown to be efficient in hydrofluorination reactions of
alkenes and alkynes.[305–308] In particular, gold-catalyzed hydrofluorination reactions have
been deeply studied in the past years after the pioneering work of Sadighi, who reported in
2007 the first gold-carbene complex efficient in the hydrofluorination of alkynes, when
combined with Et3N∙3HF and acidic additives.[309] Later on, several research groups
followed the work of Sadighi and continued to develop gold-complexes to use in
combination with HF-sources in hydrofluorination reactions (Scheme 47).[257,310–314]
[Au] cat.
R1

R2

F

HF source
R1

R2

= alkyl, aryl, H
R1
= alkyl, aryl, H, sulfonyl, EWG
2
R

Scheme 47. Gold-catalyzed hydrofluorination reactions of alkynes.

Recently, Fustero et al. developed the selective synthesis of (E)-β-fluorovinyl sulfones with
the use of a copper-based catalyst combined with Et3N∙3HF. Those fluorovinyl sulfones
compounds are attractive fluorinated building blocks that can undergo various
processes.[315] Additionally, α-vinylfluoride thioethers were synthesized by O’Hagan using
a Lewis acid and Et3N∙3HF (Scheme 48).[316] It was proposed that the Lewis acid increases
the acidity of the HF-source, which can lead to the protonation of the substrate, followed
by a fluoride attack to give the final product.[316]
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Scheme 48. Hydrofluorination reactions of alkenyl sulfides. [316]

Another interesting system based on super acidity was applied to hydrofluorination
reactions. The superacid HF/SbF5 was able to hydrofluorinate aminoalkynes, ynamides as
well as unsaturated amines.[317] Thibaudeau et al. evidenced the formation of βfluoroamines, using the HF/SbF5 system, via the formation of a superelectrophilic dication
intermediate, which can be conveniently fluorinated by the solvated fluorine in the
polymeric anion in Sb nF5n+1- (Scheme 49).[318]
R
N

HF/SbF5
H 2O
R

-20°C, 1h

F

R
N

R

R
H
N
R

Scheme 49. Hydrofluorination of N-allylpiperidine using the HF/SbF 5 system. [318]

Non-functionalized alkenes were as well successfully tested in hydrofluorination reactions
by using the highly acidic hydrogen bond acceptor KHSO4-13HF.[319] Later on, HSO4- was
fixed on an ion exchange resin and further complexed with HF, creating a solid anhydrous
HF equivalent, which was able to perform a variety of hydrofluorination reactions (see
above, Chapter 1).[320]
HF itself is also used in many synthetics procedures. For instance, the sol-gel route to obtain
HS-AlF3 consists of a two-step synthesis, involving the use of HF. In the first step,
aluminum alkoxide is fluorinated using a solution of HF dissolved in isopropanol or diethyl
ether under anhydrous conditions (Scheme 50).[68] The second step involves the post
fluorination of the synthesized precursor, at 350 °C using a fluorinating agent such as
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CCl2F2 (Scheme 50, top). In a mechanistic study of the synthesis of HS-AlF3, various
fluorinated reagents were tested in the post fluorination step, such as diluted gaseous HF at
100 °C or 200 °C (Scheme 50, bottom).[75] However, low catalytic activity and low surface
area were detected for the observed material compared to HS-AlF3 synthesized
traditionally. Photoacoustic FTIR of adsorbed pyridine of HS-AlF3 and aluminum alkoxide
fluoride treated with HF, as well as HS-AlF3 exposed to HF, were recorded, and the latter
two did not exhibit the band at 1453 cm-1, representative for the Lewis acidic sites.[75] The
study revealed a reduced acidity when the precursor was post-fluorinated by HF, suggesting
a blocking of the acidic sites by HF. Nevertheless, the high acidity observed in HS-AlF3
could be recovered upon heat treatment in the presence of CCl2F2 or CHClF2, resulting in
complete desorption of the HF at the Lewis acidic sites. The same tendency was observed
when water was adsorbed onto the surface of HS-AlF3.[321] Indeed, water does not destroy
the bulk of HS-AlF3 but remains only at the surface without diffusing into the solid. This
observation contrasts with the similar material aluminum chlorofluoride, for which
adsorption of water at the surface leads to immediate hydrolysis of the Al−Cl bond and loss
of catalytic activity irreversibly.[81]
CCl2F2
Al(OHiPr)3 + HF

iPrOH

350°C

HS-AlF3

AlF3-x(OiPr)x
HF
100 °C/200 °C

AlF3-HF

Scheme 50. Synthesis of AlF3 using CCl2 F 2 (top) or HF (bottom) as fluorinating reagents for the
post fluorination step. [68,75]

Moreover, in 2007, the group of Harrison studied the adsorption of HF on β-AlF3 surfaces
using Density Functional Theory (DFT).[322] This investigation revealed the formation of
FHF- species at high coverage, whereas, at low coverage, the formation of hydrogen bonds
to neighboring dandling fluorine ions occurred. However, to the best of our knowledge, no
experimental studies were performed on the adsorption of HF on aluminum fluoride, except
the one mentioned above by Kemnitz et al.[75]
Nevertheless, the loading of ACF with particular substrates is of recent interest, since the
development of bifunctional materials can give rise to enhanced properties and, thus, to a
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broader reactivity.[93,96] Previously, successful loading of hydrogen sources such as
triethylsilane or triethylgermane was achieved at ACF.[93–96,291] Different characterization
methods were used to study the interaction of the substrates with the surface, such as MAS
NMR spectroscopy, Pulse TA, and Temperature Program Desorption (TPD).[93,96,291] Those
technics revealed different interactions depending on the hydrogen source immobilized at
the surface of ACF. In the case of silane, as it was described earlier, silylium-like species
could be generated at the surface of ACF.[93,96,291] In contrast, for immobilized germanes at
the surface of ACF, two distinct types of surface-bonded germane species were
distinguished.[96] Those results are in good agreement with the distinct reactivity observed
for both materials, as described in the introduction.[94–96]
In diverse C−F bond reactions using ACF as a catalyst, the formation of HF could be
observed. For instance, when 1-fluoropentane was combined with ACF and C6D12, traces
of 2-fluoropentane and 3-fluoropentane were detected, indicating a possible refluorination
reaction of the 2-pentene formed via HF-elimination.[96] Moreover, in the previous section
on the activation of C−F bonds at ACF, dehydrofluorination products, as well as HF release,
was evidenced. In some cases, this released HF could generate an equilibrium between
hydrofluorination and dehydrofluorination products.[86] The presence of HF in the reaction
mixture can not only induce a reaction with the substrates, but an interaction with the
surface of ACF could also take place as it was earlier indicated for HS-AlF3.[75]
Consequently, it was of interest to investigate the interaction between the surface of ACF
and HF, intending to test this material in hydrofluorination reactions. The following section
will describe the synthesis and characteristics of HF-loaded ACF using a broad range of
characterization techniques, as well as its reactivity towards several substrates.
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2- Synthesis and characterization
A- Synthesis
A defined amount of freshly synthesized ACF was transferred into a PTFE inliner. A
second PTFE inliner was loaded with a drying agent, hexafluoronickelate (K2NiF6, KNF).
Both inliners were connected together using Teflon wire and connections. Outside the
glovebox, the HF bottle was linked to the inliner containing K2NiF6 (Figure 9, connection
A), followed by the inliner containing ACF (Figure 9, connection B). The exit wire after
the inliner containing ACF was attached to a suction pump (Figure 9, connection C). For a
picture of the experimental setup, see Annex S1. In a flow of an argon stream, HF was
condensed onto the drying agent, leaving the inliner containing ACF closed (Scheme 51,
left). A deep red solution was observed, and after 30 minutes, the freshly dried HF was
condensed onto a defined amount of ACF for another 30 minutes (Scheme 51, middle).
Afterward, a vacuum was applied for 15 minutes to remove the excess of HF, which has
not interacted with the surface of ACF (Scheme 51, right). The material was weighed before
and after the loading with HF, leading to an increase of 8% in weight after loading. A slight
color change was observed after the loading of HF, giving a brown-yellow fine powder.

Figure 9. Experimental setup for the HF-loading onto ACF.

HF

K2NiF6
30 min

HFdry

ACF
30 min

excess HF-loaded-ACF

vacuum
15min

HF-loaded-ACF

Scheme 51. Synthesis of HF-loaded ACF.
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B- Characterization – bulk and thermal behavior
i-

MAS NMR spectroscopy
a-

27Al

MAS NMR spectroscopy

Figure 10 displays the 27Al MAS NMR spectra recorded for the pure ACF and HF-loaded
ACF (batch A). Both samples exhibit a signal at δ = -16 ppm. The signal position at this
chemical shift is typical for ACF containing mainly AlF6 units and a few AlClxF6-x units.[80]
Noticeably, the signal belonging to HF-loaded ACF appears more narrow compared to the
one of ACF, featuring a decreased line-width of about 250 Hz, which suggests a slightly

-16

better-ordered aluminum fluoride matrix, resulting from the HF-loading.

100

50

0

δ (ppm)

-50

-100

-150

Figure 10. 27 Al MAS NMR spectra of ACF (black) and HF-loaded ACF (orange) taken at 27.5 kHz
rotation frequency.

b- 1H MAS NMR spectroscopy
The 1H MAS NMR spectrum for ACF, shown in Figure 11 (black curve, magnified by 6),
reveals the presence of a few signals of relatively low intensity. The narrow signals δ = 0
ppm might correspond to “isolated OH-groups” resulting from adventitious water during
the synthesis. 1 The additional signal at δ = 0.5 ppm could represent some clusters of OH-

According to the synthesis, there should not be any water or air in contact with ACF; However, since
glassware is used during the synthesis, it is challenging to entirely avoid the presence of water, and those
signals were observed for several batches of ACF, synthesized in the same procedure.

1
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groups. The broad signal ranging from δ = 2 ppm to δ = 9 ppm can be referred to as water,
which usually appears at a signal maximum of about δ = 5 ppm. The last peak at δ = 17
ppm, is in the typical range for strongly bridged HF units.[156,323]
In the case of HF-loaded ACF, at least four signals can be distinguished (Figure 11, orange
curve). The same signal at δ = 17 ppm, as observed for ACF, is present in a considerably
higher intensity, revealing the effect of the HF-loading on ACF. A second signal visible at
δ = 11 ppm, which is in good agreement with values reported for [F(HF)n]- anions, suggest
the presence of such moieties at the surface of ACF.[156] Moreover, the broad signal at δ =
6 ppm includes at least two signals, due to its specific line-width and shape, and could be
assigned to larger polyfluoride clusters, suggesting a possible second layer of HF.[156,323]
However, despite careful handling during the sample preparation, the presence of water
cannot be entirely excluded as for ACF, since the signal at δ = 6 ppm is also typical for
adsorbed water molecules.[324,325] At δ = 0 ppm, an intense narrow signal is observed, which
differs from the one observed on ACF. This signal is characteristic of highly mobile species

18

16

14

12

10

8
δ (ppm)

1
0

6

11

17

and could, therefore, be attributed to physisorbed HF.

6

4

2

0

Figure 11. 1 H MAS NMR spectra of ACF (black, magnified by 6) and HF-loaded ACF (orange)
taken at 27.5 kHz rotation frequency.
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c1H-DQ

1H-DQ

MAS NMR spectroscopy

MAS experiments were performed, and in the case of ACF, the absence of an off-

diagonal peak reveals that all the species suggested from the 1H MAS NMR spectrum of
ACF are independent of each other (Figure 12, A). The 1H-DQ MAS spectrum for HFloaded ACF, on the contrary, exhibits two off-diagonal peaks indicating correlations
between the signals at δ = 6 ppm and δ = 11 ppm, which suggest a plausible presence of a
second layer of HF (Figure 12, B). Moreover, the signals at δ = 17 ppm and δ = 0 ppm do
not show any cross peaks, demonstrating the isolated character of the two moieties.
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Figure 12. 1 H DQ MAS NMR spectra of ACF (A) and HF-loaded ACF (B) taken at 27.5 kHz
rotation frequency.

d19F

19F

MAS NMR spectroscopy

MAS NMR spectra of ACF and HF-loaded ACF are depicted in Figure 13. For both

samples, a broad asymmetric signal can be seen, caused by the Al-fluoride network present
in the bulk of ACF.[80,324] A diminished line-width of about 3 kHz and an upfield shift of
the maximum of the peak of about 2 ppm is detected for the sample loaded with HF (δ = 167 ppm) compared to the signal of ACF (δ = -165 ppm), which suggest a slight
reorganization of the bulk as observed in the

27Al

MAS NMR spectra. Additionally, the

signal for HF-loaded ACF is shifted towards the chemical shift observed for crystalline
phases of AlF3, such as for α-AlF3 or β-AlF3, appearing at δ = -172 ppm.[324] On the other
hand, according to literature reports on liquid-state NMR of polyfluoride ions, all the
fluoride signals corresponding to [F(HF)n]- moieties are expected to be in the same range
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as the signal for the fluorides in the bulk of ACF, which hinder their identification.[156,323]
An additional narrow signal is observed in the spectrum of HF-loaded ACF at δ = -135
ppm, which could correspond to physisorbed HF, and therefore could be associated with

-208

-167

-135

the signal in the 1H NMR spectrum at δ = 0 ppm.
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Figure 13. 19 F MAS NMR spectra of ACF (black) and HF-loaded ACF (orange) taken at 27.5 kHz
rotation frequency. Asterisks refer to spinning bands.

Additionally, 19F MAS NMR spin echo spectra were recorded for both samples (Figure 14).
It is known that on ACF, the signal at δ = -208 ppm is attributed to terminal fluorine atoms
bound at aluminum.[80] This resonance was not observed for a sample loaded with HF, as
it can be seen in Figure 14, suggesting that those terminal fluorine atoms are not present
anymore.
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Figure 14. 19 F rotor synchronized spin-echo MAS NMR spectra of ACF (black) and HF-loaded
ACF (orange) taken at 27.5 kHz rotation frequency.

e- Additional 2D MAS NMR spectroscopy
A 1H-19F MAS NMR rotor-synchronized correlation experiment was carried out and
evidenced for ACF a correlation of all the protons with the Al-fluoride network (Figure 15,
A). However, since the signal representing the Al-fluoride network is significantly broad,
it is difficult to distinguish which kind of HF interaction with the surface of ACF is present.
The same situation applies to the HF-loaded ACF sample (Figure 15, B). All the proton
signals exhibit cross-peaks with the fluoride signal at δ = -167, which, as mentioned before,
covers all the fluoride signals of polyfluoride anions [F(HF)n]-. No correlation between the
signal at δ = 0 ppm in the 1H MAS NMR spectrum and the one at δ = -135 ppm in the 19F
MAS NMR spectrum could be observed, probably due to the high mobility of the
physisorbed HF.
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Figure 15. 1 H-19 F MAS NMR correlation spectrum of ACF (A) and HF-loaded ACF (B) taken at
27.5 kHz rotation frequency.

Additionally, a 19F-35Cl TRAPDOR MAS NMR experiment was conducted to investigate
the presence of chlorine atoms in both samples (Figure 16). Applying the same
experimental conditions for both samples, this experiment shows for ACF and the loaded
sample with HF nearly the same peak, which suggests that the chlorine content remains
unchanged after loading with HF. Notably, it is the first time that this experiment was used
to evidence the presence of chlorine atoms in ACF.
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Figure 16. 19 F-35 Cl TRAPDOR MAS NMR spectra of ACF (black) and HF-loaded ACF (orange)
taken at 27.5 kHz rotation frequency.
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f- Comparison between batch A and B
The second batch of HF-loaded ACF (batch B), synthesized with significantly less HF, was
studied using MAS NMR spectroscopy to determine the influence of the amount of the HF
loading on ACF during the synthesis. In the 27Al MAS NMR spectrum, representing both

-16

batches, no distinct change could be observed (Figure 17).
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Figure 17. 27 Al MAS NMR spectra of batch A (orange) and batch B (green) of HF-loaded ACF
taken at 20 kHz rotation frequency. Asterisks refer to spinning bands.

For the 1H MAS NMR spectrum, however, significant alterations were observed (Figure
18). Indeed, the signal at δ = 0 ppm is considerably reduced for batch B, which supports
the assignment of this signal to physisorbed HF, since less HF was loaded during the
synthesis. In batch B, most of the HF will bound to terminal fluorine atom or Lewis acidic
centers, and fewer HF will, therefore, be physisorbed. The three other signals at δ = 17
ppm, δ = 11 ppm, and δ = 6 ppm are very similar for both batches. However, the signal at
δ = 6 ppm has a decreased intensity for batch B, indicating a less pronounced second layer
when less HF was used during the synthesis.
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Figure 18. 1 H MAS NMR spectra of batch A (orange) and batch B (green) of HF-loaded ACF taken
at 20 kHz rotation frequency.

In the

19F

MAS NMR spectrum, for batch B, the signal at δ = -135 ppm is as well

significantly reduced, in the same way as the one at δ = 0 ppm in the 1H MAS NMR
spectrum, which is again compatible with the presence of physisorbed HF attributed to
those chemical shifts (Figure 19). Besides, the signal at δ = -167 ppm is as well affected
and exhibits a reduced intensity and line width for batch B, which reveals a lower coverage

-167

-135

by the [F(HF)n]- moieties compared to batch A.
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Figure 19. 19 F MAS NMR spectra of batch A (orange) and batch B (green) of HF-loaded ACF taken
at 20 kHz rotation frequency.
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g- Study of the influence of post-vacuum treated HF-loaded ACF using
MAS NMR spectroscopy.
When HF-loaded ACF (batch A) was put under vacuum for different times (30 minutes, 2
hours, and 24 hours), a decreased in the intensity of the peak at δ = 0 ppm in the 1H MAS
NMR spectrum was observed, supporting once more the presence of the highly physisorbed
character of the HF assigned to this resonance (Figure 20). However, an increase of the
signal at δ = 6 ppm was detected, which could be due to contamination with water of the
sample during the vacuum process. In the 19F MAS NMR spectra, both signals at δ = -135
ppm and δ = -167 ppm decreased when increasing the vacuum time, which indicates a
removal of both the physisorbed and chemisorbed HF from the polyfluoride network,
superimposed by the signals from the Al-fluoride network of ACF (Figure 21). No change
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could be detected in the 27Al MAS NMR spectra (see Annex S2)
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Figure 20. 1 H MAS NMR spectra and the influence of the vacuum time applied to HF-loaded ACF
for 30 minutes (turquoise), 2 hours (blue), and 24 hours (pink) compared to the initial sample
(orange) taken at 20 kHz rotation frequency.
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Figure 21. 19 F MAS NMR spectra and the influence of the vacuum time applied to HF-loaded-ACF
for 30 minutes (turquoise), 2 hours (blue), and 24 hours (pink) taken at 20 kHz rotation frequency.
Asterisks refer to spinning bands.

The same trend, namely the observation of reduced signals, was observed when a thermal
treatment of HF-loaded ACF at 100 °C for 24h was applied instead of vacuum treatment
(see Annex S2 and S3).

ii-

Fourier Transform Infrared Spectroscopy and Inelastic Neutron
Scattering

FTIR spectra were measured for ACF and HF-loaded ACF (batch A and B). Due to the
amorphous character of ACF, no distinct bands could be detected for pure ACF, as it was
described in a previous study.[80,81] For the HF-loaded ACF samples, the FTIR spectra are
identical for both A and B batches; therefore, only one spectrum will be depicted (batch B).
Four broad bands with maxima at 1665 cm-1, 1180 cm-1, 1050 cm-1, and 590 cm-1 are visible
(Figure 22). When compared to the literature, those bands are compatible with data for
[F(HF)n]- anions in p-toluidinium hydrogen difluoride.[326] Indeed, stretching vibrations of
[F(HF)n]- anions can be associated with the band at 1665 cm-1, and the bending modes of
those anions are related to the bands at 1180 cm-1 and 1050 cm-1. The band at 590 cm-1
corresponds to an F-Al-F vibrational mode.[327] Moreover, those values are in good
agreement with a DFT study on the adsorption of HF at a β-AlF3 surface, already mentioned
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above (Table 21).[322] They revealed in the study that depending on the binding mode of the
HF at the respective under-coordinated Al centers, different frequency vibrational modes
of FHF- moieties can be found. On a T1 termination, representing under-coordinated Al
moieties at a 100 surface, with a half monolayer coverage of adsorbed HF, the stretching
frequency of the formed FHF- moieties, would appear at 1654 cm-1.[322] Similarly, the
values for the vibrational bending mode of adsorbed HF from the study resemble the one
obtained experimentaly using FTIR spectroscopy for the HF-loaded ACF samples.
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Figure 22. FTIR spectra of ACF (black), HF-loaded ACF (orange) collected using an ATR-unit
(diamond).

Further investigations on the vibrational spectra of HF-loaded ACF were conducted by
measuring inelastic neutron scattering (INS) for both pure ACF and HF-loaded ACF of
batch B (Figure 23). The experiments were performed in collaboration with the Federal
Institute of Materials Research and Testing (Dr. Emmerling, Dr. Michalchuk; BAM,
Berlin) and the ISIS Neutron and Muon Source (Dr. Rudić; Oxfordshire, UK). The samples
were sent to the ISIS center and measured by Dr. Rudić. Owing to the large incoherent
scattering cross-section of hydrogen atoms, compared to aluminum, chlorine, and fluorine
atoms, hydrogen-containing vibrational modes are dominating the INS signal of the HFloaded ACF sample. Moreover, no INS features for the pure ACF sample could be
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observed, confirming the effect of the HF-loading on ACF. Six vibrational bands were
detected in the INS spectrum of the HF-loaded ACF sample, summarized in Table 21.
Those vibrational frequencies are consistent with the frequencies observed by FTIR
spectroscopy; however, a blue shift is noticed, which is in contradiction with the expected
red-shifted vibrational frequencies for stronger H…F hydrogen bonding interactions at low
temperature, upon HF cooling.[328] Nevertheless, this blue shift may originate from the
chain length (n) or from the geometry of the [F(HF)n]- clusters, which can vary with the
temperature. Moreover, the (HF)n vibrational frequencies were demonstrated to vary semicontinuously with the chain length by ab initio calculation studies, and further calculations
suggested that cluster geometries can also influence the vibrational frequencies
significantly.[329]
The additional vibrational band at 1344 cm-1 observed exclusively in the INS spectrum can
be related to the vibrational vertical bending mode of adsorbed HF at the surface, which
was also identified by Harrison in the study on HF adsorbed on β-AlF3 surfaces (Table
21).[322] The band detected in the INS spectrum at 2292 cm-1 is compatible with
combination bands observed by IR spectroscopy previously reported.[330,331]
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Figure 23. INS spectra of ACF (black) and HF-loaded ACF (orange). The low frequency coherent
inelastic scattering from the Al sample holder has been substracted for both samples.
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Due to the high potential for contamination with water at ACF surfaces, the INS spectra of
ACF and HF-loaded ACF was compared with that of ice 𝐼𝐼ℎ (see Annex S4). In pure ACF,

the absence of INS features in the spectrum strongly supports the absence of water in this
sample. For the HF-loaded ACF sample, similarities can be observed between the INS
spectrum of ice and the one of HF-loaded ACF. However, those similarities do not result
from the presence of water after a deep analysis of the relative scattering intensities.
Table 21. Vibrational frequencies of various FHF - moieties:[322]
Stretch. [cm -1]

Vert. bend. [cm -1] Horiz. Bend. [cm -1] Additional bands [cm-1]

DFT T1*

1654

1347

1151

DFT T6*

2694

1191

945

FTIR HF-ACF

1665

1180

1050

590

INS HF-ACF

1680

1192 and 1344

1078

658 and 2292

* (100) termination, half monolayer coverage; T1: unit cell containing 26 Al ions; T6: unit cell
containing 28 Al ions.

The influence of heat treatments applied after the synthesis of HF-loaded ACF was as well
studied using FTIR spectroscopy. Samples from batch A were therefore heated at 200 °C
or 400 °C for 4 hours. The sample heated at 200 °C exhibits the same four signals observed
for the sample, which did not undergo thermal treatment (Figure 24, red curve). Noticeably,
the same wavenumbers are detected; however, the signals appear more narrow, suggesting
desorption of HF by heating the sample, as it was observed in the MAS NMR study (see
Annex S3). The sample heated at 400 °C showed the typical stretching and bending
vibrational modes of F-Al-F moieties at 596 cm-1 and 650 cm-1, respectively, of the β-AlF3
phase, which suggests a phase transition of the sample when heated above 400 °C (Figure
24, purple curve). Thus, a thermal analysis of HF-loaded ACF will be detailed in the next
section to investigate further its thermal behavior.
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Figure 24. FTIR spectra of HF-loaded ACF (orange), HF-loaded ACF heated at 200 °C (red), and
HF-loaded ACF heated at 400 °C (purple).

Additionally, Diffuse Reflectance Infrared Fourier Transform Spectroscopy was also used
to measure the HF-loaded ACF sample. The same bands as obtained by FTIR spectroscopy
and INS were obtained (see Annex S5).

iii-

Thermoanalysis and X-ray diffraction
a- Thermoanalysis

Previous studies reported the thermal behavior of ACF.[80,81] It was established using
differential thermal analysis (DTA), that around 400 °C ACF is decomposing into gaseous
AlCl3 and crystalline phases of AlF3. Thermoanalysis of both batches A and B of HF-loaded
ACF were carried out using thermogravimetry (TG), and DTA followed by MS (Figure
25). No difference between the two batches A and B could be detected; thus, no mention
of the batch will be made for the upcoming analysis of the results. The DTA of HF-loaded
ACF shows a continuous exothermic phase transition between 50 °C and 500 °C (Figure
25, red curve). The absence of a clear exothermic effect, as it is usually observed for ACF
above 400 °C, suggests a continuous fluorination of the bulk by the HF released upon
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heating of the material, as also indicated by mass spectrometry (Figure 25, pink curve).
Indeed, a broad desorption range for the HF is visible, which strongly resembles the one
reported for HF-loaded HS-AlF3.[75] They both display a maximum of desorption at around
200 °C, which continues up to 500 °C. As an alternative explanation, it is also known that
covered surfaces with adsorbed species usually exhibit a larger slop in the DTA curve,
compared to uncovered surfaces, resulting in a DTA curve extended to a wider temperature
range. The thermogravimetry curve shows two mass losses around 200 °C and 400 °C,
corresponding to the release of HF and some water, as shown in the mass spectrometry
curves, as well as a slow fluorination and crystallization process (Figure 25, green curve).
The presence of water in the sample, whose desorption could be followed by mass
spectroscopy, can arise from the sample preparation since the material has to be under air
for about 30 seconds (Figure 25, blue curve). The same situation was observed in the pure
ACF (see Annex S6). Moreover, a total mass loss of about 17% after the thermal treatment
from room temperature to 500 °C was detected, whereas, for the pure ACF, a mass loss of
9% was observed under the same conditions. Noticeably, this 9% mass loss was as well
observed when HS-AlF3 was heated in similar conditions.[75] Therefore, a maximum of 8%
of the mass loss observed for HF-loaded ACF can be attributed to the release of HF, since
9% should arise from ACF itself.
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Figure 25. TG-DTA-MS curves for HF-loaded ACF. m19 represents the mass loss of HF, and m18
represents the mass loss of water.
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b- Powder X-ray diffraction
Powder XRD data were recorded for ACF, both batches A and B of HF-loaded ACF and
HF-loaded ACF (batch A), which was thermally treated at 200 °C or 400 °C for 4 hours
(Figure 26). Since ACF is an amorphous compound, no reflections could be detected. In
the case of HF-loaded ACF, for both batches, no differences were observed; therefore, only
one diffractogram will be displayed and discussed (Figure 26, orange curve). The
amorphicity is retained in HF-loaded ACF; however, a slight increase of the crystallinity
could be observed. This result is consistent with the observation from the solid state MAS
NMR, confirming a slight reorganization of the bulk towards a better-ordered aluminum
fluoride after HF-loading (see above).
The sample treated at 200 °C for 4 hours did not exhibit any modification in the XRD
pattern (Figure 26, red curve). However, the sample heated at 400 °C for 4 hours showed a
crystalline diffractogram, with the reflections corresponding to the β-AlF3 phase (Figure
26, blue and grey curves).[7,324] This observation is consistent with the results from the FTIR
experiment of the same sample heated at 400 °C, which showed the vibrational frequencies
of the β-AlF3 phase (see above, Figure 24). Additionally, samples from batch A, which
have been put under vacuum for different times, did not show any crystallinity neither.
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Figure 26. Powder XRD patterns of ACF (black), HF-loaded ACF (orange), HF-loaded ACF
heated at 400 °C (purple), and β-AlF 3 (grey).
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The temperature dependant phase transition in ACF was studied before.[80,81] It was shown
that at 400 °C, the η–AlF3 phase was observed when the samples were sealed in a quartz
ampulla, then at 500 °C, the reflections of θ–AlF3 were detected, and finally, at 600 °C, the
β-AlF3 phase was obtained.[80] From the results revealed by the thermoanalysis of HFloaded ACF, it is likely that when heating HF-loaded ACF, the HF is immediately released
and can further fluorinate the bulk, resulting in a faster release of HCl than it might occur
on ACF; therefore, the β-AlF3 phase could be observed at a lower temperature than for
ACF (see above).
Since in the thermal analysis of HF-loaded, it was not possible to study the release of HCl
with time and temperature, in situ gas phase FTIR spectra of HF-loaded ACF (batch B) and
ACF were recorded while heating up to 450 °C (Figure 27). This experiment was performed
in collaboration with the group of Prof. Dr. Riedel with the help of the Ph.D. student Kurt
Hoffmann at the Freie Universität Berlin. The spectrum obtained for ACF was consistent
with previously reported results by Krahl et al. (see Annex S7).[80,332] The spectra for the
HF-loaded ACF sample show a peak in the region of HCl; however, its shape differs
slightly from the typical HCl signal, maybe due to the formation of cluster upon HF release.
Noticeably, the SiF4 signal is considerably intense compared to the other peaks, which
indicate a reaction of the released HF with the glass of the experimental device. Besides,
additional signals could be observed at 1190 cm-1, 1102 cm-1, 947 cm-1, and 911 cm-1, which
are not visible on pure ACF, and might relate to CClxFy (x=4-y, y=1,2 or 3) species (see
Annex S7).
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Figure 27. In situ gas phase FTIR of HF-loaded ACF (batch B) taken at 200 °C (black), 250 °C
(red), 300 °C (blue), 350 °C (purple), 450 °C (gold) compared to the HCl spectrum (turquoise).

iv-

Short summary

All those characterization methods evidenced the successful immobilization of HF at the
surface of ACF, by forming polyfluorides moieties. Indeed, the IR studies show consistency
with previously reported vibrational values for polyfluoride interacting with an AlF3
surface.[322] Moreover, the loading of ACF with HF leads to a slightly better-ordered bulk,
as established by the MAS NMR spectroscopy and X-ray diffraction. It was also shown
that heating of the material causes the desorption of HF, which slowly fluorinate further
the bulk. Up to 400 °C, the material stays amorphous and vibrational modes of
polyfluorides moieties are still visible; however, when the sample is thermally treated over
400 °C, complete crystallization of the material occurs, generating the β-AlF3 phase.
Additionally, the fluorination might already occur at room temperature during the
immobilization of HF a the surface of ACF, inducing a slight crystallization and, thus, a
better-ordered bulk than on ACF.[333]
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C- Characterization – surface studies
i-

Surface area determination and pore size analysis

Investigating the porosity in microporous materials can be challenging. The BrunauerEmmet-Teller (BET) method is the most widely spread characterization technique used to
determine the surface area of a solid and derived from the gas adsorption isotherms at the
boiling point of a gas (usually N2).[334] Thus, nitrogen sorption studies were completed for
ACF, and both batches of HF-loaded ACF (Figure 28). Again, no differences could be
distinguished between the batches A and B of Hf-loaded ACF; thus, only one will be
displayed and discussed (batch B). The experiments were conducted without a preliminary
degassing process to exclude an initial removal of the HF at the surface before the actual
measurement. Indeed, it was concluded from the bulk study that when a vacuum or a
thermal treatment was applied to HF-loaded ACF, some HF was released from the surface
(see above). Initial degassing processes are usually performed for cleaning the surfaces of
solids that can adsorb moisture; however, since the samples are kept in closed inliners in a
glovebox, no pre-treatment should be necessary.
For ACF, both experiments with and without degassing were performed and gave the same
results, confirming the unnecessariness for preliminary degassing of such surface; however,
for better clarity, the results without degassing only will be shown (Figure 28, black curve).
According to the BET model, a type I isotherm was obtained, indicating a microporosity.
Moreover, relatively fast adsorption until 0.1 in relative pressure, reaching 70 cm3g-1 of
adsorbed N2, was observed, followed by a slower adsorption slope reaching a maximum
value of 99 cm3g-1 adsorbed N2. The surface area for this batch of ACF reached 215 m2g-1,
which is consistent with previously reported values (Table 22).[73,80]
For the HF-loaded ACF sample, the shape and by consequent the type of isotherm is
comparable to the one obtained for ACF, indicating retention of the microporosity (Figure
28, orange curve). However, differences can be observed in the absorption values, since a
maximum of only 30.5 cm3g-1 of adsorbed N2 was detected for the HF-loaded ACF sample.
Moreover, the calculated surface area reached only 44 m2g-1, which is almost five times
less than the surface area of ACF (Table 22). This observation is consistent with the
diminished surface area observed in the case of the HF-loaded aluminum alkoxide fluoride,
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where a value of 100 m2g-1 was detected, compared to the value obtained for HS-AlF3
synthesized according to the conventional sol-gel route (200 m2g-1).[75]
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Figure 28. N2 sorption isotherms of ACF (black) and HF-loaded ACF (orange).

The pore size analysis of microporous materials can be calculated based on the non local
density functional theory (NLDFT). This method is based on molecular modeling, in
contrast with the BJH-method, which is based on the Kelvin equation and is thus not
applicable for microporous materials.[335–337] Using NLDFT, a more accurate microscopic
model of adsorption, as well as a better description of the thermodynamic properties of the
pore fluid, can be obtained. Therefore, the pore size analysis was re-examined using the
NLDFT model for ACF. In contrast to previously reported values using the BJH model,
where pores between 15 and 50 Å were detected, using the NLDFT model, two kinds of
micropores could be identified on ACF, with a diameter of about 12 Å and 20 Å (Figure
29, black curve; Table 22).[73] When the same conditions were applied to the sample loaded
with HF, one type of pores with a diameter range between 14 and 17 Å was detected (Figure
29, orange curve; Table 22). The disappearance of the smaller pores present on ACF (12
Å) on HF-loaded ACF suggests a complete filling of those pores by the HF moieties. In
contrast, a partial filling of the larger pore on ACF (20 Å) might result in the generation of
Page | 91

~ Chapter 4 ~
those middle-range pores on HF-loaded ACF (14-17 Å). Additionally, X-ray data on
polyfluoride anions in KHF2 reported an F-H-F distance of about 2.277 ± 0.006 Å, whereas
larger anions such as H4F5- were assigned an F-H-F distance of approximately 2.453 ±
0.002 Å. Those anions could, therefore, enter the pores on ACF, resulting in a reduced
microporosity.
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Figure 29. Pore size analysis using non local density functional theory of ACF (black) and HFloaded ACF (orange).

Table 22. Surface area and pore size distribution of ACF and HF-loaded ACF:
Material

Surface area by BET [m2/g] Pore size [Å] Pore volume [cm3/g]

ACF

215

12 & 20

0.022 & 0.05

HF−ACF

44

14-17

0.01

Additionally, energy dispersive X-ray spectroscopy (EDX) and transmission electronic
microscopy (TEM) were performed for both ACF and HF-loaded ACF (batch B) (see
Annex S8 and T1). By comparing the two samples, a slight change in the texture was
detected, which is in good agreement with the changes in the size of the pores observed
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above by NLDFT. Indeed, the rugosity on HF-loaded ACF is more pronounced than on
ACF, according to the TEM images (see Annex S8). Both samples are polydisperse, with
particles in the range of micrometers. The EDX results suggest a higher amount of fluorine
on HF-loaded ACF than on ACF, with a small decrease in the chlorine and aluminum
contents (see Annex T1).

ii-

Ammonia Temperature Programmed Desorption (NH3-TPD)

The strength of the Lewis acidic sites was intensively studied for ACF.[73,80,81] Previous
reports have evidenced the presence in majority of very strong Lewis acid sites with the
use of ammonia TPD.[73] When the batch A of HF-loaded ACF was tested, a clear
desorption curve could be observed, having a similar shape, like the one obtained for ACF;
however, it shifted to lower temperatures (Figure 30, orange curve). This finding indicates
that the acidity of the surface is retained and that enough acidic sites are present for the
ammonia to adsorb onto it. However, when the second batch (B) was tested in identical
conditions, despite multiple attempts, almost no desorption of ammonia could be detected
(Figure 30, green curve). One explanation for this phenomenon could be that all the acidic
sites are covered by the HF, preventing any possible adsorption of the ammonia.
Alternatively, the ammonia can also bind to the HF, which is at the surface of the catalyst,
forming ammonium fluoride, which could not be detected by IR spectroscopy. The
contrasting results obtained for both batches of HF-loaded ACF could arise from the
different HF networks present at the surface of the catalyst in the two batches. In batch A,
the HF might have a more physisorbed character since a large excess of HF was used during
the synthesis. This would result in easier desorption of the HF when the material is preheated before the TPD measurement, leaving the free acidic site for the ammonia to adsorb.
On the contrary, for batch B, less HF was used during the synthesis, resulting in a stronger
bonding of the HF with the surface, possibly more challenging to remove by pre-heating
the sample. Since this measurement was not entirely conclusive, more experiments would
need to be performed to clarify the contrasting results. Thus, in an attempt to obtain more
information, other probe molecules were adsorbed onto the surface of the samples, such as
deuterated acetonitrile and pyridine, followed by a diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). This will be discussed in the next section.
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Figure 30. NH3 -TPD of ACF (black), HF-loaded ACF batch A (orange), and HF-loaded ACF batch
B (green).

iii-

Adsorption of probe molecules followed by DRIFTS
a- Deuterated-acetonitrile

Both ACF and HF-loaded ACF (batch A and B) were tested in the adsorption of deuterated
acetonitrile, followed by DRIFTS. Acetonitrile is an interesting probe molecule since the
lone pair of electron of the nitrogen atom can interact via σ-charge release with any surface
having a Lewis acidic nature. Thus, the strength of the interaction between CD3CN and the
acidic sites can be detected by infrared spectroscopy by observing the vibration mode of
the C≡N group. The more the band corresponding to the C≡N vibration is blue shifted, the
more the CD3CN is strongly binding with the surface, which is an indicator of the strength
of the acidic sites. In a recent study, shifts of about 69 cm-1 and 95 cm-1 were detected for
ACF compared to the free nitrile using photoacoustic spectroscopy of adsorbed deuterated
acetonitrile on ACF.[73]
For an accurate comparison, adsorbed deuterated acetonitrile at ACF was also followed by
DRIFTS (Figure 31, black curve). Two bands were detected at about 2333 cm-1 and 2275
cm-1, revealing a similar shift as obtained using photoacoustic spectroscopy (Table 23). For
Page | 94

~ Chapter 4 ~
HF-loaded ACF, prepared in the same conditions, the same signals were observed, at
virtually the same shift as for pure ACF, indicating a maintaining of the strong Lewis acidic
sites, characteristic of ACF (Figure 31, orange curve; Table 23). However, the intensity of
the bands is significantly reduced compared to ACF, which suggests that most of the sites
are blocked by the HF, and only a few Lewis sites of the same strength as on ACF remain.
No differences were observed for the two batches of HF-loaded ACF.

2333

ACF
HF−ACF

2275

Relative intensity

2117

2600

2400

2200

2000

1800

-1

Wavenumber (cm )

Figure 31. DRIFTS spectra of adsorbed deuterated acetonitrile on ACF (black) and HF-loaded
ACF (orange).

Table 23. Wavenumber of the CN vibration of CD3 CN for ACF and HF-loaded ACF:
Material

CD3CN (cm -1)

∆ν

ACF

2333

65

HF-ACF

2335

67

Free CD3CN(g)

2268

/

*∆ν represents the frequency shift observed upon
adsorption of CD3CN on the material
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b- Pyridine
In order to detect the presence of possible Brønsted acid sites, pyridine was adsorbed onto
ACF and HF-loaded ACF (batch A and B) followed by DRIFTS similarly as for deuterated
acetonitrile (Figure 32). For ACF, surprisingly, both bands representing the chemisorption
of the pyridine on Brønsted and Lewis acidic sites were detected. The Brønsted character
can be due to the remaining water present on the pyridine, which immediately reacts with
the acidic sites and leads to the formation of Brønsted sites. In a previous study focusing
on the surface characterization of ACF and HS-AlF3, it was also shown using labeled
pyridine that Brønsted acid sites are present on both catalysts.[73]
In the case of the sample loaded with HF, the band representative of the pyridine
chemisorbed on Lewis acid sites at 1450 cm-1 was not detected, whereas a small band
corresponding to the Brønsted acidic sites at 1540 cm-1 could be observed, together with
the band at 1490 cm-1 representative for both types of acidic sites. Both batches exhibited
the same results; hence only one will be discussed. The sample was put under a pyridine
atmosphere for forty-five minutes without detecting an increase of the bands. Since the
surface is already covered by the HF interacting with the aluminum centers, the pyridine
likely has no remaining sites to coordinate and would, therefore, explain the low intensity
of the signals. This result is comparable with the photoacoustic IR spectrum of adsorbed
pyridine on HF-loaded aluminum alkoxide fluoride, where the band representative for the
Lewis acidic sites could not be detected.[75]

Page | 96

~ Chapter 4 ~

1490

Relative intensity

1450

ACF
HF−ACF

1540

1400

1450

1500

1550

1600

-1

Wavenumber (cm )

Figure 32. DRIFTS spectra of adsorbed pyridine on ACF (black) and HF-loaded ACF (orange).

iv-

Short summary

All those surface characterizations suggest that the polyfluorides moieties formed at the
surface of ACF are interacting with both the Lewis acidic centers and the terminal fluorine
atoms by partially filling the micropores present on ACF. The acidity of this material seems
to be reduced according to the results from the adsorption of probe molecules, although a
certain small amount of sites remains. Unlike the HF/SbF5 system, no superacid material
was generated by loading HF onto ACF.[39] It was strongly suggested that the HF is
blocking the acidic sites, which hinders certain probe molecules from interacting with the
acidic sites. The results obtained are comparable to the study on HF-loaded HS-AlF3, where
the material exhibited as well a reduced acidity due to the blocking of the acidic sites by
HF.

Page | 97

~ Chapter 4 ~

3- Reactivity
A- Isomerization reaction
The isomerization reaction used for testing the strength of freshly synthesized ACF was
performed using HF-loaded ACF for both batches. In both cases, no conversion from 1,2dibromohexafluoropropane to 2,2-dibromohexafluoropropane could be observed (Scheme
52). As described in the introduction, ACF performs this reaction at room temperature
within 2 hours to reach more than 90% of conversion.[81]

CBrF2CBrFCF3

HF–ACF
X
25°C, 2h

CF3CBr2CF3

Scheme 52. Isomerization reaction of 1,2-dibromohexafluoropropane using HF-loaded ACF.

This observation is consistent with the results obtained from the surface study, strongly
supporting a probable blocking of the acidic sites by the HF, which are needed to conduct
the

isomerization

reaction

of

1,2-dibromohexafluoropropane

into

2,2-

dibromohexafluoropropane. Moreover, when the HF-loaded aluminum alkoxide fluoride
was tested in the same isomerization reaction, no conversion could be observed neither,
and the authors concluded that the HF was strongly adsorbed at the Lewis acidic sites,
blocking their access for further catalytic reactions.[75]
Nevertheless, various substrates showing potential for hydrofluorination reactions were
tested and will be described in the next section. Both batches were used as catalysts for
each reaction; however, since the batch B showed slightly improved conversion in most of
the reactions, the results presented here will refer to HF-loaded ACF bach B as the catalyst.
Batch B was synthesized with distinctively less HF than batch A (See Annex).

B- Hydrofluorination of alkynes
Fluorinated olefins are of high interest in a variety of fields. As described above, several
research groups have used alkynes to synthesized fluorinated olefins via different synthetic
methods.[257,309,310,312,313,338–340] To the best of our knowledge, a nanoscopic Lewis acid
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coupled with HF was never used as a material for hydrofluorination reactions. Therefore,
the HF-loaded ACF was tested for several alkynes (21a, 21b, 21c, and 21d) (Scheme 53).
For all the alkynes tested, the hydrofluorination of the triple bond was achieved, giving the
corresponding Markovnikov products (22a, 22b, 22c, and 22d). Moreover, for 4ethynyltoluene (21a) and ethynylbenzene (21b), difluorination products (22a and 22a’
from 21a; 22b and 22b’ from 21b) were observed, where the second hydrofluorination
reactions take place at the already fluorinated carbon. Notably, the conversions were low,
even though the reaction tubes were monitored over 7 days and kept at 70 °C. It is likely,
that not enough HF was present at the surface of ACF to allow higher conversions.
HF–ACF
C6D12
21a

70°C, 24h

F
22a

21b

HF–ACF
C6D12
21c

70°C, 24h

:
F

21d

34%

1
F

+

22b

F

37%

22b'

1

:

22c

F

HF–ACF
C6D12
70°C, 24h

F

22a'

1

HF–ACF
C6D12
70°C, 24h

F

+

1
79%

43%
22d

F

Scheme 53. Hydrofluorination reactions of various four in the presence of HF-loaded ACF (batch
B) and C6 D12 as the solvent.

C- Hydrofluorination of ynamides
Ynamides are regarded as special alkynes, connected to a nitrogen atom bearing an
electron-withdrawing group, which result in enhanced stability and unique reactivity.[341]
Transformations of ynamides are widely known; however, due to the low regio- and
stereoselectivity of those reactions, hydrofluorination reactions are rather scarcely
reported.[341–345] When four different ynamides (23a, 23b, 23c, and 23d) were treated at 70
°C in the presence of HF-loaded ACF and C6D12 as a solvent, hydrofluorination of the C≡C
was observed (Scheme 54). Generation of the corresponding regioselective (E)-αfluoroenamides (24a, 24b, 24c, and 24d) was detected for all the four substrates in majority
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after monitoring the reaction over 7 days. Despite the extended reaction time, only low
conversions were observed, as in the hydrofluorination reactions of alkynes (see above).
Similarly, it can also be expected that not enough HF was present, therefore allowing only
low conversion. Nevertheless, the reactions were highly regio and stereoselective and could
be further optimized to generate an attractive synthetic route to (E)-α-fluoroenamides.
O

HF–ACF
C6D12

N

Ph

70°C, 7d

23a
O
N

Ph

O

70°C, 7d

23b
O
N

O

NTs

Ph

N

70°C, 7d

23d

20%

O

O
24b

HF–ACF
C6D12

O

O
N

24c

HF–ACF
C6D12
Ph

20%

O
24a
F

Ph

N

70°C, 7d

23c

Ph

HF–ACF
C6D12

F

Ph

Ts
N

Ph

46%

F

35%

F
24d

Scheme 54. Hydrofluorination reactions of four ynamides in the presence of HF-loaded ACF (batch
B) and C6 D12 as the solvent.

D- Hydrofluorination of alkenes
i-

Non functionalized alkenes

Direct hydrofluorination of alkenes was recently achieved using a nucleophilic fluorination
reagent based on KHSO4-13HF, or ion-exchange resin-supported hydrogen fluoride.[260,319]
Treatment of 2-pentene cis (25a) and trans (25b) isomers or 1-phenyl-1-cyclohexene (25c)
in the presence of HF-loaded ACF gave only traces of their corresponding
hydrofluorination products 26a, 26b, and 26c respectively (Scheme 55). Therefore, deep
studies were not conducted on alkenes.
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HF–ACF
C6D12
25a

70°C, 7d

26a

HF–ACF
C6D12
25b

70°C, 7d

26b

HF–ACF
C6D12
70°C, 7d
25c

F

traces

F

traces

traces
F
26c

Scheme 55. Hydrofluorination reactions of three alkenes in the presence of HF-loaded ACF (batch
B) and C6 D12 as the solvent.

ii-

Fluorinated alkenes

The reactivity of some fluorinated olefins was already studied using pure ACF as a
catalyst.[97] It was, therefore, of interest to investigate the reactivity of the novel HF-loaded
ACF towards the same tetrafluoroolefins and the influence of the HF loading on the
reactivity. When (Z)-1,3,3,3-tetrafluoropropene (19a) was put in the presence of HF-loaded
ACF and C6D12 as the solvent, the isomerization product (E)-1,3,3,3-tetrafluoropropene
(19b), as well as the hydrofluorination product 1,1,1,3,3-pentafluoropropane (10a) were
detected in a 3:1 ratio respectively (Scheme 56, top). Isomerization reaction was again
observed when (E)-1,3,3,3-tetrafluoropropene (19b) was used as a substrate in the presence
of HF-loaded ACF in the same condition (Scheme 56, bottom). Indeed, the isomerization
of (E)-1,3,3,3-tetrafluoropropene (19b) into (Z)-1,3,3,3-tetrafluoropropene (19a) was
detected, together with the formation of 1,1,1,3,3-pentafluoropropane (10a) in a ratio 12:1
respectively. Several patents describe the isomerization reaction between the cis and trans1,3,3,3-tetrafluoropropenes in the presence of HF and a catalyst.[346–348] When the reactions
were performed using the pure ACF, the isomerization products could be as well observed;
however, without the formation of the 1,1,1,3,3-pentafluoropropane product. This finding
suggests that the acidic sites on ACF responsible for the isomerization reaction of
tetrafluoropropenes are still present on HF-loaded ACF. Moreover, the isomerization
reaction of tetrafluoropropenes could be coupled with a hydrofluorination reaction when
HF-loaded ACF is present in the reaction mixture, emphasizing the bifunctional potential
of this material. Noticeably, when the 3,3,3,2-tetrafluoropropene was tested in the same
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conditions as its 1,3,3,3-tetrafluoropropene isomers, only traces of the 1,1,1,2,2pentafluoropropane were detected.

F

F3C
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70°C, 24h
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F
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3
HF–ACF
C6D12
F3C
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1

Scheme 56. Reactivity 19a and 19b in the presence of HF-loaded ACF (batch B) and C6 D12 as the
solvent.

E- Ring-opening of epoxides and aziridines
i-

Epoxides

Fluorohydrins are of recent interest due to their potential to act as a precursor in the
synthesis of steroids, amino acids, or carbohydrates.[222,349,350] Various methods exist to
access fluorohydrins, and among them, the ring-opening of epoxides with a fluorinating
reagent is one of the most extensively used.[350] Various fluorinating reagents were found
to be effective in the ring-opening of epoxides, such as KHF2, SiF4, BF3∙OEt2, pyridine∙HF,
or Et3N·3HF only to cite a few examples. Depending on the substituents, the acidity, and
the nucleophilicity of the reagents, the selectivity of the reactions differ. Indeed, an SN1
reaction will be favored by carbenium-ion stabilizing substituents, whereas an SN2 reaction
will occur in the presence of destabilizing substituents. Moreover, the HF concentration in
the media can also have a great influence on the selectivity and the conversion.[351,352] When
1,1-dimethyloxirane (27a) was treated in the presence of HF-loaded ACF and C6D12 as the
solvent, selective formation of 2-fluoro-2-methyl-propan-1-ol (28a) in 25% yield, derived
from the most stable cation intermediate was detected (Scheme 57, top). A second epoxide,
cyclopentene oxide (27b), was tested in the same conditions, namely in the same solvent
and same amount of HF-loaded ACF (Scheme 57, bottom). Generation of trans-2fluorocyclopentanol (28b) was observed, reaching 64% yield after 4 days. For comparison,
27b could be converted at 90% within 3 days into the corresponding fluorohydrins at 50
°C using Jacobsen’s catalyst in combination with 100% of AgF in CH3N.[350]
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Scheme 57. Ring-opening of 1,1-dimethyloxirane (27a, top) and cyclopentene oxide (27b, bottom)
in the presence of HF-loaded ACF (batch B) and C6 D12 as the solvent.

ii-

Aziridines

The ring-opening of aziridines can also give access to attracting vicinal di-functionalized
compounds.[100] In particular, β-fluoroamines are of great significance since they are
increasingly incorporated in drugs due to their improved stability.[353] However, the acidmediated ring-opening of aziridines generally suffers from a lack of selectivity and
conversion.[354–356] HF-based reagents were deeply tested, and as in the ring-opening of
epoxides, depending on the reagent used, side products and various yield can be
obtained.[29,260,354,357–359] For instance, when (S)-2-Benzyl-1-tosylaziridine (29) was treated
in the presence of the A26 resin HF developed by Hammond, hydrofluorination reaction
occurred within 3 hours, reaching 64% yield. Treatment of (S)-2-Benzyl-1-tosylaziridine
(29) in the presence of HF-loaded ACF and C6D12 as solvent gave the N-(2-fluoro-3phenylpropyl)-4-methylbenzenesulfonamide (30) after 2 days in 30% yield (Scheme 58).

O N
S
O
29

HF–ACF
C6D12
70°C, 2d

H
O N
S
O

F
30%

30

Scheme 58. Ring-opening of (S)-2-Benzyl-1-tosylaziridine (11a) in the presence of HF-loaded ACF
(batch B) and C6 D12 as the solvent.

F- Short summary
Fluorination reactions were successful in the presence of HF-loaded ACF for a variety of
substrates. Even though only a few substrates were tested for each kind of reaction
(hydrofluorination of alkynes, ynamides, and alkenes as well as in the ring-opening of
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epoxides and aziridines), the corresponding fluorinated products were observed, suggesting
a wide variety of application for this material. However, the yields were relatively low,
supporting the results obtained in the surface study of the material, which indicated a
reduced acidity of the system. Therefore, optimization for fluorination reactions is needed.
Moreover, the isomerization reaction of the 1,3,3,3-tetrafluoropropene suggests the
preservation of some of the Lewis acidic sites, responsible for the isomerization of the
latter. This is consistent with the results observed in the adsorption of deuterated
acetonitrile, which has revealed the presence of Lewis acidic sites, however, in a decreased
intensity. Overall, HF-loaded ACF has some potential for hydrofluorination reactions, with
the advantages of combining Lewis acidic sites and an HF reservoir.
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Chapter 5 Conclusion
This research aimed to study the solid Lewis acid Aluminum chlorofluoride as a catalyst
for the formation of industry-relevant fluorinated compounds. To achieve this goal, on the
one hand, derivatization of polyfluorinated substrates such as hydrochlorofluorocarbons
and hydrofluorocarbons via C−F bond activations was investigated using ACF as a catalyst
in various conditions. On the other hand, hydrofluorination reactions of alkynes, alkenes,
ynamides, epoxides, and aziridines were studied using a modified ACF loaded with HF.
Additionally, this HF-loaded ACF was fully characterized using various bulk and surface
technics to understand the effect of the HF loading on ACF. The outcomes of those studies
revealed the considerable potential of using ACF for diverse types of reactions, as well as
its simple functionalization in order to expand its reactivity towards yet untested substrates.
Using the first approach, 2-chloro-1,1,1,2-tetrafluoropropane (HCFC-244bb) was
effectively activated via dehydrofluorination under mild conditions, which underlines the
effectiveness in performing C−F bond activation using ACF as a catalyst. It was evidenced
that in the case of HCFC-244bb, no hydrogen sources were needed to convert it into the
dehydrofluorination product 2-chloro-3,3,3-trifluoropropene (HFO-1233xf), allowing a
straightforward recovery of the product and the catalyst (Scheme 59, right). The C−F bond
in the CFCl group in HCFC-244bb was activated exclusively, leaving the CF3 group intact.
Similarly, the C−F bond in the CH2F group in 1,1,1,2,3-pentafluoropropane (HFC-245eb)
could be activated by ACF, without the use of a hydrogen source, giving the
dehydrofluorination and refluorination products under mild conditions (Scheme 59, left).
The studies have demonstrated that a single C−F bond can be activated by ACF without
the use of a hydrogen source, under mild conditions.
F
F
F3C

F

+

F
F3C

Cl

F

F3C

ACF
-HF

F

F3C
-HF

Cl
F3C

Scheme 59. Single C−F bond activation of HCFC-244bb (right) and HFC-245eb (left) in the
presence of ACF as the catalyst.
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Furthermore, when a hydrogen source was introduced in the above-mentioned reactions,
further activation products were generated, involving an alternative mechanism, based on
the formation of silylium-ions at the surface of ACF previously described in the literature
(Scheme 60). In an initial step, the proton from the hydrogen source can interact with the
Lewis acidic centers at the surface of the catalyst, generating silylium-like species. A
subsequent C−F bond activation at the substrate can generate FSiEt3, the corresponding
carbenium-like species, and a surface-bound hydride, followed by the generation of
hydrodefluorination products or dehydrofluorination products in combination with H2 as it
was depicted in Chapter 2. Alternatively, an abstraction of a fluoride could also be the
initial step, followed by an interaction of the silane with the surface-fluoride generating
fluorosilane and the hydrodefluorination products as it was described in the mechanistic
studies of the substrates. In this Ph.D. work, it was also demonstrated that in the presence
of silane, the CF3 group in both substrates (HCFC-244bb and HFC-245eb) was activated
via allylic monohydrodefluorination, which could not be observed in the absence of silane
(Scheme 60). Therefore, it can be suggested that the silane promotes allylic
monohydrodefluorination reaction at CF3 groups in the presence of ACF.
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Scheme 60. Reactivity of HCFC-244bb (right) and HFC-245eb (left) in the presence of HSiEt3 and
ACF as the catalyst.

The reactivity studies of the hydrofluorocarbons 1,1,1,3,3-pentafluoropropane (HFC245fa) and 1,1,1,2,2-pentafluoropropane (HFC-245cb) revealed the necessity of a
hydrogen source in the reaction mixture to observe the conversion of those substrates
(Scheme 61). This observation indicates the difficulty of activating CF2 and CF3 groups
using ACF, which can be promoted by the formation of thermodynamically stable F−Si
bonds in the presence of HSiEt3. Besides, the CHF2 group in HFC-245fa could be converted
in higher yield than the CF2 group in HFC-245cb, which is consistent with the observation
made in the case of HFC-245eb, where the C−F bond in the CH2F was favorably activated
as compared to the secondary carbon also bearing a fluorine atom (CHF group).
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Scheme 61. Reactivity of HFC-245cb (right) and HFC-245fa (left) in the presence of HSiEt3 and
ACF as the catalyst.

Additionally, it was observed that by using an aromatic solvent such as C6D6, Friedel Crafts
type reactions, as well as hydroarylation reactions, were promoted, allowing easy access to
various interesting compounds for all the substrates studied in this work.
Overall, this research study evidenced that by varying the conditions, such as the presence
and the amount of silane and the type of solvent, different products can be generated. It was
hence possible to control the formation of desirable products such as the industry-relevant
olefins HFO-1234yf and HFO-1234ze, by choosing the adapted conditions. These findings
open new routes to generate highly demanded fluorinated compounds useful in a variety of
application fields such as pharmaceuticals, agrochemicals, and material science. Moreover,
in future work, other fluorinated alkanes with longer alkyl chains such as polyfluorinated
butanes and pentanes or even fully fluorinated substrates could be interesting to study using
ACF as the catalyst to elucidate the full potential of this nanoscopic Lewis acid.
Additionally, it was shown that HSiEt3 is an excellent hydrogen source in combination with
ACF, allowing hydrodefluorination, dehydrofluorination, and refluorination reactions.
Thus, varying the hydrogen source, as it was already tested previously by using germanes,
could lead to different reactivities of the substrates and may give more insight into the
different mechanisms taking place depending on the hydrogen source used.
As refluorination reactions were observed at ACF when HF was present in the reaction
mixture, the second goal of this Ph.D. thesis was to develop and investigate a material based
on the immobilization of HF at the surface of ACF and to test it towards hydrofluorination
reactions. Therefore, a synthetic method was designed by pre-drying gaseous HF and
condensing it on ACF (Scheme 62).
HF

K2NiF6
30 min

HFdry

ACF
30 min

excess HF-loaded-ACF

vacuum
15min

HF-loaded-ACF

Scheme 62. Synthesis of HF-loaded ACF.
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Based on the variety of characterizations performed on this material, such as MAS NMR
spectroscopy, vibrational spectroscopy (FTIR, Inelastic Neutron Scattering, Diffuse
Reflectance Infrared Fourier Transform, in situ gas phase FTIR), thermoanalysis, X-ray
diffraction, pore size analysis, surface area determination, NH3-TPD, and adsorption of
probe molecules, the formation of polyfluoride moieties at the surface of ACF was
evidenced, interacting with both the Lewis acidic centers and the terminal fluorine atoms
present on ACF. It appears that the loading of HF on ACF induce a slightly better-ordered
bulk and a reduced acidity. Indeed, the HF seems to block the access of the acidic site at
the surface of ACF, hindering the adsorption of molecules on those sites. The reactivity
study of HF-loaded ACF towards various substrates showed promising results since most
of the reactions showed successful hydrofluorination (Scheme 63). However, the yields
obtained were relatively low, which is in accordance with the observation of a reduced
acidity using surface characterization methods. Therefore, as an outlook, the optimization
of some of the reactions might improve the yields, for instance, by having a larger amount
of HF present in the reaction mixture. Additionally, further substrates could be in a future
work tested to study the ability of HF-loaded ACF thoroughly.
fluorohydrins

isomerisation and hydrofluorination

epoxides

fluoroamines

aziridines

alkenes

fluorinated alkanes

fluorinated alkenes

HF-ACF

alkynes

fluorinated alkenes

ynamides

fluoroenamides

Scheme 63. Summary of hydrofluorination reactions of various types of substrates performed by
HF-loaded ACF.
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Chapter 6 Experimental section
1- Materials and general techniques
The solvents C6D6 and C6D12 were purchased from Eurisotop. C6D6 was dried over KSolvona and distilled prior to use. C6D12 was purged by bubbling argon and kept over
molecular sieves. All the reagents were acquired from commercial suppliers (Sigma
Aldrich, abcr, Alfa Aeasar, Solvay Fluor GmbH, and Arkema). HF was a gift from Solvay
Fluor GmbH and was purified using KNiF6 prior usage.
Due to the air and moisture sensitivity of the materials, standard Schlenk techniques under
argon atmosphere and an MBraun glove box were used for carrying out all the experiments.

2- Synthesis of the catalysts
A- Synthesis of ACF
Aluminum chlorofluoride (AlClxF3-x, x = 0.05-0.3; ACF) was synthesized according to the
literature.[81] Namely, under dry conditions, a chlorine-fluorine exchange is induced by
slowly adding the fluorinating agent CCl3F to AlCl3 in the presence of CCl4, which acts as
a solvent. During the synthesis, a dry ice condenser was used as well as an ice bath. At the
end of the addition of the fluorinating agent, the solvent was removed under reduced
pressure, and the flask containing ACF was stored in a glovebox. The number of active
sites was found to be roughly 1 mmol acidic sites per gram of catalyst, according to NH3TPD measurement.
In addition, the isomerization reaction of 1,2-dibromohexafluoropropane into 2,2dibromohexafluoropropane is used as a benchmark reaction for very strong Lewis acid. In
a pear-shape flask, 25 mg of the catalysts (ACF or HF-loaded ACF) were suspended in 250
μL of 1,2-dibromohexafluoropropane. The reaction mixture was stirred for 2h at room
temperature. The reaction was stopped after 2h by adding deuterated chloroform. The
organic phase containing the dissolved product was separated and analyzed by 19F NMR.

Page | 109

~ Chapter 6 ~
The conversions were calculated by integration of the signals of both the substrate and the
product.

B- Synthesis of different batches of HF-loaded ACF

Figure S1. Picture of the experimental set up for the synthesis of HF-loaded ACF.

Since an argon flow was needed to carry the HF outside the bottle onto the inliners, a
distinct determination of the exact amount of HF condensed on ACF was unfeasible;
therefore, an estimated large excess was condensed having the ACF fully immersed in HF
(batch A). In an attempt to relatively evaluate the influence of the amount of HF condensed
onto the surface of ACF, a second batch was synthesized according to the same procedure,
only this time, a reduced amount of dried HF was condensed, to only have a moistened
ACF, in contrast to a fully immersed one (batch B).

3- Analytical methods
A- NMR
NMR spectra were recorded on a Bruker DPX 300 at room temperature. 1H NMR chemical
shifts were referenced to residual C6D5H (δ = 7.16 ppm) or C6D11H (δ = 1.38 ppm). The
19F

NMR spectra were referenced to PhCF3 (δ = -63.5 ppm).
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B- GC MS
An Agilent 6890 N gas-phase chromatograph (Agilent 19091S- 433 Hewlett-Packard) with
an Agilent 5973 Network mass selective detector at 70 eV and an HP-5 ms column was
used for GC-MS experiment.

C- MAS NMR spectroscopy
The MAS NMR spectra were recorded on a Bruker AVANCE 600 spectrometer (B0 = 14.1
T) at room temperature using a 2.5 mm magic angle sample spinning (MAS) probe, and
the MAS frequency was 27.5 kHz. The spectra shown in Figures 17, 18, 19, 20, and 21
were recorded on a Bruker AVANCE 400 spectrometer (B0 = 9.4 T) at room temperature,
using the same 2.5 mm rotor. The rotation frequency used was 20 kHz. The chemical shifts
are given with respect to (i) the CFCl3 standard for 19F, (ii) TMS for 1H, and (iii) and
aqueous solution of AlCl3 for 27Al. Data analysis was performed with the software TopSpin
2.1.

D- X-Ray diffraction
X‐ray powder diffraction measurements were performed on an STOE Stadi MP
diffractometer equipped with a Dectris Mythen 1K linear silicon strip detector and Ge(111)
double‐crystal monochromator (Mo-Kα1 radiation) in transmission geometry.

E- DTA-TG MS
The thermal behavior of the solids was studied by conventional thermal analysis (TA) in
an argon atmosphere. A NETZSCH Thermo analyzer STA409C Skimmer, being
additionally equipped with a conventional high-temperature SiC oven, was used to record
the thermoanalytical curves. An online-coupled BALZERS QMG 421 enabled MS-analysis
of evolved gases. A DTA‐TG sample carrier system with platinum crucibles (beaker, 0.8
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mL) and Pt/PtRh10 thermocouples were used. Measurements were performed under an
argon atmosphere by applying a heating rate of 10 K min–1.

F- FTIR & INS
All FT-IR spectra were acquired with a Bruker Vertex 70 spectrometer equipped with an
ATR unit (diamond). Inelastic neutron scattering spectra were collected on the indirect
geometry instrument TOSCA at the ISIS Neutron and Muon Facility. Samples (0.928 g
HF-loaded ACF) were loaded under an argon atmosphere into Al sachets and sealed into
Al sample holders before loading onto the instrument. The samples were cooled to < 20 K
before data collection in order to minimize Debye-Waller dampening. Data were collected
in the forward and backward scattering geometries and summed.

G- N2 adsorption and Pore size analysis
The porosity of materials was measured by nitrogen adsorption/desorption using an
Autosorb iQ instrument with Helium mode. Brunauer-Emmett-Teller (BET) surface area
(SBET) was calculated in relative pressure range (p/p0) from 0.05 to 0.35. Pore size
distribution was calculated using the NLDFT Model.

H- TEM and EDX
Transmission electron microscopy (TEM) images were recorded on a Philips CM 200
microscope equipped with a LaB6 cathode and operated at 200 kV. Energy-dispersive Xray spectroscopy (EDX) analysis was performed using an EDAX SDD detector (EDAX
Inc., Mahwah, NJ, USA) coupled to the TEM.
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I- NH3-TPD
For TPD experiments, about 30 mg of the samples filled with around 100 mg of quartz
glass beads (to avoid clocking of the reactor) was added in a quartz flow reactor and heated
at 523 K under nitrogen flow for 1 hour, unless otherwise indicated. Afterward, ammonia
was adsorbed onto the surface of the samples at 393 K. After flushing the excess NH3 with
N2 for 1 h and cooling to 353 K, the TPD program was started (10K/min up to 773 K, then
holding until no more NH3 is desorbed). Desorbed ammonia was continuously monitored
by IR spectroscopy (FT-IR System 2000, Perkin-Elmer) following the band at 930 cm-1.
For quantification, the total amount of desorbed ammonia was reacted with a diluted
solution of sulfuric acid and then titrated with sodium hydroxide solution.

J- CD3CN and pyridine adsorption followed by DRIFTS
Diffuse reflectance infrared Fourier transform spectra (DRIFTS) of adsorbed deuterated
acetonitrile (CD3CN) were measured using a PIKE Technologies DiffusIR Environmental
chamber (HTV) and DiffusIR diffuse reflectance accessory. Prior to the measurements, the
samples were kept under vacuum for 2 h, then contacted with 90 mbar of CD3CN or
pyridine, and afterward degassed for 30 min at room temperature. All spectra were recorded
on a Thermo Fischer Scientific Nicolet iS50 spectrometer equipped with an MCT detector
at 2 cm-1 spectral resolution over the range 4000–600 cm-1.

4- General procedures
A- Procedures for the reactions with HCFC-244bb (1) and HFO1233xf (2)
25 mg of ACF was introduced in a JYoung NMR tube inside a glovebox. Using Schlenk
techniques, 0.5 mL of the solvent (either C6D6 or C6D12) was added. In the experiment
involving HSiEt3, 60 μL (or in neat HSiEt3: 0.5 mL) was introduced under dry conditions.
Then, HCFC-244bb (1) or HFO-1233xf (2) was condensed into the JYoung NMR tube
from a small glass bulb filled with 0.5 atm (0.21 mmol) of the gaseous substrate. The tubes
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were warmed up to 70 °C and monitored over time by 1H and 19F NMR spectroscopy. An
external standard (PhCF3) was used to calculate the conversion by the integration of the
consumed substrate in the 19F NMR spectra. Using the same procedure, blank test reactions
were performed without adding the catalyst. Additionally, the catalyst (ACF) was replaced
by AlCl3 or HS-AlF3 under the same conditions and using the same procedures as described
above. Turnover numbers were calculated, assuming 1 mmol of active sites/g at the
catalyst.

B- Procedures for the gas reactions
The reactions were carried out using Schlenk techniques and JYoung NMR tubes. A Jyoung
NMR tube was loaded with 25 mg of ACF inside a glovebox. 0.5 mL of the solvent (either
C6D6 or C6D12) was added to the tubes under Schlenk conditions. When HSiEt3 was needed,
the corresponding amount was introduced (60 μL, 30 μL, or in neat HSiEt3: 0.5 mL). The
gaseous substrates were then condensed using a small glass bulb filled with 0.5 atm into
the reactions mixture. The tubes were kept at 70 °C and monitored over 7 days. PhCF3 or
C6F6 was used as an external standard in a closed capillary to calculate the conversion based
on the consumed substrates by the integration of the 19F NMR spectra. Blank test reactions
were conducted using the same procedure without the presence of a catalyst.

5- Analytical NMR data
Table S1. NMR resonances of reactants and products:
Compound

δ 1H NMR (ppm)

δ 19F NMR
(ppm)

δ 13C NMR (ppm)

Et3SiH

0.98 (t, 9H, CH 3, 3JH,H
=7.9 Hz)

-

8.4 (s, CH 3), 2.8 (s, CH 2)

Et3SiF

0.92 (t, 9H, CH 3,3JH,H
=8.0 Hz)

-176.5 (m)

6.3 (d, CH 3, 3JC,F =1.8 Hz), 5.2 (d, CH 2,
2
JC,F =14.3 Hz)

Et2SiF2

0.80 (t, 6H, CH 3,3JH,H
=8.0 Hz)

-144.3 (m)

4.0 (t, CH 2, 2JC,F=15.0 Hz)
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Analytical data of CF3CClFCH3 (1):
δ 1H NMR (300 MHz, C6D6): 1.35 (d, J = 19.3 Hz, 1H) ppm
δ 19F NMR (282 MHz, C6D6): -85.1 (d, J = 4 Hz, 3F, CF3); -120.2 (m, 1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -85.1 (s, 3F, CF3); -120.2 (s, 1F, CF) ppm

Analytical data of CF3CCl=CH2 (2):
δ 1H NMR (300 MHz, C6D12): 5.92 (d, J = 2.4 Hz, 1H); 5.61 (m, 1H) ppm
δ 19F NMR (282 MHz, C6D12): -72.4 (s, 1F, CF3) ppm
δ 19F{1H} NMR (282 MHz, C6D12): -72.4 (s, 1F, CF3) ppm

Analytical data of CF3CClDCH2C6D5 (3):
δ 1H NMR (300 MHz, C6D6): 2.90 (d, J = 14.5 Hz, 1H); 2.60 (d, J = 14.5 Hz, 1H) ppm
δ 19F NMR (282 MHz, C6D6): -75.7 (s, 1F, CF3) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -75.7 (s, 1F, CF3) ppm
GC/MS: m/z = 214

Analytical data of CF2=CClCH3 (4):
δ 19F NMR (282 MHz, C6D12): -91.9 (d, J = 49 Hz, 1F, CF); -98.2 (d, J = 49 Hz, 1F, CF)
ppm
δ 19F{1H} NMR (282 MHz, C6D12): -92.0 (d, J = 49 Hz, 1F, CF); -98.2 (d, J = 49 Hz, 1F,
CF) ppm
GC/MS: m/z = 111

Analytical data of CF2=CClCH2C6D5 (5):
δ 1H NMR (300 MHz, C6D6): 3.13 (m, CH2) ppm
δ 19F NMR (282 MHz, C6D6): -91.3 (d, br, J = 45 Hz, 1F, CF); -96.8 (dt, J = 45 Hz, J = 3
Hz, 1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -91.3 (d, J = 45 Hz, 1F, CF); -96.8 (d, J = 45 Hz, 1F,
CF) ppm
GC/MS: m/z = 193
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Analytical data of CF3CF=CH2 (6):
δ 1H NMR (300 MHz, C6D12): 4.46 (dd, J = 13.2 Hz, J = 4.9 Hz, 1H, CH2); 4.32 (ddq, J
= 14.8 Hz, J = 4.9 Hz, J = 1.6 Hz, 1H, CH2) ppm
δ 19F NMR (282 MHz, C6D12): -74.4 (dd, J = 11 Hz, J = 1.6 Hz, 3F, CF3); -125.2 (ddq, J
= 44 Hz, J = 14.8, J = 11 Hz, 1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D12): -74.4 (d, J = 11 Hz, 3F, CF3); -125.2 (q, J = 11 Hz,
1F, CF) ppm

Analytical data of CF2=CFCH3 (7):
δ 1H NMR (300 MHz, C6D6): 3.87 (dt, J = 17 Hz, J = 4.2 Hz, 3H, CH3) ppm
δ 19F NMR (282 MHz, C6D6): -107.4 (ddq, J = 91 Hz, J = 32 Hz, J = 4.2 Hz, 1F, CF2);
-127.2 (ddq, J = 114 Hz, J =91 Hz, J = 4.2 Hz, 1F, CF2); -168.2 (ddq, J = 114 Hz, J = 32
Hz, J = 17 Hz, 1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -107.4 (dd, J = 91 Hz, J = 32 Hz, 1F, CF2); -127.2 (dd,
J = 114 Hz, J = 91 Hz, 1F, CF2); -168.2 (dd, J = 114 Hz, J = 32 Hz, 1F, CF) ppm

Analytical data of CF2CFCH2C6D5 (8):
δ 1H NMR (300 MHz, C6D6): 3.1 (ddd, J = 23 Hz, J = 4 Hz, J = 3 Hz, 3H, CH3) ppm
δ 19F NMR (282 MHz, C6D6): -107 (ddt, J = 87 Hz, J = 32 Hz, J = 3 Hz, 1F, CF2); -125.7
(ddt, J = 114.7 Hz, J = 86.4 Hz, J = 4.4 Hz, 1F, CF2); -173 (ddt, J = 114.7 Hz, J = 32 Hz, J
= 23 Hz, 1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -107 (dd, J = 87 Hz, J = 32 Hz, 1F, CF2); -125.7 (dd,
J = 114.7 Hz, J = 86.4 Hz, 1F, CF2); -173 (ddt, J = 114.7 Hz, J = 32 Hz, J = 23 Hz, 1F, CF)
ppm

Analytical data of CF3CCl2CH3 (9):
δ 1H NMR (300 MHz, C6D6): 1.53 (s, 3H, CH3) ppm
δ 19F NMR (282 MHz, C6D6): -87.9 (d, J = 5 Hz, 3F, CF3) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -87.9 (s, 3F, CF3) ppm

Page | 116

~ Chapter 6 ~
Analytical data of CF3CHFCH2F (10a):
δ 1H NMR (300 MHz, C6D6): 4.84 (m, 1H, CHF); 4.66 (m, 1H, CH2F); 4.76 ppm (m, 1H,
CH2F) ppm
δ 19F NMR (282 MHz, C6D6): -79.6 (q, J = 6 Hz, J = 11 Hz, J = 25 Hz, 3F, CF3); -208.3
(m, 1F, CHF); -237.3 (m, 1F, CH2F) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -79.6 (q, J = 6 Hz, J = 11 Hz, J = 16 Hz, 3F, CF3);
-208.3 (qt, J = 6 Hz, J = 11 Hz, J = 16 Hz, 1F, CHF); -237.3 (m, 1F, CH2F) ppm

Analytical data of CF3CH2CHF2 (10b):
δ 1H NMR (300 MHz, C6D6): 2.66 (m, J = 4.7 Hz, 3H, CH2); 5.97 (tt, J = 4.7 Hz, J = 54
Hz, 1H, CHF2) ppm
δ 19F NMR (282 MHz, C6D6): -63.1 (tm, J = 8 Hz, 3F, CF3); -116 (dm, J = 8 Hz, J = 57
Hz, 2F, CHF2) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -63.1 (t, J = 8 Hz, 3F, CF3); -116 (m, J = 8 Hz, 2F,
CHF2) ppm

Analytical data of CF3CF2CH3 (10c):
δ 1H NMR (300 MHz, C6D6): 1.7 (tt, J = 1.2 Hz, J = 18 Hz, 3H, CH3) ppm
δ 19F NMR (282 MHz, C6D6): -88.3 (s, 3F, CF3); -112.8 (q, J = 18 Hz, 2F, CF2) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -88.3 (s, 3F, CF3); -112.8 (s, J = 18 Hz, 2F, CF2) ppm

Analytical data of CF3CHFCH2C6D5 (11):
δ 1H NMR (300 MHz, C6D6): 2.25 (d, J = 6 Hz, 2H, CH2); 3.94 (t, J = 6 Hz, 1H, CH) ppm
δ 19F NMR (282 MHz, C6D6): -79.4 (dd, J = 6 Hz, J = 11 Hz, 3F, CF3); -202 (m, J = 18,
1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -79.4 (d, J = 11, 3F, CF3); -202 (q, J = 11, 1F, CF)
ppm
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Analytical data of CF3CDFCH2C6D5 (12):
δ 1H NMR (300 MHz, C6D6): 2.28 (d, J = 6 Hz, 2H, CH2) ppm
δ 19F NMR (282 MHz, C6D6): -80.7 (dd, J = 6 Hz, J = 11 Hz, 3F, CF3); -200 (m, J = 18,
1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -80.7 (d, J = 11, 3F, CF3); -200 (q, J = 11, 1F, CF)
ppm

Analytical data of CF3CHFCH3 (13):
δ 1H NMR (300 MHz, C6D6): 1.5 (dd, J = 25 Hz, J = 6 Hz, 3H, CH3); 4.8 (dm, J = 46 Hz,
J = 6 Hz, 1H, CH) ppm
δ 19F NMR (282 MHz, C6D6): -83.5 (dd, J = 11 Hz, J = 6 Hz, 3F, CF3); -195.8 (m, J = 10
Hz, 1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -82.3 (d, J = 11 Hz, 3F, CF3); -194.5 (q, J = 10 Hz, 1F,
CF) ppm

Analytical data of CF2CHCH3 (14):
δ 1H NMR (300 MHz, C6D6): 4 (dqd, J = 25 Hz, J = 7 Hz, J = 2 Hz, 1H, CH); 1.48 (dt, J
= 7 Hz, J = 3 Hz, 3H, CH3) ppm
δ 19F NMR (282 MHz, C6D6): -90.4 (m, 1F, CF2); -94.1 (ddq, J = 48 Hz, J = 25 Hz, J = 3
Hz, 1F, CF2) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -90.4 (d, J = 48 Hz, 1F, CF2); -94.1 (d, J = 48 Hz, 1F,
CF2) ppm

Analytical data of CF3CH2CH3 (15):
δ 1H NMR (300 MHz, C6D6): 1.95 (m, 2H, CH2); 1.06 (t, J = 8 Hz, 3H, CH3) ppm
δ 19F NMR (282 MHz, C6D6): -70.5 (t, J = 10 Hz, 3F, CF3) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -70.5 (s, 3F, CF3) ppm
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Analytical data of CF3CH=CH2 (16):
δ 1H NMR (300 MHz, C6D6): 5.39 - 5.33 (m, 2H, CH2); 4.88 - 4.75 (m, 1H, CH) ppm
δ 19F NMR (282 MHz, C6D6): -67.4 (d, J = 4 Hz, 3F, CF3) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -67.4 (s, 3F, CF3) ppm

Analytical data of CF2=CHCH2C6D5 (17):
δ 1H NMR (300 MHz, C6D6): 3.99 (dtd, J = 22.4 Hz, J = 8 Hz, J = 2.1 Hz, 1H, CH); 2.94
(dt, J = 22.4 Hz, J = 8 Hz, 2H, CH2) ppm
δ 19F NMR (282 MHz, C6D6): -90.3 (d, J = 46 Hz, 1F, CF2); -93.1 - -93.7 (m, 1F, CF2)
ppm
δ 19F{1H} NMR (282 MHz, C6D6): -90.3 (d, J = 46 Hz, 1F, CF2); -93.1 - -93.7 (d, J = 46
Hz, 1F, CF2) ppm

Analytical data of CF3CHClCH3 (18):
δ 1H NMR (300 MHz, C6D6): 4.04 (q, J = 6 Hz, 1H, CH); 1.37 (d, J = 6 Hz, 3H, CH3)
ppm
δ 19F NMR (282 MHz, C6D6): -74.2 (d, J = 10 Hz, 3F, CF3)
δ 19F{1H} NMR (282 MHz, C6D6): -74.2 (s, 3F, CF3)

Analytical data of CF3CH=CHF (19a):
δ 1H NMR (300 MHz, C6D12): 5.42 (dd, J = 77 Hz, J = 5 Hz, 1H, CH); 4.26 (dqd, J = 37
Hz, J = 7.7 Hz, J = 5 Hz, 1H, CH) ppm
δ 19F NMR (282 MHz, C6D12): -58.7 (dd, J = 7 Hz, J = 17 Hz, 3F, CF3); -110 (dm, J = 77,
J = 17 Hz, 1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D12): -58.7 (d, J = 17 Hz, 3F, CF3), -110.3 (q, J = 17, 1F,
CF) ppm
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Analytical data of CF3CH=CHF (19b):
δ 1H NMR (300 MHz, C6D12): 6.24 (ddq, J = 77 Hz, J = 11 Hz, J = 2 Hz, 1H, CH); 4.88
(dqd, J = 15 Hz, J = 11 Hz, J = 7 Hz, 1H, CH) ppm
δ 19F NMR (282 MHz, C6D12): -62.3 (tt, J = 8 Hz, J = 2 Hz, 3F, CF3); -119.3 (dm, J = 77,
J = 8 Hz, 1F, CF) ppm
δ 19F{1H} NMR (282 MHz, C6D12): -61.5 (d, J = 8 Hz, 3F, CF3); -119.3 (q, J = 8 Hz, 1F,
CF) ppm

Analytical data of CF3CHCH2C6D5 (20):
δ 1H NMR (300 MHz, C6D6): 6.1 (dq, J = 14 Hz, J = 2 Hz, 1H, CHPh); 5.4 (dq, J = 14
Hz, J = 6 Hz, 1H, CH) ppm
δ 19F NMR (282 MHz, C6D6): -65 (dd, J = 6 Hz, J = 2 Hz, 3F, CF3) ppm
δ 19F{1H} NMR (282 MHz, C6D6): -65 (s, 3F, CF3) ppm
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6- Supplementary information of Chapter 3
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A- MAS NMR spectroscopy
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Figure S2. 27 Al MAS NMR spectra of HF-loaded ACF (orange), HF-loaded ACF after 24h vacuum
(pink), and HF-loaded ACF after 24h at 100 °C (violet) taken at 20 kHz rotation frequency.
Asterisks refer to spinning bands.
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Figure S3. 19 F (A) and 1 H (B) MAS NMR spectra of HF-loaded ACF (orange), HF-loaded ACF
after 24h at 100 °C (violet) taken at 20 kHz rotation frequency. Asterisks refer to spinning bands.
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B- FTIR & INS

Figure S4. INS of Ice (blue) and HF-loaded ACF (red). The low frequency coherent inelastic
scattering from the Al sample holder has been substracted for both samples.
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Figure S5. Diffuse reflectance infrared Fourier transform spectra of ACF (black) and HF-loaded
ACF (batch B).
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C- Thermoanalysis
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Figure S6. TG-DTA MS of ACF. m18 represents the mass loss of water.
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Figure S7. In situ gas phase FTIR of ACF (black), HF-loaded ACF (orange), taken at 450 °C
compared to the HCl spectrum (grey).
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D- Energy Dispersive X-ray spectroscopy and Transmission
electronic microscopy

A

B

Figure S8. TEM images of ACF (A) and HF-loaded ACF of batch B (B).

Table S2. Atomic percentage of fluorine, chlorine and aluminum in ACF and HF-loaded ACF using
EDX:
Atom/Material ACF

HF-loaded ACF

Fluorine

78 %

83 %

Chlorine

4%

1%

Aluminum

19 %

16 %

E- NMR spectra for the reactivity
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Figure S9. 19 F NMR spectra of the hydrofluorination of alkynes into 22a and 22a’ (A), 22b and
22b’ (B), 22c (C) and 22d (D) in the presence of HF-loaded ACF after 24 hours of reaction time.

Figure S10. 19 F NMR spectra of the hydrofluorination of ynamides into 24a (A), 24b (B), 24c (C)
and 24d (D) in the presence of HF-loaded ACF after 7 days of reaction time.
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Figure S11. 19 F NMR spectra of the hydrofluorination of alkenes into 26a (A), 26b (B), and 26c (C)
in the presence of HF-loaded ACF after 7 days of reaction time.

Figure S12. 19 F NMR spectra of the hydrofluorination of 1,3,3,3-tetrafluoropropenes Z (27a) into
27b and 28a (A) and E (27b) into 27a and 28a (B) in the presence of HF-loaded ACF after 24 hours
of reaction time
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Figure S13. 19 F NMR spectra of the ring-opening of 1,1-dimethyloxirane (29a) into 30a (A) and
cyclopentene oxide (29b) into 30b (B) in the presence of HF-loaded ACF after 4 days of reaction
time.

Figure S14. 19 F NMR spectra of the ring-opening of (S)-2-Benzyl-1-tosylaziridine (31) into 32 in
the presence of HF-loaded ACF after 4 days of reaction time.
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Chapter 8 Appendix
1- Abbreviations
ACF

Aluminum Chlorofluoride

BET

Brunauer–Emmett–Teller

CFC

Chlorofluorocarbon

CP

Cross Polarization

DAST

Diethylaminosulfur Trifluoride

DFT

Density Functional Theory

DMPU-HF

1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone-HF

DQ

Double Quantum

DRIFTS

Diffuse Reflectance Infrared Fourier-Transform Spectroscopy

DTA

Differential Thermal Analysis

Ea

Activation Energy

EDX

Energy Dispersive X-Ray Analysis

FIA

Fluoride Ion Affinity

FTIR

Fourier-Transform Infrared Spectroscopy

GC

Gas Chromatography

GWP

Global Warming Potential

HCFC

Hydrochlorofluorocarbon

HF

Hydrogen Fluoride

HFC

Hydrofluorocarbon

HFO

Hydrofluoroolefin

HOMO

Highest Occupied Molecular Orbital

HSAB

Hard and Soft Acids and Bases

HS-AlF3

High Surface Aluminum Fluoride
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INS

Inelastic Neutron Scattering

IUPAC

International Union of Pure and Applied Chemistry

KNF

Hexafluoronickelate

LUMO

Lowest Unoccupied Molecular Orbital

MAS NMR

Magic-Angle-Spinning Nuclear Magnetic Resonance

MS

Mass Spectroscopy

NLDFT

Non local Density Functional Theory

NMR

Nuclear Magnetic Resonance

ODP

Ozone Depletion Potential

ODS

Ozone Depletion Substances

PCTFE

Polychlorotrifluoroethylene

PET

Positron Emission Tomography

Powder XRD

Powder X-ray Diffraction

PTFE

Polytetrafluoroethylene

Pulse TA

Pulse Thermal Analysis

STP

Standard Temperature and Pressure

TBAF

Tetra-n-butylammonium fluoride

TEM

Transmission Electron Microscopy

TFE

Tetrafluoroethene

TG

Thermogravimetry

TON

Turnover Number

TPD

Temperature Programme Desorption

TRAPDOR

Transfer of Population in Double Resonance

XANES

X-ray Absorption Near Edge Structure
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