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Abstract 

The use of transition-metals and main-group Lewis acids has proven to be an outstanding 

source for activation and subsequent functionalization of fluorinated compounds. 

However, the first is mainly limited to C(sp2)–F bonds which partially are activated by an 

adjacent heteroatom, and the latter is limited to simple C(sp3)–F bonds due to particularly 

strong Lewis acid character. 

The main focus of this thesis has been directed towards development of mild and 

chemoselective lanthanide mediated C–F bond activation of simple and functionalized 

alkyl fluorides from a synthetic point of view. 

The first part of the thesis covers a solvent dependent reductive HDF of alkyl fluorides 

by employing Sm(HMDS)2 as a single-electron transfer reagent. The Sm(II)-reagent, 

assisted by microwave heating, is capable of reductive cleavage of primary, secondary, and 

tertiary alkyl fluorides to the corresponding hydrocarbons in excellent yields 

The second part of the thesis describes the utilization of YbI3(THF)3 as a superior 

Lewis acid for the selective iodination of primary, secondary, and tertiary alkyl fluorides in 

presence of various common functional groups. The mechanism of the reaction was 

distinctively studied by the means of substrate reactivity, stereochemical analysis, and 

initial rate measurements. The reaction was further elaborated into a catalytic process in 

the presence of TMSI as a stoichiometric fluoride-trapping agent. 1H and 19F NMR 

spectroscopy demonstrated a two-step catalytic cycle where TMSI regenerates the active 

YbI3(THF)3. 

The third and final part of the thesis involves the development of a facile and efficient 

protocol of direct amination of alkyl fluorides employing La[N(SiMe3)2]3. The method 

was shown to tolerate various secondary nucleophilic amines as well as functionalized 

alkyl fluorides. A concerted transition state was proposed for the reaction based on 1H 

NMR spectroscopy, initial rate measurements, KIE, and steric effects. It was also found 

that La[N(SiMe3)2]3 promoted instantaneous and subsequent substitution of β-amino 

fluorides. 1H NMR spectroscopy revealed that the reaction appears to proceed via an 

aziridinium ion. Consequently, the reactive intermediate was prone to undergo ring-

opening by various nucleophiles, yielding the corresponding β-substituted amines in high 

to excellent yields.  

 

 

 

Keywords: C–F bond activation, fluorine chemistry, lanthanides, single-electron transfer 

reagent, Lewis acid, chemoselectivity, synthetic method, catalysis   
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1. Introduction and background 

1.1. The C–F bond 

The carbon-fluorine bond is a unique functionality due to the high electronegativity of 

fluorine. As such, being the element with the highest electronegativity (4.0), the fluorine 

atom has the greatest capacity to attract electron density.1 Accordingly, the C–F bond is 

highly polarized, leading to a bond with less covalent and more electrostatic (ionic) 

character. As a result of such physical properties, the C–F bond is the strongest single 

bond that can be formed between carbon and another element. The explicit strength of 

the bond can be ascribed to the significant electrostatic attraction between the two partial 

charges of Fδ– and Cδ+. Also, the outer shell electrons of the compact fluorine atom 

contribute to the unusual bond strength of the C–F bond. Thus, the two partial charges 

are stabilized to a greater extent when the valence electrons are closer to the nucleus 

(comparing fluorine (2p) to chlorine (3p)).2 As a result, the C–F bond length is about 1.35 

Å, and is shorter than any other carbon-halogen bond (Table 1). In addition, the C–F 

bond has the highest bond dissociation energy (BDE) when comparing other common 

covalent bonds (Table 1).  

Table 1. Average bond lengths and bond dissociation energies of common C–X bonds. 

Bond Bond lengths (Å) BDE (kcal mol-1) 

C–F 1.35 105.4 
C–Cl 1.78 78.5 
C–Br 1.93 68.6 
C–I 2.14 51.2 
C–H 1.09 98.8 
C–O 1.43 84.0 
C–C 1.54 83.1 
C–N 1.47 69.7 

1.2. Fluorine incorporation 

The characteristic features of the C–F bond and its ability to influence chemical and 

physical properties of organic molecules is what makes fluorine a hot and desired atom in 

modern pharmaceutical and agrochemical chemistry.3,4,5,6 Today, there is an estimate that 

as many as 30-40% of agrochemicals and 20% of pharmaceuticals on the market contain 

fluorine.7 A fluorination process, in particularly replacing hydrogen or oxygen with 

fluorine, is a well-established strategy to increase pharmaceuticals effectiveness, biological 

degradation, and bioabsorption.8,9 These demands of fluorinated bioactive compounds 

have led to the development of numerous fluorinating protocols available nowadays, 
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ranging from nucleophilic or electrophilic substitution, to more recent protocols of radical 

fluorination (Scheme 1).10,11 

 

Scheme 1. Approaches for C–F Bond Formation. 

In contrast to the C–F bond formation, the C–F activation and subsequent cleavage is a 

much less explored concept.12 However, C–F bond activation has emerged as an 

interesting methodology due to the increase of fluorinated compounds. Not only would 

vital and novel methods to selectively activate and transform the C–F bond benefit the 

synthetic community, but it is also important from an environmental perspective since 

fluorinated compounds are extensively used, extremely long-lived, and potentially toxic. 

1.3. C–F bond activation 

Protocols for selective functionalization of the strong C–F bond into new carbon–

element bonds would establish new methodology towards e.g. novel partially fluorinated 

building blocks as well as versatile non-fluorinated compounds.12 However, since the 

BDE of a C–F bond is higher than the corresponding carbon–heteroatom bond, the 

cleavage requires thermodynamic compensation by the formation of an even stronger and 

more favorable element–fluorine bond, e.g. Si–F, B–F, Al–F and transition-metal–

fluorine bond. Among the methods that exist for C–F bond activation (Scheme 2), 

significant work has already been done using transition-metals (Scheme 2a).13,14,15 

However, alternative protocols which have emerged as promising approaches for 

activation of C–F bonds are: 1) single-electron reductive processes (Scheme 2c)16,17 and 2) 

heterolytic fluoride abstraction utilizing main-group or lanthanide Lewis acids (Scheme 

2b).18 
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Scheme 2. General strategies for C–F bond activation ([M] = transition-metal complexes, E = main-group or 
lanthanide Lewis acids). 

1.3.1. Transition-metal mediated C–F bond activation  

Transition-metal mediated C–F bond activation has been extensively studied.19,20,21,22 

However, the substrate scope is mainly limited to the more activated C(sp2)–F bond of 

aromatic (such as fluorinated heteroaromatics and polyfluorobenzenes) and vinylic 

fluorocarbons, where only few exceptions exist.23,24,25 The mechanistic pathway of the 

transition-metal mediated C–F bond activation typically involves an oxidative addition to 

an electron rich metal center, or a less common homolytic cleavage induced by a single-

electron transfer process (Scheme 2a and c).26 Mainly electron-rich transition-metals such 

as Ni, Pd, Pt and Rh have been employed in the characteristic C–F bond activation.  

Early examples reported in the literature make use of stoichiometric amounts of Ni(0) 

complexes for activation of C(sp2)–F bonds. In 1977, Fahey and Mahan observed the 

oxidative addition of hexafluorobenzene (1) to Ni(cod)(PEt3)2 (Scheme 3).27 However, the 

reaction yielded only 7% of the pentafluorophenyl fluoronickel(II) complex (2) after 

several days, and characterization of the complex was limited to elemental analysis and IR 

spectroscopy. 

 

Scheme 3. Early examples of stoichiometric usage of Ni(0) complexes in activation of C(sp2)-F bonds via 
oxidative addition. 

Further validation and characterization of the resulting oxidative addition to Ni(0) 

complex was determined by Perutz et al.28,29 Although the reaction proceeded slowly, the 
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pentafluorophenyl fluoronickel(II) complex (2) was isolated in 48% yield and the 

structure was confirmed by X-ray crystallography (Scheme 3). 

Moreover, the group of Perutz also established selective C-F bond activation of 

fluorinated heteroaromatic compounds. They showed that the reaction of 

pentafluropyridine (3) with Ni(0) complexes underwent oxidative addition much more 

rapidly than that of hexafluorobenzene (Scheme 4).30,31 

 

Scheme 4. Selective activation of pentafluoropyridine using stoichiometric amount of Ni(0). 

Since then, numerous reactions towards selective activation of polyfluorinated 

heteroaromatic systems and polyfluorinated benzene derivatives utilizing metal complexes 

based on Ni(0),32,33,34,35,36,37 Pd(0),38,39,40,41 Pt(0),42 and Rh(I)43,44,45,46 centers has been 

developed. Significant studies have been conducted on polyfluoropyridine substrates, 

where regioselective C–F bond substitution at the 2- or 4-position are often found in the 

literature. The selectivity is most often dependent on the nature of the transition-metal 

complex, where Ni(0)-complexes has a preference for the 2-postion,21,33.47 while Pd(0), 

Pt(0), and Rh(I) has mainly a preference for the 4-position (Figure 1).38,42,48,49,50,51 The 

latter two transition metals presumably undergo C–F bond activation via aromatic 

nucleophilic substitution to afford a metal–carbon complex, and not via oxidative 

addition as in the case with Ni(0) and Pd(0). 

 

Figure 1. Transition-metal dependent ortho- or para-C(sp2)–F bond activation of pentafluoropyridine. 

The reactions presented in scheme 3 and 4 employs stoichiometric amount of metal and 

hold promising results for selective C–F bond activation and functionalization. However, 

more recent work describes several examples of catalytic transformations of C–F bonds 

of fluorinated benzene derivatives mainly via cross-coupling reactions. Herman et al. 

reported on a successful catalytic Kumada-Tamao-type cross coupling by C–F bond 

activation using an in situ generated Ni-carbene complex (6) and an aryl Grignard 

compound (Scheme 5).52 The reaction is assumed to proceed via an oxidative 
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addition/transmetalation/reductive elimination sequence. The first Ni-catalyzed Suzuki–

Miyaura cross-coupling involving C–F bond activation was reported by Radius et al.53 In 

presence of a carbene stabilized Ni complex (9), they were able to cross-couple 

polyfluorinated benzene derivatives with phenylboronic acid (Scheme 5). Since then, 

several examples of C–F bond activation and cross-coupling reactions using 

Ni(0)54,55,56,57,58,59,60 and Pd(0)61,62,63 complexes with electron donating-ligands in 

combination of electron-deficient aryl fluorides have been developed. Also, utilization of 

both early and late transition-metal complexes have been used for C–F bond activation of 

aromatic fluorides.12,14 

 

Scheme 5. Kumada-Tamao cross-coupling reaction of a monofluorobenzene with an aryl Grignard reagent 
and a Suzuki-Miyaura cross-coupling reaction of a perfluoroarene with an aryl boronate employing Ni as 
catalyst. 

Furthermore, transition-metal mediated HDF of C(sp2)–F bonds has been a research 

interest for almost half a century.13 It is a promising approach to access either partially 

fluorinated or non-fluorinated compounds from readily available polyfluorinated 

chemicals. Employing stoichiometric amount of zirconium complexes, especially 

zirconocene hydrido complexes, permitted HDF of several polyfluorinated aryl and vinyl 
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fluoride compounds. Mechanistically a four-centered σ-bond metathesis (11) is suggested 

in the HDF of hexafluorobenzene (1) (Scheme 6).26,64 

 

Scheme 6. Zirconium-based HDF of hexafluorobenzene via a proposed σ-bond methathesis. 

Some more recent studies on HDF reactions embraces catalytic amount of transition 

metal hydride complexes in the presence of silanes as hydride sources.38,40,41,44,46,65,66 

Usually the silane regenerates the active metal hydride specie by ligand exchange to form 

the stronger Si–F bond.  

Another interesting approach for selective C–F bond activation of fluoroaromatics is 

the assistance of a directing group adjacent to the fluorine. Such a directing group enables 

significant functionalization of polyfluorinated aryl substrates where the C–F bond 

activation usually occurs at the ortho-position (Scheme 7).14,67 Common directing groups in 

these cases are imines, pyridines, nitro, keto and hydroxyl groups. 

 

Scheme 7. General transition-metal mediated ortho-C(sp2)–F bond activation assisted by an adjacent directing 
group. 

Many of the transformations presented in Scheme 5 and 7 involve a transformation of a 

C–F bond into a C–C bond. The cross-coupling reactions are mostly mediated by 

catalytic processes involving transition-metals such as Ni, Pd, and Pt. The transformations 

generally proceed via an oxidative addition, where typically fluorinated heterocycles and 

polyfluorinated aromatic compounds with directing groups are easier to activate. 

However, transition-metal mediated C–F bond activation is mostly limited to aromatic C–

F bonds, where the activation of alkyl fluorides is practically non-existent.  

1.3.2. Main-group Lewis acid mediated C-F bond activation 

Over the past decade, much attention has been drawn towards Lewis acid mediated C–F 

bond activation utilizing main-group elements. This type of approach has emerged as a 

promising tool for selective C–F bond activation of simple monofluorinated and 



7 
 

polyfluorinated alkyl groups. The C–F bond cleavage typically proceeds via a heterolytic 

abstraction of the fluoride by a strong Lewis acid (Scheme 2b).18 Several examples of 

main-group Lewis acid mediated C–F bond activation found in the literature employ 

silicon electrophiles, especially silylium ions (R3Si+) that combines both strong Lewis 

acidity and fluoride affinity.  

Ozerov et al. has made substantial contribution to the development of catalytic HDF 

of C(sp3)–F bonds in presence of silylium ions.68,69,70 The active silylium ion catalyst 

R3Si+X– (X– being weakly coordinating anions such as carboranes and tetraarylborates) is 

prepared in situ via addition of catalytic amount of Ph3C–[B(C6F5)4] or Ph3C–

[CHB11H5Cl6] to stoichiometric amount Et3SiH, forming Et3Si+[B(C6F5)4]– (20) or 

Et3Si+[CHB11H5Cl6]– (21) as “free” reactive silylium ions. Polyfluorinated and 

monofluorinated alkyl groups were cleaved to their corresponding hydrocarbons by 

employing the silylium–carborane catalyst Et3Si+[CHB11H5Cl6]–, (Scheme 8).  

 

Scheme 8. Catalytic HDF of C–F bonds employing a borane stabilized silylium ion. 

The conventional approach for catalytic HDF of aliphatic C–F bonds proceeds via 

fluoride abstraction by the silylium ion. The resulting intermediate carbenium ion 

undergoes hydride transfer by a stoichiometric hydride source such as R3SiH, forming the 

corresponding hydrocarbon product. The overall process is thermodynamically favorable, 

as Si–F bonds are stronger than C–F bonds and C–H bonds are stronger than Si–H 

bonds. 

In a similar fashion, Müller et al. reported on catalytic HDF of C(sp3)–F bonds using a 

hydride-bridged disilyl cation (26) as a “free” silylium ion stabilized by [B(C6F5)4]-.71 In 

presence of stoichiometric Et3SiH, full conversion of trifluoromethyl benzene (22) and 1-
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fluorodecane (24) into their corresponding defluorinated hydrocarbons was obtained 

(Scheme 9). 

 

Scheme 9. Catalytic HDF of C–F bonds employing a borane stabilized hydride-bridged disilyl cation. 

Alternative approach for catalytic HDF relies on the activation of the fluorophilic silicon 

electrophile by another Lewis acid. Some recent examples from Stephan and coworkers 

show on F–H exchange between alkyl fluorides and Et3SiH in the presence of B(C6F5)3 as 

the Lewis acid catalyst.72 The electron-deficient borane is believed to coordinate and 

activate the Si–H bond forming a LA--H–SiR3 specie which is sufficiently potent to 

abstract a fluoride.73,74,75 The resulting Lewis acid-stabilized hydride is transferred to the 

carbenium ion. Consequently, various monofluorinated aliphatic fluorides can undergo 

HDF (Scheme 10).  

 

Scheme 10. Borane-catalyzed HDF of alkyl fluorides in presence of Et3SiH. 

Functional groups incorporated in the fluoroalkanes may potentially inhibit the reaction 

due to interaction between the heteroatom and the strong Lewis acid. However, the 

B(C6F5)3/Et3SiH reagent activates the primary fluoride in presence of a ether functionality 

in fluoroalkane 29. The reagent system is also selective towards the mono fluoride over 

the trifluoro-groups. This is believed to be due to a reduced Lewis acidity of the B--H–

SiR3 specie compared to the exceptionally strong silylium ions.  
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In analogy to the HDF reactions using silylium ions, organofluorophosphonium ions, 

stabilized by borane anions, afford highly Lewis acidic phosphonium centers with strong 

fluorophilic character.76,77 

 

Scheme 11. Phosphonium-catalyzed HDF of C–F bonds in presence of Et3SiH. 

These organofluorophosphonium cations are shown to activate and react with 

fluoroalkanes to produce difluorophosphoranes. In the presence of a stoichiometric 

trialkylsilane, the organofluorophosphonium cation was shown to catalyze HDF of 

fluoroalkanes such as α,α,α-trifluorotoluene (22), 1-fluoropentane (27), and 1-

fluoroadamantane (28) (Scheme 11). 

Parallel to the HDF of C(sp3)–F, Ozerov,69 Müller78 and Stephan et al.79 developed a 

Friedel–Crafts-type alkylation of primary and secondary alkyl fluorides and trifluoro-

derivatives. When the following alkyl fluorides 31, 33, and 22 were treated with silylium or 

organofluorophosphonium ions in the presence of Et3SiH, with benzene as solvent, a 

new C(sp3)–C(sp2) bond was formed (Scheme 12a and b).  
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Scheme 12. Examples on Friedel-Crafts benzene alkylation of C–F bonds catalyzed by either silylium ion, 
phosphonium ion, or borane. 

The results confirm presence of a carbenium ion which reacts with the aromatic solvent 

via electrophilic aromatic substitution. As early as half a century ago Olah et al. reported 

on BF3- and BBr3-catalyzed Friedel–Crafts-type alkylation of arenes via selective C(sp3)–F 

bond activation (Scheme 12c).80 Further on, stoichiometric amount of boron-, 

aluminium-, and magnesium-halide Lewis acids, such as BBr3,81,82 AlCl3,83,84 and MgI2,85 

have also shown to promote halogen-exchange reactions of a variety of fluoroalkanes to 

the corresponding halides.  

On the basis of strong Al–F and B–F interactions, tertiary alkyl fluorides are shown to 

readily undergo an alkylation reaction with silicon enolates in the presence of catalytic 

amount of BF3·OEt2 or AlMe3 (Scheme 13).86,87 The Lewis acid is believed to cleave the 

C(sp3)–F bond, generating a carbenium ion which undergos a nucleophilic attack of the 

silicon enolate. This affords the alkylated product and simultaneously regenerates the 

Lewis acid catalyst by formation of a Si–F bond. 
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Scheme 13. BF3·OEt2 or Me3Al assisted alkylation of a tertiary alkyl fluoride.  

Interestingly, when using only trimethylaluminium (AlMe3) as a stoichiometric reagent, 

tertiary alkyl fluorides (38) underwent alkylation by a direct transfer of the methyl group. 

The group of Terao and Kambe further developed the use of stoichiometric amount of 

triorganoaluminium reagents in C(sp3)–F bond activation and substitution.88 Various 

R2Al–X Lewis acids were shown to convert C(sp3)–F to C(sp3)–X bonds (X= Cl, C, H, 

O, S, N) via a SN2-type mechanism (Scheme 14). 

 

Scheme 14. Several examples on triorganoaluminium mediated functionalization of 1-fluorooctane. 

As a compliment to transition-metal mediated activation of C(sp2)–F bonds,  reactions 

mediated by main-group Lewis acids has proven to be outstanding for activation and 

functionalization of unactivated C(sp3)–F bonds. The recent progress in C–F bond 

activation enabled by Lewis acids have shown to be a promising toolbox to convert alkyl 

fluorides to potentially valuable and versatile non-fluorinated substrates. Despite the 

existing strategies involving Lewis acid mediated C–F bond activation, the development 

of mild Lewis acids and their application in chemoselective activation of aliphatic 

fluorides still remains a challenge. 
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1.3.3. Lanthanides and their application in C-F bond activation  

The lanthanide series consist of 15 elements ranging from lanthanum to lutetium. They 

are most often called f-block elements since the valence electrons occupy the f orbitals. 

The common electronic structure for most of the lanthanides is [Xe]4fn6s2 or [Xe]4fn-

15d16s2,  where the 4f and 5d sub-shells have very similar energy levels.89 All lanthanides 

preferentially exist in the +3 oxidation state, although particularly stable 4fn 

configurations exist for the +2 oxidation state (e.g. for samarium).  The loss of the three 

outermost electrons, namely one from the 5d1 sub-shell or the 4fn, and the 6s2, results in 

enhanced thermodynamic stability in which the Ln(III) adopts a closed-shell Xe-like 

electronic configuration.90 Since Ln(II) species readily gives up an outer-shell electron to 

access the more thermodynamically stable Ln(III) form, a powerful and synthetically 

useful single-electron transfer reagent is accessible.  

Consequently, LnX2 (X= I, Br) has been established and recognized as a one-electron 

transfer reagent which has been exploited in functional group reductions.90 The reactivity 

of Ln(II)-salts can be altered by exchanging ligands or by addition of proton donors and 

co-solvents. Lanthanide complexes are strongly electropositive and thus hard Lewis acids. 

As a consequence, they tend to form strong bonds with π-donor ligands such as OR, 

NR2, and especially F.91 As such, owing to the high affinity toward fluorides, lanthanides 

with their features are attractive candidates for C–F bond activation and could act as a 

complement to main-group Lewis acid mediated activation of alkyl fluorides. The 

fluorophilic character of lanthanides has not been widely exploited, little is known and 

only few reports exist. For example, the group of Deacon and co-workers have reported 

on divalent organolanthanide mediated ortho-C(sp2)–F cleavage directed by a carboxyl- or 

a diaminate-group via radical abstraction (Figure 2).92,93,94 

 

Figure 2. A general representation of common directing group assisted Ln--F interactions reported in 
literature. 

Schelter and co-workers have shown on polarization of the ortho-C(sp2)–F in 

bis(pentafluorophenyl) amine when attached to the diamagnetic La(III) and the 

paramagnetic Ce(III) cations by using 19F NMR spectroscopy.95 In an early example 

Yb(fod)3 was used as a paramagnetic shift reagent for alkyl fluorides to assess Yb--F 

interaction by NMR spectroscopy.96 A concentration dependent 1H NMR shift was 

observed for n-propyl fluoride upon addition of Yb(fod)3, implying that the alkyl fluoride 

is polarized in the presence of a Yb(III) cation. 
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Initial studies of the fluorophilic attribute of divalent and trivalent lanthanides holds 

promise for further development within Ln--F interaction. The affinity towards fluoride is 

remarkable, however, synthetic valuable methods for lanthanide mediated C–F bond 

activation is still lacking. The search for effective Ln(II)/(III) ions which enables 

simultaneous polarization and functionalization of fluorocarbons would lead to a novel 

and supplementary strategy within the C–F bond activation field.  
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2. Objectives of this thesis 

The aim of this thesis has been to extend and determine the possibilities of lanthanide 

mediated chemoselective C(sp3)–F bond activation, and to introduce the fluoride as a 

chemically inert protecting group which can be selectively cleaved under mild conditions 

using new methodology. 

First the focus was on finding and evaluating an appropriate Ln(II) specie which is 

capable of radical abstraction of simple unactivated alkyl fluorides. Secondly, Ln(III) 

species with labile nucleophilic ligands were examined. Such complexes should polarize 

the C(sp3)–F bond upon coordination, and thus enable subsequent nucleophilic 

substitution into versatile non-fluorinated compounds. To achieve this, a variety of 

Ln(III) cations with alternating Lewis acidity and ionic radius were investigated in 

presence of different functionalized alkyl fluorides. Finally, results obtained from 1H and 
19F NMR spectroscopy, initial rate studies, and stereochemical analysis, provided novel 

mechanistic insight towards the development of C–F bond activation accompanied by f-

block elements.  
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3. Reductive defluorination (Paper I) 

The chemically inert organofluoro compounds are persistent towards degradation, making 

them toxic and hazardous from an environmental perspective.12 Development of efficient 

and selective chemical strategies for their transformation into more ecofriendly 

compounds is thus of vital importance.  As described in section 1.3.2, Lewis acid 

mediated HDF of unactivated alkyl fluorides is a well-established approach in this sense. 

In contrary, radical promoted C-F bond cleavage of these compounds are scarce and only 

few efficient protocols exist. The group of Jones has made noteworthy contribution to 

the area of reductive defluorination reactions via radical abstraction (Scheme 2c). Jones et 

al. reported on transition-metal based cleavage of C(sp3)–F bonds employing a Cp*
2ZrH2 

complex.26 A conclusive experiment were Cp*
2ZrH2 was mixed with cyclopropylcarbinyl 

fluoride (48) gave evidence of a radical pathway (Scheme 15).  

 

Scheme 15. Proposed radical mechanism for the zirconium mediated C–F bond cleavage of 
cyclopropylcarbinyl fluoride.  

The intermediate cyclopropylcarbinyl radical (49) ring opens to give a butenyl radical (50), 

which converts to butene (51) that inserts into the Zr–H bond. Parallel to the lanthanide 

mediated C–F bond activation presented in section 1.3.3., our group recently developed a 

facile protocol using SmI2/H2O/Et3N for selective α-defluorination of polyfluorinated 

esters and amides.97 Intrigued by the SmI2 reagent and its applicability in carbon-halogen 

bond cleavage,98 further expansion and usage of this reagent was elaborated to include 

defluorination of simple unactivated alipthatic fluorides. 

3.1. Screening of Sm(II)-reagents 

To be able to determine the optimal conditions for Sm(II)-induced reductive 

defluorination of unactivated alkyl fluorides, 1-fluorodecane (24) was chosen as a model 

substrate. 1-Fluorodecane was initially subjected to SmI2/H2O/Et3N at ambient 

temperature for 24 h, but the corresponding decane (25) was not obtained as determined 

by GC (Table 2, entry 1). 
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Table 2. Screening of various suitable Sm(II) species in the reductive HDF of 1-fluorodecane.a   

 

Entry Sm(II)-source Solvent Yield (%)b 

1 SmI2/H2O/Et3N THF no rxn 

2 SmI2/TPPA THF no rxn 

3 SmI2/DMPU THF no rxn 

4 Sm(HMDS)2 THF 26c 

5 Sm(HMDS)2 n-hexane 55c 

6 Sm(HMDS)2 THF 2 

7 NaSmII(HMDS)3 n-hexane 30c 

8 NaSmII(HMDS)3 THF no rxn 
a Reaction conditions: Sm(II)-source (1.0 mL, 0.1 M in solvent, 0.1 mmol), 1-fluorodecane (7.9 µL, 0.04 mmol). n-Dodecane (9.1 
µL, 0.04 mmol) was added as an internal standard. The reaction was stirred for 24 h at r.t., after which a sample was collected and 
analyzed. b Measured by GC-FID. c Further conversion was observed after 24 h. 

To further increase the reduction potential of the SmI2 reagent, additives such as TPPA 

and DMPU were added. However, no reductive cleavage of 1-fluorodecane was observed 

(entries 2-3). Knowing that disilanes can coordinate and activate fluoroalkanes towards 

defluorination an interesting and relatively unexplored Sm(II)-source would be samarium 

bis(trimethylsilyl)amide (Sm(HMDS)2). The reagent was first reported by Evans and co-

workers, and is readily prepared from 2 equivalents of KHMDS and SmI2.99 KI 

precipitates and Sm(HMDS)2 is obtained as a deep-purple solution. To our delight, when 

1-fluorodecane was subjected to Sm(HMDS)2 in THF, decane was obtained in 26% GC 

yield after 24 h (entry 4). As demonstrated by Evans et al., Sm(HMDS)2 is soluble in n-

hexane after prior removal of THF. In this case, additional KI precipitated, indicating that 

residual KI is soluble in THF. Interestingly, when adding 1-fluorodecane to Sm(HMDS)2 

in n-hexane an increase in conversion was attained, affording decane in 55% GC yield 

within 24 h (entry 5). The results illustrate a more reactive Sm(II)-specie when solvated in 

a non-coordinating and non-polar solvent such as n-hexane. Surprisingly, when subjecting 

1-fluorodecane to the Sm(HDMS)2, once again solvated in THF after prior removal of n-

hexane, almost no conversion was observed (entry 6). This result indicates that residual 

KI solvated in THF affects the reactivity (comparing results in entry 4 and 6). An 

alternative approach to obtain KI-free Sm(HDMS)2, reported by Evans et al., is achieved 
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by reducing Sm(HMDS)3 in the presence of Na(s) in either n-hexane or THF, yielding 

tricoordinated divalent NaSmII(HMDS)3.100,101 A reaction between 1-fluorodecane and 

NaSmII(HMDS)3 in n-hexane gave 30% decane (entry 7), whereas no reaction occurred 

when NaSmII(HMDS)3 solvated in THF was employed (entry 8). Consequently, KI in 

combination with solvent seems to have an effect on the reaction. 

3.2. KI and THF effect  

To establish the role of KI, and investigate how THF affects the reaction, two separate 

experiments were conducted. 

Firstly, 4 different amounts of KI (0.3, 0.5, 1, 1.5 equiv.) were added to KI-free 

Sm(HMDS)2 solvated in THF, followed by addition of 1-fluorodecane. With increasing 

amount of KI, the yield of decane increased up to 50% when the reaction was run at 

room temperature for 24 h. Adding more than 1.0 equiv. of KI to the Sm(HMDS)2 did 

not enhance the reactivity. Interestingly, when observing the GC chromatogram of this 

experiment, a small peak belonging to 1-iododecane was detected. A hypothesis is that 

Sm(III) in combination with KI promotes a finkelstein-type reaction, where 1-

fluorodecane is substituted forming 1-iododecane, which in turn is reductively cleaved. 

Reductive defluorination promoted by KI-contaminated Sm(HMDS)2 (entry 4) may not 

be a clean C(sp3)–F bond cleavage. This type of halogen exchange processes are further 

elaborated in the upcoming chapters. 

Secondly, deliberative addition of THF (1, 6, 12, 24 equiv.) to Sm(HMDS)2 solvated in 

n-hexane was conducted. 1-fluorodecane was added and the reaction was allowed to stir 

(at room temperature) for 24 h. The yield of decane steadily decreased upon increased 

concentration of THF. The reaction outcome indicates that presence of polar 

coordinating THF saturates the metal-sphere, thus inhibiting the crucial Sm--F interaction 

and activation.102 

3.3. Substrate scope 

Sm(HMDS)2 solvated in n-hexane is the superior reagent for reductive defluorination of a 

C(sp3)–F bond at room temperature (Table 2, entry 5). However the yield and the 

reaction time were not optimal in this case. In order to affect both of these parameters, a 

microwave-assisted method was developed. By heating the reaction to 100 °C in a 

microwave cavity for <60 min, primary, secondary and tertiary alkyl fluorides were 

reduced to their corresponding hydrocarbons in good to excellent yields (Scheme 16).  
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Scheme 16. Microwave assisted Sm(HMDS)2 reductive HDF of various alkyl fluorides. 

Also, a selectivity test between a primary, secondary, and a tertiary alkyl fluoride was 

performed. 24, 53 and 28 were added in the same pot and subjected to the reaction 

conditions depicted in Scheme 16. The reactivity order showed a pattern of 3°>2°>1°, 

suggesting a radical mechanism since tertiary alkyl radicals are more stable and prone to 

undergo faster reduction to the corresponding anion. Furthermore, gem-difluoro 

substrates (56 and 57) were reduced to their corresponding alkene products. Low to 

moderate conversion of the starting material was reported. The reaction was believed to 

proceed either via a vinyl fluoride or via a carbene intermediate. The vinyl fluoride route 

was proven accessible, since 58 was reductively cleaved to the corresponding alkene in 

moderate yield. An aromatic C–F bond (5) was also possible to reduce yielding toluene in 

good yield. The possibility to fully reduce a CF3-group was examined. The benzylic 

fluorides in 22 were fully reduced to toluene at room temperature. However, the alkyl CF3 

group in 31 did not react at all.  

Since Sm(HMDS)2 contains silyl groups, we speculated that these could somehow be 

involved in facilitating the activation of C–F bonds.103 If such an interaction is present, a 
1H NMR experiment would reveal a shift of the protons in α-position to fluorine (R-CH2-

F), or a shift of the fluorine signal in 19F NMR. Titration of HMDS into a NMR tube 

containing 1-fluordecane was conducted. 1H and 19F NMR was recorded, however, no 

chemical shift changes were observed. 

3.4. Conclusion 

C(sp3)–F and C(sp2)–F bonds undergoes microwave assisted reductive HDF upon 

treatment with Sm(HMDS)2 in n-hexane. The reactivity of the Sm(II) reagent is 
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dependent on the solvent and on the presence of residual KI (which is formed upon 

preparation of the reagent). KI-free Sm(HMDS)2, solvated in THF, displays no reactivity 

in the HDF process, whereas KI contaminated Sm(HMDS)2 in THF gives the 

corresponding hydrocarbon in reasonable yields at room temperature. This is probably 

due to a finklestein-type promoted reaction which affords the alkyl iodide, which in turn 

is reductively cleaved. However, Sm(HMDS)2 solvated in n-hexane is the optimal reagent 

in which the HDF proceeds via direct cleavage of the C–F bond. 
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4. Lanthanide promoted iodination of the aliphatic C-F bond 

(Paper II and V) 

There is no doubt that the C–F bond, due to its chemical features, is considered as an 

extremely useful moiety in the development of modern biological and material 

compounds. As a result, numerous fluorinating protocols have been developed in an 

attempt to access fluorinated materials from simple and advanced molecules.10,11 The 

accessibility of fluorine within organic compounds now allows for exploration of simple 

and straightforward protocols to activate C–F bonds. As such, an intellectual appealing 

task would be to introduce the C–F bond as one of the most inert protecting groups 

within organic chemistry. However, to do so, methods to chemoselective transform the 

C–F bond into practical compounds needs to be established.  

The intriguing findings of 1-iododecane as a byproduct during the Sm(II) induced 

reductive defluorination led to further investigation whether such a transformation (F/I) 

could be developed in a more controlled manner. It has been shown that Ln(III) cations 

effectively can polarize C–F bonds in different substrates upon coordination (see section 

1.3.3). Therefore, it was speculated that LnI3 Lewis acids, with labile iodides, could 

provide the opportunity for C–F bond activation with a subsequent nucleophilic 

substitution. The overall iodination process in this case is thermodynamically favorable, 

since the Ln–F bond is stronger than the C–F bond, and the formation of the new C–I 

bond is stronger than the Ln–I bond.104 This strategy would potentially give access to 

highly reactive iodinated products from inert C–F bonds, which in theory can 

subsequently be converted to any other functionality. 

4.1. LnI3 screening (Paper II) 

The screening started off by allowing 1-fluorodecane (24) to react with SmI3(THF)3 in 

THF. After 24 h at room temperature, 1-iododecane (59) was only obtained in 10% GC 

yield. Since THF is a polar coordinating solvent and SmI3(THF)3 in THF displays poor 

solubility, the solvent was changed to CH2Cl2. The alkyl fluoride was added to the 

completely dissolved Sm(III)-salt, and after 24 h 1-iododecane was obtained in 50% yield. 

This was a promising result which showed that Sm(III) indeed polarizes the C–F bond 

enabling nucleophilic substitution. A stronger Lewis acid should possess an enhanced 

affinity towards fluoride. Since the Lewis acidity increases throughout the lanthanide 

series,89 a screening of various LnI3 salts was conducted (Scheme 17). 
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Scheme 17. Investigating the Lewis acidity of different LnI3(THF)x complexes and their effect on the 
substitution of 1-fluorodecane. 

1-fluorodecane was subjected to LaI3(THF)4, SmI3(THF)3, DyI3(THF)3, and YbI3(THF)3 

using CH2Cl2 as solvent. The latter was proven to be a superior Lewis acid providing the 

iodinated product in >98% GC yield after 9 h. The reaction conditions were further 

elaborated by analyzing the results using various solvents (Et2O, DMF, acetone, EtOH, 

MeCN, CHCl3, toluene, n-hexane). Chloroform was the only solvent which afforded 

comparable results regarding the substitution reaction. Furthermore, traces of H2O were 

proven to be destructive, thus preventing the C–F bond activation to occur, most likely 

due to hydrolysis of the YbI3(THF)3 reagent. However, the reaction was compatible with 

PA quality solvent, and could be performed open to the atmosphere. As a compliment, 

YbBr3(THF)3 was synthesized and tested under present reaction conditions in hope to 

allow bromination of alkyl fluorides. However, almost no F/Br exchange was observed, 

implying that the Yb–Br bond is more thermodynamically favorable. One could speculate 

that 1/3 equiv. of YbI3(THF)3 would be sufficient in promoting full conversion of 1-

fluorodecane into 1-iododecane, thus generating YbF3(THF)3. However, only ~30% of 1-

iododecane was obtained when employing 1/3 equiv. of the YbI3(THF)3 reagent. This 

implies that only one iodide is transferred. Thus, YbI2F(THF)3 exhibit much lower 

activity. YbI3(THF)3 was also added to a mixture of 1-fluoro-, 1-chloro-, and 1-bromo-

decane (1:1:1) . Gratefully, the Ln(III)-reagent proved to be chemo-selective towards the 

C(sp3)–F bond while essentially no reaction was observed for C–Cl (60) and C–Br (61) 

bonds according to GC (Scheme 18). 

 

Scheme 18. A chemoselective study of YbI3(THF)3 towards different aliphatic carbon-halogen bonds. 

4.1.1. Substrate scope 

The YbI3(THF)3 mediated C–F bond activation was extended and applied to various alkyl 

fluoride substrates. Since C–F bond activation through fluoride abstraction typically 

requires an exceptionally strong Lewis acid, heteroatoms such as oxygen and nitrogen 
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often prevent the reaction, due to their own interaction with the Lewis acid forming a 

Lewis pair.18 To explore the methodology and the chemoselectivity, various substrates, 

each containing a common functional group, were added to the reaction between 1-

fluorodecane and YbI3(THF)3 and studied by GC. Functionalities such as ketone, alcohol, 

cyanide, trialkylamine, and ether were all compatible with the present reaction conditions 

and full conversion of 1-fluorodecane was achieved after several hours. A primary amine, 

amide, and a carboxylic acid reduced the rate of the reaction but not the yield, possibly 

due to chelation and interaction with the Yb(III) reagent. It should be mentioned that the 

following substrates were also recovered in quantitative yield following the reaction. A 

thiol was however not suitable under present reaction conditions, due to oxidative 

formation of disulfide.105 

The compatibility of the reaction was further explored by subjecting various 

functionalized alkyl fluorides under the reaction conditions depicted in Scheme 19. Simple 

secondary C(sp3)–F bonds (53 and 64) underwent substitution under 6 h, affording the 

iodinated products in excellent yields. In addition, simple tertiary aliphatic fluorides (55 

and 28) underwent iodination in the matter of minutes. Both were isolated in good to 

excellent yields, however, 55 afforded some by-products due to elimination. Gem-difluoro 

and trifluoro-substrates (56 and 62) did not give any substitution, neither did C(sp2)–F 

bonds such as in 5 and 58. This is probably due to the lower reactivity of YbI3(THF)3 

compared to e.g. silylium ions as Lewis acids (vide supra). In turn, it is most likely this 

reduced Lewis acidity that enables the conversion of more functionalized alkyl fluorides. 

Therefore compounds containing functionalities such as alcohol (65), ester (66), amine 

(67), ether (68-70), and ketone (71) were all compatible with the reaction conditions 

providing clean and selective activation of the C(sp3)–F bond. Thus, the corresponding 

iodinated products were all isolated in excellent yields. The polyfluorinated substrate 72 

did not react, possibly due to interaction of Yb(III) with two or several fluorides, thus 

weakening the activation of the preferred C–F bond of the monofluorinated carbon. 
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Scheme 19. YbI3(THF)3 mediated iodination of various functionalized alkyl fluorides. 

4.1.2. Mechanistic proposal 

Some mechanistic insights could be extracted from the reactivity pattern and the 

stereochemical outcome of the substrates depicted in Scheme 19. Firstly, a competition 

experiment was performed, where a comparison in reactivity order between a primary 

(24), secondary (53), and tertiary (28) alkyl fluoride was studied. All three substrates were 

combined in one flask and subjected to YbI3(THF)3 under present reaction conditions. 

The following order of reactivity was revealed, 3°>2°>1°, indicative of an SN1 

mechanism. However, the formation of a carbocation at a bridgehead substrate (28) is 

most likely to be unfavorable.106 In addition, no rearrangement of the primary alkyl 
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fluoride was observed. As such, an internal nucleophilic substitution in which an SNi-type 

mechanism operates could describe the reaction behavior for these substrates. By using 

the initial rate method the rate orders for all involved components in the reaction could 

be determined. A rate order of 1.0 with respect to [1-fluorodecane] was obtained. In 

contrast, the rate order for [YbI3(THF)3] was determined to be 1.5, implying that the 

mechanism for the reaction is more complex. 

Further insight into the mechanism was gained by analyzing the isomeric distribution 

of the product, employing diastereomerically pure fluorinated tetrahydropyran derivatives 

68 and 69 as substrates. When subjected to YbI3(THF)3 in CH2Cl2, syn-68 and syn-69 

afforded the corresponding iodinated tetrahydropyran in a 10:1 anti/syn ratio (73) and 5:1 

anti/syn ratio (74), respectively (Scheme 20).  

 

Scheme 20. Stereochemical analysis of diastereomerically pure fluorinated tetrahydropyran derivatives. 

When starting from the corresponding anti-68 and anti-69, a 14:1 syn/anti (73) and 50:1 

syn/anti (74) was obtained respectively (Scheme 20). Thus, the reaction displays a high 

degree of stereoselectivity with a clear evidence for inversion at the stereogenic center, 

indicating that an SN2-type mechanism is present.88 

All results taken together, a mechanistic understanding could be brought forward. It is 

clearly evident that the mechanistic pathway is dependent on the substrate. Two reaction 

pathways were postulated, one being an SNi type mechanism proceeding via either an 

intimate ion-pair or a concerted nucleophilic substitution intermediate, both resulting in 

retention of configuration (Scheme 21B and C). This pathway is consistent with the 

reactivity of 28. The second pathway is suggested to proceed via an SN2-type mechanism. 

This is believed to occur via an transition state involving a nucleophilic attack of an iodide 

simultaneously as the Yb(III) activates the fluoride towards substitution, probably by a 

dual interchange of two equivalents of YbI3(THF)3 (Scheme 21A). This results in 

inversion as observed in the reactivity of syn- and anti-fluorinated tetrahydropyranes. 

These mechanistic suggestions also explains the rate order of 1.5 for YbI3(THF)3. 
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Scheme 21. Mechanistic proposal for the C–F bond activation mediated by YbI3(THF)3. MX= YbI3(THF)3. 
MF= YbI2F(THF)3. 

4.2. Making it catalytic (Paper V) 

Reactions performed in stoichiometric amount can potentially be considered for 

development of a catalytic cycle. There is always a need for progress and expansion of 

reliable catalytic methods across the fields of chemistry. Turning a reaction into a catalytic 

process is considered to be both environmentally friendly and cost effective. Under ideal 

conditions, the catalyst is not consumed and should be able to recover from the 

reaction.107 

Catalytic main-group Lewis acid assisted C–F bond activation has been established and 

is accessible due to the potency and high fluoride affinity of the Lewis acids such as Si, B, 

and Al (see section 1.3.2). Addition of a stoichiometric fluoride trapping agent has paved 

the way for regeneration of the active Lewis acid, and thus resulted in noteworthy reports 

on catalytic C–F bond activation methods.18,108 It was speculated that addition of TMSI to 

YbI3(THF)3 would provide a catalytic process of the C–F bond substitution reaction. The 

TMSI would act as a stoichiometric fluoride trapping agent, thus regenerating the active 

YbI3(THF)3 from the inactive YbI2F(THF)3 while simultaneously forming TMSF. 

4.2.1. Tuning of the reactivity  

As a first step, TMSI was added to 1/3 equiv. of YbI3(THF)3 in the presence of 1-

fluorodecane, in CH2Cl2. As mentioned previously in section 4.1, 1/3 equiv. of 

YbI3(THF)3 alone gave only ~30% yield, whereas in the presence of TMSI the reaction 

reached full conversion affording 1-iododecane in 96% GC yield within 8 h. Thus, TMSI 

has an influence on the reaction in this case. The actual effect of TMSI can be questioned 

if it is to reactivate YbI2F(THF)3 or if it plays another role in the reaction. Already in 1981 

Olah et al. reported on the iodination of fluoroalkanes using only TMSI.109 They observed 

that for primary alkyl fluorides the F/I substitution was sluggish, affording incomplete 
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reactions even after heating and extended reaction times. In addition, rearrangement of 

the iodinated products was reported. A blank sample was therefore made, where 

YbI3(THF)3 was excluded, and only TMSI with 1-fluorodecane was stirred at room 

temperature. Analysis made by GC showed almost no conversion after 13 h (Table 3, 

entry 1). 

Table 3. Optimization of the YbI3(THF)3 catalyzed C–F bond substitution of 1-fluorodecane in the presence 
of TMSI.a 

 

Entry 
YbI3(THF)3 

(mol %) 
TMSI (equiv.) t (h) Yield (%)b 

1 0 3 13 2 

2 1 3 13 21 

3 5 3 13 60 

4 10 3 13 95 

5 10 1.5 13 77 

6 10 6 8 95 
a Reaction conditions: 1-fluorodecane (0.04 mmol), CH2Cl2 (0.4 mL). Dodecane was used as internal standard. b Analyzed by GC-
FID. 

 

The reaction conditions were further elaborated by varying the catalyst loading of 

YbI3(THF)3 (entries 2-4). Satisfactory results were obtained when 10 mol % of 

YbI3(THF)3 and 3 equiv. of TMSI were used, affording 1-iododecane in 95% GC yield 

within 13 h (entry 4). Using less TMSI gave lower yield (entry 5), while 6 equiv. TMSI 

gave a shorter reaction time (entry 6). To avoid unnecessary consumption of TMSI, 

optimal reaction conditions were found to be 10 mol % loading of YbI3(THF)3 and 3 

equiv. of TMSI. 
1H and 19F NMR experiments were conducted in order to validate details regarding the 

effect of TMSI, the reaction was slightly modified. 1-Fluoroadamantane was chosen as a 

model substrate and the equivalents were kept in stoichiometric quantity to each other in 

order to directly follow the path of the fluorine by 1H- and 19F-NMR spectroscopy 

(Figure 3A and 4A). 1H and 19F NMR spectra acquired directly after adding 1 equiv. of 
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YbI3(THF)3 to 1 equiv. of 1-fluoroadamantane in CD2Cl2 showed full conversion of 

starting material yielding 1-iodoadamantane (no 19F signal present) and most likely 

forming the paramagnetic “YbI2F(THF)3” in situ (Figure 3B and 4B). Based on previous 

results (see section 4.1), it is know that “YbI2F(THF)3” is inactive and cannot participate 

in C-F bond substitution. Thus, if TMSI was added at this point, an interchange between 

Yb–F and Si–I would be observable due to the formation of Si–F.110 Indeed, when adding 

1 equiv. of TMSI, a new set of signals appeared instantaneously corresponding to TMSF, 

as determined by 1H and 19F NMR spectroscopy (Figure 3C and 4C).  

 

Figure 3. 1H NMR spectra of A: 1-fluoroadamantane in CD2Cl2. B: Instantaneous and quantitative conversion 
of 1-fluoroadamantane to 1-iodoadamantane upon addition of YbI3(THF)3 to A. C: Further addition of TMSI 
reveal instantaneous formation of TMSF. 

 

Figure 4. 19F NMR spectra of A: 1-fluoroadamantane in CD2Cl2. B: No fluorine signal observable due to 
instantaneous and quantitative conversion of 1-fluoroadamantane to 1-iodoadamantane upon addition of 
YbI3(THF)3 to A. C: Further addition of TMSI reveal instantaneous formation of TMSF. 

A 

B 

C 
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These findings confirm that TMSF, formed upon addition of TMSI, appear from 

subtraction of fluorine from the “YbI2F(THF)3” complex. Thus, there is strong evidence 

supporting that TMSI acts as a trapping agent with subsequent regeneration of 

YbI3(THF)3 as a result. Again, with full conversion of TMSI to TMSF, the only iodination 

source present is YbI3(THF)3. So when adding 1-fluoroadamantane once again, full 

conversion of starting material to 1-iodoadamantane occurred. 

Upon analysis of the YbI3(THF)3/TMSI mediated substitution of 1-fluorodecane, a 

small peak was identified. Analysis with GC/MS gave a mass corresponding to 

C7H17IOSi, probably arising from TMSI promoted ring-opening of the THF ligands on 

YbI3(THF)3. This hypothesis was established by 1H NMR spectroscopy. In order to 

subtract information from NMR spectroscopy, the paramagnetic YbI3(THF)3 was 

exchanged to the diamagnetic LaI3(THF)4 (Figure 5A).  

 

Figure 5. 1H NMR spectra of A: THF signals from LaI3(THF)4 in CD2Cl2. B: Spectra obtained 5 min after 
addition of TMSI showing quantitative ring-opening of THF to yield (4-iodobutoxy)trimethylsilane. C: After 
additional 18 h only 1,4-diiodobutane and hexamethyldisiloxane is detected. 

Careful analysis of the 1H NMR spectra acquired after mixing 8 equiv. of TMSI and 1 

equiv. of LaI3(THF)4 in CD2Cl2 showed a new set of signals corresponding to (4-

iodobutoxy)trimethylsilane  (Figure 5B). Thus, Ln(III) acts as a Lewis acid catalyst in the 

THF ring-opening reaction with TMSI. Upon allowing the NMR tube to stand overnight, 

(4-iodobutoxy)trimethylsilane was further substituted to 1,4-diiodobutane and 

hexamethyldisiloxane (Figure 5C). In conclusion, the results strongly suggest that a THF 

free catalytic LaI3 complex is formed in situ over time.111,112,113 
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4.2.2. Stereochemical analysis 

The desolvation of YbI3(THF)3, promoted by TMSI, could potentially afford a different 

reactive specie. To get insight to the mechanism of the reaction, the syn-fluorinated 

tetrahydropyran derivative 68 was again chosen as a model substrate. When subjected to 

YbI3(THF)3 alone, a 1:10 ratio of syn/anti was obtained for the iodinated tetrahydropyran 

derivative, indicative of a SN2-type mechanism (see section 4.3). In contrary, when adding 

syn-68 to YbI3, afforded by premixing 1 equiv. YbI3(THF)3 and 3 equiv. TMSI for 24 h, a 

striking difference in selectivity was observed. The syn-configuration was now slightly 

favored (1.7:1 syn/anti), indicative of a SN1-type mechanism when THF free YbI3 specie 

was applied (Scheme 22, pathway I). Furthermore, to conclude how the THF ligands 

affect the reactivity, deliberative addition of THF to YbI3 was performed, thus enabling 

regeneration of “YbI3(THF)3”. Addition of syn-68 to the reaction mixture, followed by 

stereochemical analysis, revealed that the selectivity was nearly reverted to the original 

ratio (Scheme 22, pathway II, 1:8 syn/anti ratio). 

 

Scheme 22. Study of the stereochemical outcome of the substitution of syn-68 employing YbI3(THF)3 or YbI3. 

As the active catalytic specie, affected by the premix time between YbI3(THF)3 and TMSI, 

has a profound effect on the stereoselectivity, a screening of various premix times was 

implemented in order to establish the stability of the catalytic specie.  Syn-68 was added to 

eight separate tubes with premix times ranging from 1 min to 180 min. Each reaction was 

quenched and the product ratio was analyzed after 30 s. Various initial syn/anti ratios were 

obtained (Figure 6). Shorter premix times resulted in a larger variation of the initial 

stereochemical ratio, whereas the ratio seemed to level out at 180 min premix time, 

possibly due to the formation of a catalyst with a distinct reactivity. 



30 
 

 

Figure 6. Analysis of initial syn/anti ratios from the stereochemical outcome of syn-68 when subjected to 
various premixed solutions of YbI3(THF)3 and TMSI. 

In addition, to further confirm the results obtained above, syn-68 was subjected to 

YbI3(THF)3-TMSI with a premix time of 180 min and followed over the course of the 

reaction. A constant syn/anti ratio (1.6:1) was obtained for the reaction. Thus, different 

reactive catalytic species are generated in an early stage of the reaction as a result of ring 

opening of THF. However, a premix time of 180 min is sufficient to generate a THF free 

catalytic complex with a well-defined reactivity. 

4.2.3. Catalytic cycle 

The following catalytic cycle was proposed (Scheme 23) considering all results presented 

in section 4.2.1. and 4.2.2.  
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Scheme 23. Proposed catalytic cycle for the YbI3(THF)n catalyzed C–F bond substitution in presence of 
TMSI. n= 0-3 THF ligands. 

The initial step of the cycle involves the TMSI assisted ring-opening of the THF ligands 

on the YbI3(THF)3 reagent. This step is clearly supported by NMR studies conducted 

between LaI3(THF)4 and TMSI (Figure 5). Simultaneously as the desolvation proceeds, 

the F/I substitution between an alkyl fluoride and YbI3(THF)n occurs, forming the alkyl 

iodide as product and most likely the inactive “YbI2F(THF)n” in situ. The “YbI2F(THF)n” 

is in turn regenerated to the active YbI3(THF)n in the presence of TMSI. This step has 

been verified by formation of TMSF using 1H and 19F NMR spectroscopy (Figure 3 and 

4). The desolvation process was further supported by studying the stereochemical 

outcome of syn-68 as depicted in Scheme 22 and Figure 6. Thus, the syn/anti ratio varied 

over time as a result of the following ring-opening of THF.  

4.2.4. Application 

Since labile iodinated products are formed from chemically inert fluorides, a one-pot two-

step reaction was designed to show the applicability of the system. 3-Iodopropyl benzene 

was formed in situ via YbI3(THF)3-TMSI mediated substitution of 3-fluoropropyl benzene 

(63). Subsequent addition of different nucleophiles to the reactive iodo-intermediate 

afforded the corresponding products in high to excellent yields (Scheme 24).  
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Scheme 24. Design of a one-pot two-step substitution reaction of 3-fluoropropyl benzene to different 
substituted propyl benzene derivatives using YbI3(THF)3 and TMSI as a key step. 

4.3. Conclusion 

In conclusion, it has been shown that YbI3(THF)3 mediates mild and very fast selective 

iodination of unactivated C(sp3)–F bonds. The method is exceptionally selective towards 

alkyl fluorides in presence of other carbon-halogen bonds. The reagent is compatible with 

a large range of common functional groups due to the unique properties of the lanthanide 

salt. The substitution is proposed to proceed via an SN2 mechanism with a competing SNi 

pathway, the ratio being dependent on the substrate. In addition, a YbI3(THF)3 catalyzed 

C–F bond activation protocol has been developed. It has been shown that upon addition 

of stoichiometric amount of TMSI the active YbI3(THF)3 reagent can be regenerated. The 

YbI3(THF)3 mediated selective iodination of the exceptionally strong C–F bond is 

expected to initiate novel routes in synthetic organic chemistry, as it paves the way for the 

use of fluorine as a small, sterically unhindered protecting group that can easily be 

removed. Also, this strategy may open up new applications and methodologies to be 

explored within C–F bond activation employing lanthanide(III) reagents. In addition, the 

concept of selectively manipulating the strong aliphatic C-F bond can be envisioned to be 

useful as a late stage activation of that specific carbon by transforming it into a reactive C-

I bond.  
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5. Direct amination of aliphatic fluorides (Paper III and IV) 

The efficiency of YbI3(THF)3 mediated iodination of alkyl fluorides presented in chapter 

4 shows an extraordinary potential of lanthanide mediated C–F bond activation. 

However, from a synthetic point of view, it would be of high interest to transform the C–

F bond directly into other functionalities.114,115 Thus, allowing for synthesis of complex 

molecules starting from simple and readily available fluorinated building blocks. 

As described in section 1.3.2., main-group Lewis acid activation of C(sp3)–F bonds has 

paved the way for more complex transformation of alkyl fluorides. In contrast to 

transition-metal mediated C–F bond activation, in which C–H and C–C bond formation 

is dominant, main-group Lewis acid C–F bond activation benefit from the generation of a 

reactive carbenium ion which can be trapped by various nucleophiles. However, main-

group elements suffer from being highly Lewis acidic, thus restricting the usage of 

functionalized alkyl fluorides. Therefore, trivalent lanthanide with various labile 

nucleophilic ligands can serve as potential Lewis acids for mild and selective C(sp3)–F 

bond activation. 

5.1. Reaction optimization (Paper III) 

It was postulated that a C(sp3)–F bond could undergo nucleophilic displacement by an 

amine in presence of a lanthanide Lewis acid. If so, a new protocol of C–N bond 

formation would enable synthesis of valuable amines directly from inert alkyl fluorides. As 

such, the possibility to use e.g. dibutylamine as an external nucleophile in presence of 

stoichiometric amount of YbI3(THF)3 to substitute 1-fluorodecane was examined. Full 

conversion of 1-fluorodecane was obtained, however only 33% yield of product was 

achieved within 24 h (Table 4, entry 14). The rest was converted to 1-iododecane. The 

formation of the 3°-amine is possibly a one-pot two-step reaction as illustrated in Scheme 

24. In pursuing the optimal conditions for amination of aliphatic fluorides, different 

Ln(III)-source with appropriate ligands were considered. During the screening of Ln[X3]-

salts it was found that stoichiometric amount of the homoleptic La[N(SiMe3)2]3 reagent 

was superior in promoting this reaction, yielding full conversion after only 1 h in CH2Cl2 

(Table 4, entry 1). Full conversion was even reached when running the reaction in weakly 

or non-coordinating solvents such as toluene, Et2O, and n-hexane for 1 h (entries 2-4). 

Due to its many TMS groups the complex was fully soluble even in the non-polar solvent 

n-hexane. It was further found that low or no reactivity was achieved in coordinating 

solvents such as THF, MeCN, EtOAc, and EtOH, probably due to competing interaction 

of the solvent with the metal (entries 5-8). By decreasing the concentration the reaction 

rate decreased (entry 9). The reaction was compatible with PA solvents, and even 

stoichiometric amount of H2O could be added, although this affected the reaction rate 

negatively. When utilizing Sm[N(SiMe3)2]3 in CH2Cl2 (entry 10), the substitution reaction 

took twice as long compared to La[N(SiMe3)2]3 (entry 1). This decrease in reactivity could 
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be explained by the size of the Ln3+ ionic radius, where the larger radius (La > Sm) has a 

wider metal coordination sphere.116,117 Thus, implying that C–F bond activation assisted 

by Ln(III) species is not only govern by the Lewis acidity of the metal, but also by the size 

of the cation, and by the sterics of the ligand. The lanthanide salts, Yb(Br)3, Yb(OTf)3, 

and La(OTf)3 did not facilitate the reaction at all (entries 11-13). Suitable reaction 

conditions were found to be 1.1 equiv. of La[N(SiMe3)2]3 and 3 equiv. of amine in 

CH2Cl2. Since hexamethyldisilazane acts only as a ligand and not as a nucleophile (vide 

infra), it is considered a direct amination of the alkyl fluoride and not a one-pot two-step 

reaction. 

Table 4. Optimization of the Ln[X]3 mediated amination of 1-fluorodecane in the presence of dibutylamine.a 

 

Entry Ln[X]3 Solvent c (M) t (h) Conv. of 24 (%)b 

1 La[N(SiMe3)2]3 CH2Cl2 0.18 1 >99 

2 La[N(SiMe3)2]3 Toluene 0.18 1 97 

3 La[N(SiMe3)2]3 Et2O 0.18 1 >99 

4 La[N(SiMe3)2]3 n-hexane 0.18 1 98 

5 La[N(SiMe3)2]3 THF 0.18 1 48 

6 La[N(SiMe3)2]3 MeCN 0.18 1 8 

7 La[N(SiMe3)2]3 EtOAc 0.18 1 no rxnd 

8 La[N(SiMe3)2]3 EtOH 0.18 1 no rxnd 

9 La[N(SiMe3)2]3 CH2Cl2 0.044c 1 49 

10 Sm[N(SiMe3)2]3 CH2Cl2 0.18 2 >99 

11 Yb[Br]3 CH2Cl2 0.18 4 no rxnd 

12 Yb[OTf]3 CH2Cl2 0.18 1 no rxnd 

13 La[OTf]3 CH2Cl2 0.18 1 no rxnd 

14 YbI3(THF)3 CH2Cl2 0.022e 24 33f 

a Reaction conditions: Ln[X]3 (0.044 mmol), 1-fluorodecane (0.040 mmol), dibutylamine (0.12 mmol), solvent (0.25 mL). n-
Dodecane (0.040 mmol) was used as internal standard. b Analyzed by GC-FID. c CH2Cl2 (1 mL). d No change in conversion was 
observed with prolonged reaction time (24 h). e YbI3(THF)3 (0.044 mmol), CH2Cl2 (2 mL). f yield of N,N-dibutyl-decyl amine. 
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5.1.1. Scope of the reaction 

Expanding the scope of the nucleophiles showed that a variety of secondary amines were 

compatible with the reaction conditions, and the corresponding tertiary amines were 

isolated in high to excellent yields (Scheme 25).  

 

Scheme 25. La[N(SiMe3)2]3 promoted substitution of 1-fluorodecane with various secondary nucleophilic 
amines. 

The model reaction between 1-fluorodecane and N,N-dibutylamine was completed within 

1 h and N,N-dibutyl-decyl amine (78) was isolated in 94% yield. Several other secondary 

amines, ranging from simple to more sterically demanding, were all well-suited for the 

substitution reaction (79-85). However, with increasing steric hindrance of the secondary 

amine the reaction progressed slower. This was also further confirmed when testing 

various cyclic amines (86-90). Piperidine yielded N-decylpiperidine in 94% isolated yield 

within 16 h (87), while hexamethyleneimine reached 80% conversion first within 24 h 

(86). The sterically hindered tetramethylpiperidine gave 47% conversion in the 

substitution reaction of 1-fluorodecane within 48 h (90). No reaction occurred with the 

primary butyl amine, or with the smaller cyclic amines pyrrolidine and azetidine. The 

corresponding products (81), (88), and (89) were never observed in this case. An 

immediate precipitation was also observed upon addition of butyl amine, pyrrolidine, and 

azetidine. This is believed to be due to instantaneous protonolysis of the amine and 
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La[N(SiMe3)2]3, leading to an unproductive pathway (section 5.1.2.). Since HN(SiMe3)2 is 

released during the course of the reaction it is particularly important that it does not act as 

a nucleophile, since this would lead to a mixture of products. Fortunately, 

hexamethyldisilazane did not react with the alkyl fluorine under these conditions, and the 

corresponding tertiary amine was never detected. 

The scope of the substitution reaction was further investigated by testing if various 

branched alkyl fluorides are prone to undergo amination under present reaction 

conditions (Scheme 26). 

 

Scheme 26. Studying the reactivity of different branched alkyl fluorides in the La[N(SiMe3)2]3 assisted 
amination. 

Unfortunately, no reaction occurred with the α-branched secondary (53) and tertiary (55) 

alkyl fluorides. As a direct outcome, the SN1-type mechanism could be rejected in this 

case. A β-branched alkyl fluoride (91) underwent substitution, however, after 48 h only 

62% conversion was observed. Meanwhile, full conversion after 1.5 h was observed for a 

γ-branched alkyl fluoride (92), and the corresponding tertiary amine was isolated in 93% 

yield. Consequently, increasing the steric hindrance of the organofluorine resulted in a 

decrease of the reaction rate. In analogy, the same reactivity pattern was observed when 

using sterically demanding amine nucleophiles (vide supra). Thus, the transition state of the 

nucleophilic substitution seems to be govern by steric effects.  

The substitution reaction promoted by La[N(SiMe3)2]3, displayed excellent selectivity 

towards alkyl fluorides in the presence of other alkyl halides (Cl, Br, I). Within 1 h full 

conversion of 1-fluorodecane was reached, leaving 1-chlorodecane completely untouched 

while 1-2% conversion of 1-bromodecane and 1-iododecane occurred (Scheme 27). 

Within 4 h the alkyl halides had started reacting slowly with 1% conversion of 1-

chlorodecane and 5% conversion of 1-bromodecane and 1-iododecane respectively. 

Similar results were obtained running the reaction in n-hexane or toluene. 
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Scheme 27. A chemoselective study of the La[N(SiMe3)2]3 assisted amination of different aliphatic carbon-
halogen bonds. 

A facile way to study the compatibility of the reaction is to separately add various 

substrates containing a common functional group to the reaction mixture. The addition of 

a substrate containing nitril (93), alcohol (94 and 101), ether (95 and 103), ketone (96), 

nitro (102), or amide (97) functionality did not affect the reaction and full conversion of 

1-fluorodecane into N,N-dibutyl-1-decylamine was achieved within less than 2 h (Scheme 

28). Thus, the reaction displays a high degree of chemoselectivity in this case. 

 

Scheme 28. A chemoselective study of the La[N(SiMe3)2]3 assisted amination of 1-fluorodecane upon separate 
addition of various substrates containing common functional groups. 

The same was true for primary amines (98), where only substitution with the secondary 

amine was observed. However, a slight decrease in reaction time was observed, most 

likely due to competing protonolysis of the primary amine and La[N(SiMe3)2]3, thus 

affording an inactive La(III) reagent.  Recent reports by others have demonstrated the 

reactivity of esters and aldehydes with amines in the presence of lanthanum(III) salts.  

Exposing 3-phenyl-1-propyl acetate (100) to the reaction conditions gave full hydrolysis 

of the ester into alcohol and acetylated amine within 30 minutes.118 Parallel to this C-F 
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substitution still occurred at a slightly lower rate than previously.  On the other hand, 

addition of p-tolylaldehyde (99) did not interfere with the substitution reaction, and only 

traces of N,N-dibutyl-p-tolyl-amide was observed.116 

The scope was further expanded to involve functionalized alkyl fluorides. Secondary 

fluorine in vicinal position to primary fluorine (104) repressed the reactivity, and no 

substitution occurred (Scheme 29). The lack of reactivity is probably due to chelation of 

the La(III) to the two fluorines, and as a consequence the activation of the primary C–F 

bond is weakened. When the two fluorines were situated further apart (105), selective 

substitution of the primary fluoride occurred, affording the corresponding tertiary amine 

in 91% yield. 

 

Scheme 29. The La[N(SiMe3)2]3 mediated amination of functionalized alkyl fluorides. 

The substitution was proven to be selective towards C(sp3)–F bonds over C(sp2)–F bonds 

(106) under present reaction conditions. Moreover, an aldehyde containing alkyl fluoride 

(107) underwent selective activation of the C–F bond. However, the temperature needed 

to be slightly increased, which promoted amide formation as reported in the literature.116 

Still, the tertiary amine product could be isolated in 78% yield. Once again exclusive 

selectivity towards the C–F bond over the C–Cl bond was demonstrated when subjecting 

the fluorinated chloroambucil (108) to La[N(SiMe3)2]3 in presence of dibutylamine. The 

chlorines in β-position to the amine did not undergo any substitution.  

5.1.2. Mechanistic investigations 

Some carefully designed experiments were conducted in order to propose an operating 

mechanism for the reaction. As a first step, rate orders were determined using the initial 

rate method for the substitution of 1-fluorodecane. From the initial rate data the 

substitution reaction was found to be overall third order, i.e. first order in La[N(SiMe3)2]3, 

alkyl fluoride, and amine (HNR1R2) respectively, and zero order in HN(SiMe3)2. In 
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addition, the kinetic isotope effect (KIE) was measured exchanging Bu2NH with Bu2ND. 

Both were independently measured to avoid isotopic scrambling. The KIE effect was 

determined to be relatively small (kBu2NH/kBu2ND= 1.03±0.09). This effect indicates 

that the expected nucleophilic attack involved in the TS is not a simple SN2 mechanism. If 

this would be the case, an inverse KIE should be observed (kH/kD ~ 0.5-0.9).119 

According to Seo and Marks, who developed an amidation protocol for esters using 

La[N(SiMe3)2]3 in presence of amines, the homoleptic La[N(SiMe3)2]3 undergoes 

instantaneous protonolysis with secondary amines to afford “La[N(SiMe3)2]x[NR1R2]y” 

and free hexamethyldisilazane in C6D6.116 Accordingly, it was believed that such a specie 

was responsible for the C–F bond activation in this specific case. However, careful 

analysis after mixing 1 equiv. of La[N(SiMe3)2]3 with 3 equiv. of Bu2NH in CD2Cl2, a 

slightly broaden quartet was observable at δ 2.57 (J = 7.0 Hz), corresponding to the -CH2-

NH-CH2- fragment (Figure 7A).  

 

Figure 7. 1H NMR monitoring of the F to N substitution reaction mediated by the lanthanum amides 
La[N(SiMe3)2]3 and La[NBu2)3. A: Spectra recorded immediately upon addition of Bu2NH to La[N(SiMe3)2]3 in 
CD2Cl2 (showing the -CH2-NH-CH2- fragment of the amine). B: Addition of 1-fluorodecane to A revealed a 
fast substitution reaction into N,N-dibutyldecan-1-amine after only 1 min (showing only the important 
fragments). C: When A was allowed to equilibrate for 24 h La[NBu2]3 was obtained. Addition of 1-flurodecane 
showed almost no substitution after 30 min. D: Prior addition of Bu2NH to La[NBu2]3 followed by 1-
flurodecane showed no enchantment on the substitution reaction after 30 min.  

The shift is nearly identical to that of free Bu2NH. However, free Bu2NH displays a triplet 

in CD2Cl2, so the quartet which arises from mixing La[N(SiMe3)2]3 and Bu2NH in CD2Cl2 

is believed to appear due to scalar coupling to the acidic -NH- proton. This occurrence is 

only observed for solutions containing La[N(SiMe3)2]3. However, the broadening of this 

peak indicates the presence of a dynamic process, suggested to be the Bu2NH exchange 
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between its free and its La[N(SiMe3)2]3--HNBu2 coordinated form. The shifts are almost 

independent of the La/amine ratio and since the shifts of the quartet and the triplet are 

nearly identical, the equilibrium is mainly driven towards the free amine. In addition, the 
1H NMR revealed only a very weak signal from the methyl groups of released 

HN(SiMe3)2, altogether showing that protonolysis is not instantaneous with Bu2NH in 

CD2Cl2. When dibutylamine and La[N(SiMe3)2]3 were allowed to equilibrate for 24 h, a 

new signal appeared at δ 2.43 (a triplet, J = 7.0 Hz) (Figure 7C) in addition to that of 

HN(SiMe3)2 at δ 0.07. Clearly, this slow transformation, observed in CD2Cl2, corresponds 

to the protonolysis reported by Seo and Marks, which yields La(NBu2)3.116 No re-

formation of La[N(SiMe3)2]3 was observed, even upon addition of large excess of 

HN(SiMe3)2 to this mixture, demonstrating that the protonolysis is apparently irreversible. 

Furthermore, the F to N substitution reaction was followed by 1H NMR and recorded 

after 1 min when adding 3 equiv. of dibutylamine to a sample containing 1-fluorodecane 

(1 equiv.) and La[N(SiMe3)2]3 (1 equiv.) (Figure 7B). The broad quartet at δ 2.57 was 

found to decrease over time, simultaneously with the appearance of a new peak at 2.35, 

assigned to a fragment of the product N,N-dibutyldecan-1-amine (78). However, when 

utilizing La(NBu2)3 formed in situ, the F to N substitution was much slower, and almost 

no conversion occurred within 30 min (Figure 7C). Slow substitution was also observed 

upon further addition of dibutylamine (3 equiv.) to La(NBu2)3 (Figure 7D). The 1H NMR 

spectra of this mixture similarly displays a broad signal at δ 2.58 from dibutylamine. 1H 

NMR experiment conducted with diisopropylamine gave matching results. In addition, 

since the La[N(SiMe3)2]3 is diamagnetic, we speculated that the La--F interaction could be 

observed by NMR spectroscopy. If such an interaction was present, a 1H NMR 

experiment would reveal a shift of the protons in α-position to fluorine (R-CH2-F) or 

fluorine shift in 19F NMR. Titration of 1-fluorodecane into a NMR tube containing 

La[N(SiMe3)2]3 was conducted. 1H and 19F NMR were recorded, however, the shift was 

independent of the La:F ratio (5:1-15), implying no or only a very weak La--F interaction. 

All results taken together support the mechanistic proposal depicted in Scheme 30. 

 

Scheme 30. Proposed mechanism for the La[N(SiMe3)2]3 mediated amination of an alkyl fluoride. 
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A secondary amine (HNR1R2), or a primary, which is prone to undergo protonolysis with 

La[N(SiMe3)2]3 affords the corresponding La(NR1R2)3 complex over time (Figure 7). The 

faster the protonolysis is, the slower the substitution proceeds, thus, affording an 

unproductive pathway I incapable of C–F bond activation (Scheme 30). In contrast, slow 

protonolysis affords a pre-complexed specie between (HNR1R2) and La[N(SiMe3)2]3, 

which upon addition of an alkyl fluoride is believed to form a concerted transition state 

(pathway II). This is supported by initial rate data which revealed that all three 

components are present in the rate determining step. The reaction being concentration 

and steric-dependent is also consistent with a concerted transition state (Scheme 25 and 

26). If a more classical SN2-type mechanism would be operating, an inverse KIE effect 

would have been observed.  

5.2. Instantaneous C-F bond activation of β-amino fluorides (Paper IV) 

It is well established that good leaving groups in β-position to amines readily undergo 

intramolecular substitution to form aziridinium ions.120,121,122 In contrast to other β-

haloamines, β-fluoroamines have been shown to be almost inert towards this type of 

transformations.123 During the progress and development of the La[N(SiMe3)2]3/Bu2NH 

promoted substitution of primary alkyl fluorides, fascinating reactivity was observed when 

subjecting a β-amino fluoride (109) to the present reaction conditions (Scheme 31).  

 

Scheme 31. Instantaneous F/N substitution of an β-fluoro amine when employing La[N(SiMe3)2]3 as a Lewis 
acid. 

As determined by GC/MS, an immediate substitution to the diamine product (110) was 

observed, possibly indicating a neighboring group participation of the 3°-amine which in 

combination with the fluorophilic La(III) lowers the activation barrier for C(sp3)–F bond 

substitution. This substitution is closely related to the direct amination presented in 

section 5.1., however the reactivity is unique and the mechanism is believed to procced 

via an aziridinium ion. As such, the concept was further elaborated and expanded. 

5.2.1. Aziridinium ion formation 

To confirm the formation of the aziridinium ion, a 1H NMR experiment was performed 

where N-benzyl-N-methyl-2-fluoroethylamine (112) was added to the diamagnetic 

La[N(SiMe3)2]3 in CD2Cl2 (Figure 8A).  
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Figure 8. A 1H NMR overview of the β-amino fluoride substitution mediated by La[N(SiMe3)2]3 in CD2Cl2. A: 
N-benzyl-N-methyl-2-fluoroethylamine. B: Aziridinium ion intermediate formed by mixing N-benzyl-N-
methyl-2-fluoroethylamine with La[N(SiMe3)2]3 (1:1). C: Formation of N1-benzyl-N2,N2-dibutyl-N1-
methylethane-1,2-diamine upon ring-opening of the aziridinium ion with Bu2NH. 

Direct measurements of the sample revealed a larger downfield shift of approximately 0.9 

ppm for the Ph–CH2–N– and 0.8 ppm for the –N–CH3 protons, simultaneously with an 

upfield shift of 1.1 ppm for the –CH2–F protons, clearly indicating an instantaneous C–F 

bond cleavage and subsequent formation of the aziridinium ion (Figure 8B).124,125 

Furthermore, the charged intermediate underwent immediate ring-opening upon addition 

of Bu2NH, affording the β-substituted amine product (116) after work-up (Figure 8C). 

5.2.2. Neighboring group effect 

A screening of various neighboring groups in β-position to fluorine was performed to test 

whether the reactivity is affected by the type of heteroatom. Since carbon is not assisting 

in the substitution of fluoride, this substrate was used as a reference (111) (Table 5, entry 

1). A reaction time of 60 min was necessary to reach full conversion and the 

corresponding diamine product (115) was isolated in 93% yield. Replacing the carbon for 

nitrogen (112) or sulphur (113) gave a remarkable increase in the reaction rate, clearly 

showing a neighboring group effect (entries 2-3). Changing to oxygen (114) did not give 

any significant enhancement, the reaction still required 60 min to reach completion. An 

amide was also investigated as a neighboring group participant, however the substrate 

degraded under present reaction conditions. 
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Table 5. The effect of different β-fluoro heteroatom assisted C–F bond substitution.a 

 

entry X t (min) Yield (%)b 

1 CH2 (111) 60 93 (115) 

2 NMe (112)c 1 93 (116) 

3 S (113)d 1 87 (117) 

4 O (114)d 60 89 (118) 
a Reaction conditions: La[N(SiMe3)2]3 (0.176 mmol), CH2Cl2 (1.0 mL), Bu2NH (0.176 mmol), substrate (1.0 M in CH2Cl2, 0.160 
mmol). b isolated yields are reported. c 95% conversion within 10 s measured by GC. d Bu2NH (0.48 mmol). 

Furthermore, the distance between the neighboring group and the fluorine was also 

increased to test how the reactivity was affected. As such, a relative rate study of the ring 

formation of each charged intermediate was estimated based on their respective half-life-

times (t½) (Table 6). 

Table 6. Studying the effect of the ring formation by varying the distance between the chelating nitrogen and 
the fluoride.a 

 

entry n t½ (s)b 

1 1 (112) ~4 

2 2 (119) ~30 

3 3 (120) <<1 

4 4 (121) ~1 

5 5 (122) 240 
a Reaction conditions: La[N(SiMe3)2]3 (0.044 mmol), CH2Cl2 (0.25 mL), substrate (1.0 M in CH2Cl2, 0.040 mmol). n-Dodecane 
(0.040 mmol) was added to the reaction as internal standard. b Analyzed by GC. 

For the β-amino fluoride (112) and the formation of the aziridinium ion, a t½ of 4 s was 

observed (Table 6, entry 1). With the fluorine in γ-position (119), a t½ of approximately 30 

s was observed for the formation of the corresponding azetidinium ion (entry 2).124 The 
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5- and 6-exo-tet ring formations were extremely fast, with t½ <<1 s and t½ 1 s 

respectively (entries 3-4), while the 7-exo-tet ring formation was observed at a lower rate 

(entry 5). 5-, 6-, and 7-membered rings form stable quaternary amines. Neither of the 

charged intermediates showed any reactivity towards the nucleophilic amine even with 

prolonged reaction time (24 h). 

5.2.3. Expanding the usage of nucleophiles 

It should be noted that aziridinium ions can be obtained via two main pathways, i.e. 

through N-functionalization of neutral non-activated aziridines or trough intramolecular 

nucleophilic substitution of the 3°-amines bearing a leaving group at the β-position.120,122 

Since the activated aziridinium ions are formed in situ, an interesting aspect would be to 

add different nucleophiles which allows for subsequent ring-opening to afford various β-

substituted amines (Scheme 32). Complementary to dibutylamine as a nucleophilic source, 

the heterocyclic morpholine underwent clean ring-opening of the aziridnium ion within 1 

min affording the corresponding diamine (123) in 93% yield. Even the heteroaromatic 

imidazole, gave facile ring-opening and 124 was obtained in 81% yield. The nucleophilic 

amide phthalimide was incorporated, affording 134 in 78% isolated yield. Thiol and 

alcohol as nucleophiles gave the corresponding thioether (125) and ether (126) in high to 

excellent yields within 5 min. In a similar fashion 2-hydroxypyridine, which potentially can 

react in both its tautomeric forms, only yielded the ether product (129). With water as 

nucleophile either the β-hydroxy amine (127) or the tridentate ether ligand (128) was 

obtained in high to moderate yields, with the outcome being dependent on the amount of 

water added as well as the reaction time.  
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Scheme 32. Ring-opening of in situ generated aziridinium ions by various nucleophiles. 

With the benefits of forming a reactive aziridinium ion in situ, it was even possible to 

achieve C-C bond formation upon addition of MeMgCl, TMS-CN, or 

ethynyltrimethylsilane, all isolated in high yields (130, 131, and 133). Noteworthy, in the 

case of 133 the TMS group is not cleaved of. A halogen exchange was possible by utilizing 

TMS-Cl as nucleophile, and the corresponding β-chloro amine (132) was obtained within 

1 min in high yield. 132 was subjected to the same conditions as 112 (Table 5, entry 2), 
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and only 10% conversion into product was observed within 1 min, showing a higher 

affinity of the La[N(SiMe3)2]3 reagent towards fluoride under these conditions. 

The synthetic versatility was further elaborated by examining other β-amino alkyl 

fluorides. As described in the literature, the azetidinium ion is less prone to undergo ring-

opening then the corresponding aziridinium ion.124 As such, the nucleophilic substitution 

of γ-fluoro amine 119 was a bit slower and full conversion into 135 was achieved after 180 

min (Scheme 33).  

 

Scheme 33. La[N(SiMe3)2]3 mediated C–F bond substitution of various neighboring group assisted alkyl 
fluorides.  

Notably, assistance from amines in β-position to a secondary alkyl fluoride (136 and 138) 

allowed for fluorine to easily be cleaved within 5 minutes. The corresponding diamines 

were isolated in high yield (137 and 139). Since secondary alkyl fluorides in β-position to 
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an amine can generate non-symmetric aziridinium ions, different isomeric products can 

be obtained in the nucleophilic ring opening as a consequence. In the examples displayed 

herein, 139 was obtained in high regioselectivity. Thus, the substitution predominantly 

occurs on the unsubstituted carbon of the corresponding aziridinium ion intermediate, 

being consistent with that reported in the literature.120,124 Furthermore, even vicinal 

fluorides (144 yielding 145) were substituted with the assistance of a neighboring group. 

Of the two possible charged intermediates, the substitution preferably proceeds via 

formation of two aziridinium ions. Allylbenzylamine (140) and N-

[(trimethylsilyl)methyl]benzylamine (142), which both are capable of rearrangement, 

yielded the corresponding diamines (141 and 143 respectively) within 5 min, indicating an 

extremely fast and selective activation and substitution of the β-alkyl fluoride. Compound 

146, with a trifluoromethyl group in the α-position, was unreactive under present reaction 

conditions, resulting from a shorter and stronger C-F bond as more fluorines are added to 

the carbon (Figure 9). Neither did substitution of the secondary fluoride in 147 occur, 

once again showing the lack of neighboring group assistance from the oxygen (Figure 9). 

 

Figure 9.  Non-reactive β-heteroatom fluorides in the La[N(SiMe3)2]3 mediated C–F bond substitution. 

Literature reports propose that the intramolecular nucleophilic substitution of amines 

bearing a leaving group at the β-position with a subsequent ring-opening of the 

corresponding aziridinium ion proceeds via two SN2 reactions. 120,122,123 Accordingly, 

double inversion of anti-148 afforded anti-149, while syn-150 did not react at all (Scheme 

34). 

 

Scheme 34. Stereochemical analysis of the La[N(SiMe3)2]3 mediated aziridinium ion formation and subsequent 
ring-opening. 
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5.3. Conclusion 

In summary, a facile and novel protocol for direct aliphatic C-F to C-N substitution 

utilizing La[N(SiMe3)2]3 in presence of various nucleophilic amines has been developed. 

The substitution shows excellent selectivity towards the primary alkyl fluorides compared 

to other aliphatic carbon-halogen bonds, and various functionalized primary fluorinated 

compounds are compatible with the reaction conditions. A concerted transition state is 

proposed based on steric effects, initial rate studies, KIE, and 1H NMR spectroscopy. In 

addition, the F to N substitution senses a competing protonolysis pathway between the 

amine and the La[N(SiMe3)2]3. Thus, the faster the protonolysis is the slower the 

substitution proceeds. The utilization of La[N(SiMe3)2]3 was further extended into 

substrates containing a nitrogen as a chelating groups in β-position to fluoride. The β-

amino fluorides underwent mild and instantaneous substitution into various 

functionalized amines. The transformation relies on the formation of an aziridinium ion 

which is subsequently ring-opened by a nucleophile. 1H NMR spectroscopy confirmed 

double inversion of a cyclic diastereomerically pure β-amino fluoride, leading to retention 

of configuration. 
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6. Concluding remarks and future outlook 

This thesis describes the development of facile and mild C–F bond activation procedures 

with the use of lanthanides. This novel methodology revolves around a stoichiometric 

protocol which was also turned into a catalytic process. The different lanthanides possess 

exclusive selectivity towards functionalized alkyl fluorides. Carefully designed experiments 

have been evaluated to obtain new mechanistic insights regarding the C–F bond 

substitution. It has been shown that the reaction pattern clearly depends on the 

lanthanide(III) cation and its surroundings. Most importantly, the methodology developed 

and presented in this thesis allows for introduction of fluorine as an inert protecting 

group, which now easily can be cleaved and transformed into versatile non fluorinated 

compounds using the described protocols. 

To continue the progression of lanthanide mediated C–F bond activation and 

subsequent functionalization the following aspects should be considered: 

 Elaborate and introduce new labile nucleophilic ligands on the Ln(III) cations 

to further expand the synthetic utility. 

 

 Improve and expand the catalytic process regarding Ln(III) promoted C–F 

bond activation by testing different fluoride-trapping agents. 

 

 An interesting, and potentially promising approach, would be the use of chiral 

ligands in combination with labile nucleophilic ligands to introduce asymmetric 

functionalization of fluorinated compounds.  

 

 An appealing task, which is in progress, is the use of Sm(HMDS)2 in n-hexane 

as a radical induced protocol for development of fluorinating reactions. 
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