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Abstract 

The dissertation work that is summarized in this thesis describes novel 

syntheses of organofluorine compounds with a broad coverage of different 

fluorine-containing motifs. 

Chapter 2.1 covers works on the exploration of new trifluoromethylthiolating 

reactions of diazocarbonyl compounds. A rhodium-catalyzed oxy-

trifluoromethylthiolation reaction enabled the synthesis of densely 

functionalized carbonyl compounds. Different oxygen nucleophiles, for 

instance alcohols, ethers and acetals underwent this transformation.  

A zinc triflimide mediated three-component reaction established an arylation-

trifluoromethylthiolation of diazocarbonyl compounds. In situ generation of 

triarylboranes was rendered most effective for the arylation event. Both 

procedures made use of the high reactivity of a recently developed 

electrophilic trifluoromethylthiolating reagent. 

The second chapter (2.2) is dedicated to the late-stage construction of 

trifluoromethyl motifs. By means of halide exchange, nucleophilic fluoride 

from a copper(I)-complex could be used to exchange bromide with fluoride in 

the -position to carbonyl groups as well as in benzylic positions.  

The third chapter (2.3) covers the development of an enantioselective 

fluorocyclization reaction. In situ generated aryliodine(III)-fluoride species 

were used as organocatalysts. Through this oxidative olefin 

difunctionalization reaction, quaternary C-F stereogenic centers could be 

constructed with high enantiomeric excesses. DFT calculations enabled 

deeper understanding of the mechanism and the origin of stereoselectivity.  
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COX       Cyclooxygenase 

Cyp       Cyclopentyl 

diCy-18-crown-6 2,3,11,12-Dicyclohexano-1,4,7,10,13,16-

hexaoxacyclooctadecane 

DBU       1,8-Diazabicyclo[5.4.0]undec-7-ene 

DBN       1,5-Diazabicyclo[4.3.0]non-5-ene 

EDA       Ethyl diazoacetate 

EDG       Electron donating group 

EWG       Electron withdrawing group 

HF-py / (HF)xpy   Pyridine-hydrofluoric acid complex (Olah’s reagent) 

K222 4,7,13,16,21,24-Hexaoxa-1,10-

diazabicyclo[8.8.8]hexacosane 

MeCN      Acetonitrile 

ms       Molecular sieves 

MTBD      7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene 

NFSI       N-Fluorobenzenesulfonimide 

NMP       1-Methylpyrrolidin-2-one 

RT       Room temperature 

SFC       Supercritical-fluid chromatography 

SSRI       Selective serotonin reuptake inhibitor 

TBAF      Tetrabutylammonium fluoride 
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TC       Thiophene-2-carboxylate 

Tf        Trifluoromethylsulfonyl 

 

 

 

 

 

 

 

 

 

 

 

 

 
§The ACS Style Guide, American Chemical Society, Oxford University Press, New York 2006 



iv 

 

Contents 

Abstract ....................................................................................................................... i 

List of publications ................................................................................................... ii 

Abbreviations ........................................................................................................... iii 

Contents .................................................................................................................... iv 

1 Introduction .............................................................................................. 1 
1.1 Preparation of trifluoromethylthioethers .................................................................. 2 

1.1.1 Reactions for the introduction of SCF3 groups ............................................... 3 
1.1.2 Direct trifluoromethylthiolation ........................................................................ 4 

 1.1.2.1   Trifluoromethylthiolating reagents ....................................................... 4 
 1.1.2.2   Transition metal-catalyzed cross-couplings for SCF3 introduction ....... 5 
 1.1.2.3   C-H trifluoromethylthiolation based on radical reactions ..................... 5 
 1.1.2.4   Electrophilic C-H trifluoromethylthiolation ........................................... 6 

1.1.3 Diazo compounds as precursors for trifluoromethylthioethers........................ 7 
 1.1.3.1   Reactivity of diazo compounds ........................................................... 7 
 1.1.3.2   Trifluoromethylthiolation of diazo compounds ..................................... 8 

1.2 Strategies for the late-stage introduction of trifluoromethyl groups ....................... 10 
1.2.1 Trifluoromethylating reagents ...................................................................... 10 
1.2.2 18F-labelled trifluoromethyl groups ............................................................... 11 

1.3 Asymmetric, organocatalytic fluorination reactions ............................................... 12 
1.3.1 Electrophilic fluorine in fluorocyclization reactions ....................................... 13 
1.3.2  Fluorination- and fluorocyclization reactions mediated by iodine(III) 

compounds .................................................................................................. 14 
 1.3.2.1   Research background ....................................................................... 14 
 1.3.2.2   Organocatalyst design ...................................................................... 16 
 1.3.2.3   Recent developments in iodine(III)-catalyzed asymmetric fluorination 

reactions ......................................................................................................... 17 
1.4 Aims of this thesis ................................................................................................. 19 

2 Results and Discussion .................................................................... 20 
2.1 Bifunctionalization based trifluoromethylthiolation of diazocarbonyl compounds 

(Paper I and II) ....................................................................................................... 20 
2.1.1 Rhodium-catalyzed oxytrifluoromethylthiolation (Paper I) ............................ 20 

 2.1.1.1   Reaction development and optimization of the reaction conditions ... 21 
 2.1.1.2   Scope of the rhodium-catalyzed oxytrifluoromethylthiolation............. 23 
 2.1.1.3   Reaction mechanism of the oxytrifluoromethylthiolation ................... 28 
 2.1.1.4   Conclusion ........................................................................................ 30 

2.1.2  Trifluoromethylthiolation-arylation of diazocarbonyl compounds in a modified 

Hooz multicomponent reaction (Paper II) ..................................................... 30 
 2.1.2.1   Hooz multicomponent reaction ......................................................... 30 



v 

 

 2.1.2.2   Reaction development and optimization ........................................... 31 
 2.1.2.3   Scope of the arylation reaction ......................................................... 34 
 2.1.2.4   Mechanistic investigation and proposal of a reaction mechanism ..... 38 
 2.1.2.5   Conclusion ........................................................................................ 40 

2.2 Late-stage synthesis of trifluoroacetates, trifluoroacetamides and benzotrifluorides 

by a nucleophilic fluorination protocol (Paper III) ................................................... 41 
2.2.1 Reaction development ................................................................................. 41 
2.2.2 Scope of the reaction ................................................................................... 42 

 2.2.2.1   Synthesis of trifluoroacetates and trifluoromethyl ketones ................ 42 
 2.2.2.2   Scope of trifluoroacetamides ............................................................ 44 
 2.2.2.3   Synthesis of benzotrifluorides ........................................................... 46 

2.2.3 Conclusion ................................................................................................... 47 
2.3 Asymmetric fluorocyclization for the construction of C-F quaternary centers 

(Paper IV) .............................................................................................................. 48 
2.3.1 Introduction .................................................................................................. 48 
2.3.2 Reaction development ................................................................................. 48 
2.3.3 Scope of the reaction ................................................................................... 50 
2.3.4 Proposal of a reaction mechanism and origin of stereoselectivity supported by 

DFT modelling ............................................................................................. 55 
2.3.5 Conclusion ................................................................................................... 57 

3 Concluding remarks .......................................................................... 58 

4 Sammanfattning på Svenska ............................................................ 59 

Appendix A: Contribution list ................................................................................. 60 

Appendix B: Reprint permissions .......................................................................... 61 

Acknowledgement ................................................................................................... 62 

References ............................................................................................................... 64 

 

 





1 

1 Introduction 

The most abundant halogen in the earth crust is fluorine1 (as fluoride) but 

in contrast to its heavier analogs chlorine, bromine and iodine, hardly any 

carbon-fluorine bond containing natural compounds have been discovered.2 

The low solubility of abundant fluoride salts, for instance CaF2 and Na3AlF6, 

the immense oxidation potential of fluoride and low nucleophilicity of F- 

anions in aqueous (physiological) environment make enzymatic C-F bond 

formation almost impossible.2a, 3 On the other hand, once formed, C-F bonds 

are very strong,4 rendering them as tough substrates for enzymatic 

metabolism. Hence, pharmaceuticals and agrochemicals that need to have an 

increased lifetime in the body or in the soil, respectively, often contain fluorine 

atoms.5 Besides the enhancement of metabolic stability, fluorine atoms are 

introduced to alter lipophilicity and conformation of organic molecules. While 

aromatic fluorination increases the overall lipophilicity, aliphatic fluorination 

can result in significantly raised hydrophilicity.6 Alkyl fluorides in -position 

to other electronegative elements, for instance halogens, oxygen, nitrogen and 

sulfur, enforce a gauche conformation. This unique occurrence is known by 

the term fluorine gauche effect (Figure 1).7 The dihedral angle between 

fluorine and the heteroatom will preferably be close to 60 º in order to achieve 

a stabilizing orbital overlap (C-H with *C-F)7a, 8 or an increased polarization 

of neighboring carbon atoms.9 The fluorine gauche effect is relevant for the 

structural design of pharmacologically active compounds,3b, 10 as well as for 

conformational control in catalysis.11  

 

Figure 1. The fluorine gauche  effect.  

Beyond drug development, fluorine plays an important role in medicinal 

diagnostics, namely by the artificial isotope 18F as a privileged radionuclide 

for positron emission tomography (PET).12 PET is a non-invasive 

methodology for in vivo imaging and therefore very gentle on the patient. 

However, the synthesis of 18F-labelled molecules (PET tracers) is challenging. 

On one hand, there is a time constraint due to the radioactive decay of 18F 

(t1/2 = 109.7 min). Thus, a radiofluorination event should take place at the very 
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end of the PET tracer synthesis. On the other hand, the extremely low 

concentrations of 18F that radiochemists work with, make established 19F-

fluorination reactions often unsuitable.  

Apart from C-F single bonds, several functional groups with accumulated 

fluorine content, e.g. CF3 groups as the simplest perfluoroalkyl motif, OCF3 

groups and various sulfur-linked fluoroalkyl functionalities, play an important 

role in medicinal chemistry.13 While the CF3 group is most abundant due to its 

stability and electron withdrawing power, trifluoromethylthiolation, the 

introduction of SCF3 groups into organic molecules, received increasing 

attention over the past decade.13-14 The SCF3 group has the unique features of 

being extraordinarily lipophilic and as electron withdrawing as the CF3 group 

when attached to aromatic systems (Table 1).15  

Table 1. Hansch-lipophilicity parameters   and Hammett m/ p  values for 
linked trif luoromethyl functionalit ies  attached to arenes.  

 

1.1 Preparation of trifluoromethylthioethers 

The amount of trifluoromethylthiolated compounds among marketed 

pharmaceuticals, pesticides and crop protecting agents is still very limited 

(examples in Figure 2). The majority of the synthetic methods that are 

presented in the following chapter has been developed very recently.13, 14f In 

addition to the novelty, upscaling for commercial purposes is in many cases 

restricted by low atom economy and expensive reagents. 

 

Figure 2. Examples of pharmacologically relevant trif luoromethylthio 
compounds.  

Trifluoromethylthio groups can be introduced to organic substrates in several 

ways, either indirectly, pursuing the construction of the SCF3 motif during the 

reaction or by SCF3 transfer reagents that already carry this functionality and 

can efficiently transfer it.13  
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1.1.1 Reactions for the introduction of SCF3 groups 

Electrophilic trifluoromethylating reagents, for instance Togni’s reagent 1 

provide access to direct trifluoromethylation of thiols.14c Togni and co-

workers were able to synthesize trifluoromethylthioethers in excellent yields 

using remarkably mild reaction conditions,16 for example SCF3 analog 3 from 

L-cysteine ethyl ester 2 (Scheme 1). 

 

Scheme 1. Trifluoromethylation of thiol  2  using Togni’s reagent 1.16 

A more complex approach based on the in situ generation of an SCF3 

nucleophile was described by Xiao and Liang (Scheme 2).17 To achieve the 

nucleophilic substitution at benzyl bromide 4, phosphonium ylide 5 was 

thermally decomposed to generate difluorocarbene 9. Subsequent reaction 

with sulfur (6) resulted in thiocarbonyl fluoride (10) formation. Together with 

CsF (7), it was converted into CsSCF3 (11), the actual reagent for the 

nucleophilic substitution.18 Despite the complexity of this methodology, the 

obtained yields were excellent (compound 8, quantitative). 

 

Scheme 2. Nucleophilic substitution with in situ generated CsSCF 3 (11).  

It is worth mentioning that the latter strategy allowed for the synthesis of 18F-

labelled products when CsF (11) was substituted by [18F]TBAF.18 

Alternatively, a SCF2Br functionality can be synthesized first and then a 

halide exchange (halex) reaction with fluoride can be carried out. This process 

has been investigated by Gouverneur and co-workers.19 In the example shown 

in Scheme 3, thiophenol 12 was deprotonated and underwent nucleophilic 

substitution with CF2Br2 to yield bromodifluoromethyl sulfide 13. The 

subsequent halex fluorination with AgBF4 resulted in formation of 

trifluoromethylthiolate 14 in very high yield. 
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Scheme 3. Halex sequence towards SCF3 arene 14.  

Based on the halex process, an 18F-labelling reaction was established by 

replacing AgBF4 with AgOTf and [18F]KF.19 

1.1.2 Direct trifluoromethylthiolation 

1.1.2.1 Trifluoromethylthiolating reagents 

The introduction of entire SCF3 groups can be achieved from nucleophilic 

and electrophilic SCF3 transfer reagents (Figure 3). Besides ionic pathways, 

SCF3 radicals can be obtained from both, SCF3 electrophiles and SCF3 

nucleophiles. Widely used SCF3 nucleophiles are for example AgSCF3 (15) 

and [Me4N]SCF3 (16). However, more efforts have been dedicated to the 

development of electrophilic SCF3 transfer reagents.20 Older and traditionally 

used reagents 17 and 18 are potent SCF3 electrophiles but due to their high 

toxicity, they are usually generated and used in situ. Safer to handle and stable 

are oxygen- or nitrogen-based reagents 19 and 21-25 (Figure 3). Their ability 

to transfer a SCF3 cation correlates with the stability of the corresponding 

anionic carrier.20b, c, 21 Hence, the sulfonimide based reagent 25 is the strongest 

SCF3 cation donor among the here listed reagents since the corresponding 

sulfonimide anion is highly stabilized.22 Notably, while reagent 19 was 

originally reported as iodine(III)-reagent with an I-SCF3 bonding 

arrangement, the structure had to be revised to an O-SCF3 bond.23  

 

Figure 3. Commonly used  trifluoromethylthiolating reagents.  
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The I-SCF3 arrangement in 19 might exist but it is probably not kinetically 

stable. Very recently, Zhang and co-workers reported the first structurally 

characterized iodine(III)-based SCF3 reagent 20, including a crystal structure 

and application reactions.24  

In the following section, common strategies for direct SCF3 introduction 

are discussed.  

1.1.2.2 Transition metal-catalyzed cross-couplings for SCF3 

introduction 

Pioneering work by the research groups of Buchwald and Schoenebeck has 

made trifluoromethylthiolative cross-coupling chemistry available, usually 

conducted under palladium- or nickel-catalysis.25 In the following example by 

Buchwald and co-workers,25a aryl bromide 26 underwent oxidative addition 

to an in situ generated Pd(0)-catalyst, followed by SCF3 transmetallation from 

the nucleophilic SCF3 source 15. Final reductive elimination furnished the 

trifluoromethylthiolated arene 27 (Scheme 4).  

 

Scheme 4. Pd-catalyzed cross -coupling of aryl  bromides with SCF 3 
nucleophile  15 .  

Pd-SCF3 intermediates have been isolated and characterized by Schoenebeck 

and co-workers to gain additional mechanistic support for the SCF3 

transmetallation to Pd.25c 

1.1.2.3 C-H trifluoromethylthiolation based on radical reactions 

A versatile, direct C-H functionalization reaction by Liu and Chen enabled 

alkane trifluoromethylthiolation (Scheme 5).26 Potassium peroxodisulfate 

possibly oxidized AgSCF3 (15) to a Ag(II)-species or to SCF3 radicals which 

underwent a radical chain reaction with cycloalkane 28. Radical 

recombination resulted in the formation of product 29 in high yield. In cases 

of non-symmetrical alkanes, the product ratios are dependent on the relative 

stability of radical intermediates.  

 

Scheme 5. Oxidative C-H trifluoromethylthiolation by Liu and Chen .26 
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Glorius and co-workers showed in a remarkable way how radical stability 

can be exploited to achieve excellent regioselectivity with the help of 

photocatalysis (Scheme 6).27 Under very mild reaction conditions, substrate 

30 reacted to 31 with a selectivity of H'' over H' > 19:1 despite both hydrogen 

atoms being attached to tertiary carbon centers.  

 

Scheme 6. Regioselective C-H trifluoromethylthiolation under photo -
catalysis.  

1.1.2.4 Electrophilic C-H trifluoromethylthiolation  

A protocol for very fast alkyne trifluoromethylthiolation was reported by 

Billard and co-workers.28 Terminal alkynes, e.g. cyclohexyl acetylene 32 

could be deprotonated by LiHMDS or nBuLi and the resulting acetylide 

reacted with  electrophile 21 to form SCF3 alkyne 33 (Scheme 7). The reaction 

could be conducted with substoichiometric amounts of LiHMDS due to the 

formation of an internal base, the amide counterion of reagent 21. 

 

Scheme 7. Base-catalyzed trifluoromethylthiolation of terminal alkynes.  

The development of highly reactive trifluoromethylthiolating reagents by Lu 

and Shen allowed for direct trifluoromethylthiolation reactions that were not 

feasible before.20a, 22 For example, mesitylene (34) underwent electrophilic 

aromatic substitution to trifluoromethylthiomesitylene 35 when reagent 25 

was employed together with triflic acid (Scheme 8).  

 

Scheme 8. Brønsted acid mediated electrophilic aromatic trifluoro -
methylthiolation.  
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More nucleophilic heteroarenes underwent trifluoromethylthiolation with 

reagent 25 even without the acid additive.22 

1.1.3 Diazo compounds as precursors for trifluoromethyl-

thioethers 

1.1.3.1 Reactivity of diazo compounds 

Diazo compounds are remarkably versatile substrates in organic synthesis 

because the diazo scaffold offers a manifold for metal-free reactivity and 

metal-catalyzed reactions under very mild reaction conditions.29 The reason 

for the high reactivity lies in the excellent leaving ability of dinitrogen (N2), 

an uncharged, gaseous and stable molecule. Highly exothermic reaction 

profiles and nitrogen evolution render diazo compounds inherently dangerous. 

However, adjacent electron withdrawing groups, like carbonyl functionalities, 

stabilize diazo compounds to a great extent (Scheme 9) and allow for their 

convenient usage in research laboratories. A typical stability scale looks as 

follows:30 

 

Scheme 9. Stability scale of substituted diazo compounds.  

The reactivity of diazo compounds is governed by the mentioned electronic 

effects (Scheme 9). A partial negative charge at the diazo carbon center makes 

this position nucleophilic and basic (Scheme 10). Thus, various electrophiles, 

for instance H+, react with diazo compounds. The addition of another 

nucleophile can lead to subsequent reactions under N2-loss (Scheme 10).  

 

Scheme 10. Subsequent reactivity of diazo compounds with 
electrophiles and nucleophiles.  

In addition, many late transition metal salts (based on e.g. Fe, Ru, Co, Rh, 

Pd, Cu and Au) can be employed for metal-carbene generation with nitrogen 

extrusion (Scheme 11).31 Through this transformation, the polarity of the 

original diazo carbon center can be reversed (Umpolung). The carbene-bound 

carbon atom is electrophilic and reactive towards a wide range of 

nucleophiles, as well as it can insert into C-H bonds under the right conditions. 
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Additionally, migratory insertion of an anionic ligand at the metal is a well-

studied process that makes diazo compounds particularly useful in cross-

coupling reactions.31g  

 

Scheme 11. Reactivity of diazo-derived metal carbenes.  

1.1.3.2 Trifluoromethylthiolation of diazo compounds 

The first SCF3 incorporation into diazo substrates was reported only a few 

years ago and therefore are such type of reactions still relatively unexplored. 

Wang and co-workers presented the first copper mediated 

trifluoromethylthiolation of diazo compounds in 2014 (Scheme 12).32 The 

reaction was based on in situ generated CuSCF3 (39) from AgSCF3 (15) and 

CuI (37). CuSCF3 (39) would react with diazo compound 36 to form copper 

carbene 40 from which the anionic SCF3 ligand could undergo migratory 

insertion leading to organo-copper intermediate 41. This intermediate is very 

sensitive to hydrolysis. An aqueous work-up of the reaction mixture furnished 

SCF3 compound 38 in high yield. Interestingly, this protocol was applicable 

to both, diazocarbonyl compounds as well as to aryldiazomethane derivatives.  

 

Scheme 12. Copper-mediated nucleophilic trifluoromethylthiolation of 
diazo compounds by Wang and co -workers.32 

Very similar reaction conditions for this transformation were reported in 

independent studies by Hu and co-workers,33 as well as Rueping and co-

workers.34 In 2016, the group of Gooßen improved this procedure by 

employing copper thiocyanate (42) as catalyst (Scheme 13). CuSCF3 (39) was 
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regenerated after the catalytic cycle with the nucleophilic reagent 

[Me4N]SCF3 (16).35 Those conditions avoided the usage of stoichiometric 

amounts of silver as carrier for the trifluoromethylthiolate ion. EDA (43) and 

many other diazoesters could be transformed into the corresponding SCF3 

products in good to excellent yields, e.g. ester 44 was obtained in 93% yield. 

 

Scheme 13. Copper-catalyzed trifluoromethylthiolation of diazo -
carbonyl compounds by Gooßen and co -workers.35 

As pointed out, organo-copper intermediates like 41 (Scheme 12) are very 

sensitive to hydrolysis and therefore often not available for subsequent 

transformations that would lead to a formal 1,1-bifunctionalization of the 

diazo carbon. However, starting with diazoester 45 and CuSCF3 (39), Rueping 

and co-workers were able to trap copper enolate 47 / 48 with the electrophilic 

SCF3 transfer reagent 24, affording a 1,1-bis(trifluorormethylthiolated) 

compound 46 (Scheme 14).34 

 

Scheme 14. 1,1-Bis(trifluoromethylthiolation) of diazoesters . 

An elegant enantioselective bifunctionalization was disclosed by Wang and 

co-workers.36 The authors studied transformations of chiral Rh-carbenes with 

allylic and propargylic trifluoromethylthiolates 49 / 50 to form chiral 

sulfonium ylides, e.g. 51 (Scheme 15). These ylides were obtained 

enantioselectively and underwent Doyle-Kirmse rearrangements37 with 

retention of the stereoinformation to yield allyl- and allenyl 

trifluoromethylthio compounds 52 and 53 in good to excellent yields and with 

very high enantiomeric excesses.36 
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Scheme 15. Asymmetric Doyle-Kirmse reaction of trif luoromethyl -
sulfonium ylides by Wang and co-workers.3 6  

1.2 Strategies for the late-stage introduction of 

trifluoromethyl groups 

Trifluoromethyl (CF3) groups are found in numerous successfully 

commercialized pharmaceuticals (examples shown in Figure 4) where they 

provide an enhancement of metabolic stability, bioavailability and/ or 

improved receptor affinity.5c, 38 

 

Figure 4. Examples of marketed pharmaceuticals containing CF 3 groups. 

1.2.1 Trifluoromethylating reagents 

In analogy to the SCF3 group, one can consider two scenarios: either the 

entire trifluoromethyl group is transferred from a reagent to the reactive site, 

or it is constructed from different ingredients during the reaction. The most 

common reagents for CF3 transfer are listed in Figure 5. Nucleophilic CF3 

transfer is usually achieved with the Ruppert-Prakash reagent 54,39 

trifluoromethyl iodide (55) and copper-CF3 complexes 56.40 Electrophilic CF3 

transfer has been broadly demonstrated with reagents 57, 58 and 1.14c, 39d, 41 
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While it is well documented that 54-58 and 1 can be used to create CF3 

radicals,42 sulfinate salt 59 solely decomposes into CF3 radicals.43 

 

Figure 5. Typically used trifluoromethylating reagents.  

1.2.2 18F-labelled trifluoromethyl groups 

The advantage of constructing CF3 groups during the reaction lies in the 

possibility to use 18F and thus creating 18F-labelled CF3 functionalities which 

can be useful for PET applications. Despite this advantage, the following 

question may arise: is 18F-labelling of common CF3-transfer reagents 1 / 54-

59 possible? Indeed, Gouverneur and co-workers demonstrated the 
18F-labelling of reagents 56,44 5745 and 59.46 However, these processes are 

operationally complicated and importantly, 18F-labelling reactions should be 

as simple as possible. Therefore, the labelling strategy can simply rely on a 

CF2X motif in the starting material, with X in an activated position for a 

substitution reaction. X is substituted by [18F]F- during the reaction to furnish 

the labelled [18F]CF3 group. Röschenthaler, Kolomeitsev and Yagupolskii 

applied this strategy in halex reactions towards N-trifluoromethylated 

heterocycles with natural 19F.47 Bromodifluoromethyl imidazole (60) was 

treated with either SbF3 (Scheme 16, 1) or [Me4N]F (Scheme 16, 2) obtaining 

the corresponding trifluoromethylated imidazole 61 in rather low yield. 

  

Scheme 16. Halex fluorination reactions by Röschenthaler (1) 4 7a  and 
Yagupolskii (2).47b 

Gouverneur and co-workers demonstrated halex reactions with enhanced 

efficiency through the addition of silver salts (vide supra Scheme 3).19, 48 

Bromodifluoromethyl arene 62a could be converted to 63a in 46% yield and 

under labelling conditions, 18F-63a was obtained in high radiochemical 

conversion (RCC), 80% on average (Scheme 17). 18F-labelling of 
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trifluoromethyl arenes was demonstrated by several research groups, 

obtaining relevant PET tracers.49 

 

Scheme 17. Halex fluorination under 1 9F- and 1 8F-conditions.  

Pursuing syntheses of 18F-labelled alkylating agents, Johnström and Stone-

Elander demonstrated a halex reaction of bromodifluoroacetate 64a with 

[18F]F- yielding 18F-trifluoroacetate 65a (Scheme 18).50  

 

Scheme 18. Labelling of ethyl trifluoroacetate 65a.  

1.3 Asymmetric, organocatalytic fluorination reactions 

In stark contrast to highly abundant aryl fluorides, alkyl fluorides with C-F 

stereogenic centers are almost absent in marketed pharmaceuticals.51 

Fludrocortisone (Figure 6) is one example of a marketed pharmaceutical with 

a C-F quaternary stereocenter.  

 

Figure 6. Pharmacologically active compounds bearing C -F stereogenic 
centers.  

The virtual absence of fluorinated drugs with C-F stereogenic centers is 

connected to the lack of methodology and the difficulty to synthesize C-F 
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stereogenic centers in an asymmetric fashion. Especially the construction of 

C-F quaternary centers with high enantiomeric excesses is very challenging.51 

1.3.1 Electrophilic fluorine in fluorocyclization reactions 

The vast majority of published synthetic work is based on the asymmetric 

fluorination of -carbonyl compounds with electrophilic fluorinating 

reagents.51 This can be attributed to the early success in the development of 

optically pure electrophilic fluorinating reagents by Differding,52 Takeuchi,53 

Shibata54 and Cahard.55 The success of their reagents can be associated with 

high reactivity, easy preparation and matching reactivity with enolates. 

Leaving enolate chemistry aside, the groups of Toste56 and Gouverneur57 

published groundbreaking discoveries in 2011. Both research groups 

presented fluorocyclization strategies in the regime of organocatalysis. Toste 

and co-workers employed chiral phosphoric acids, e.g. binaphthyl compound 

66 in apolar solvents, which would not dissolve the ionic fluorinating agent 

(Selectfluor 67). However, the salt of 67 and chiral phosphoric acid 66 would 

be sufficiently soluble in the reaction medium and enabled the asymmetric 

fluorocyclization of activated alkenes 68 to fluorinated spiroketals 69. The 

corresponding products 69 were obtained in very good yield and both, enantio- 

and diastereoselectivities were excellent (Scheme 19). 

 

Scheme 19.  Asymmetric, organocatalytic fluorocyclization by Toste .56 

The strategy chosen by Gouverneur and co-workers was based on 

cinchona-alkaloid-derived catalysts, like 70, together with the electrophilic 

fluorine source NFSI (71). The in situ fluorination of one of the trialkyl 

nitrogen atoms in 70 would produce the active catalyst. Oxy- and 

aminocyclization reactions with substituted indoles 72 produced the 

corresponding fluorinated heterocycles 73 in moderate to excellent yield and 

high enantiomeric excesses, as well as perfect diastereoselectivities 

(Scheme 20). 
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Scheme 20. Asymmetric, organocatalytic f luorocyclization by 
Gouverneur and co-workers.57 

In a recent study, Hamashima and co-workers demonstrated the application 

of an axially chiral aryldicarboxylate catalyst 74 (Scheme 21).58 This chiral 

catalyst would operate under phase-transfer conditions with the insoluble 

electrophilic fluorine source Selectfluor 67, similar to Toste’s seminal work 

shown in Scheme 19.  

 

Scheme 21. Asymmetric,  organocatalytic fluorocyclization of al lyl  
amides 75  to fluorinated heterocycles 76  by Hamashima and 
co-workers.58 

The common feature of the above presented procedures is the reaction of 

an alkene with an electrophilic fluorine source and subsequent intramolecular 

cyclization by attack of a tethered nucleophile. The mechanism of reactions 

mediated by hypervalent iodine compounds is fundamentally different and 

shall be discussed in the following chapter. 

1.3.2 Fluorination- and fluorocyclization reactions mediated by 

iodine(III) compounds 

1.3.2.1 Research background 

For asymmetric fluorocyclization reactions with hypervalent iodine 

reagents or catalysts, two separate discoveries had to come together. On one 

hand, Hara and co-workers found that / -hydroxy olefins like 77 underwent 
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fluorocyclization reactions to 78 in the presence of tolyliododifluoride 79 and 

HF-pyridine (HF-py).59 

 

Scheme 22. Oxidative fluorocyclization reaction mediated by iodine (III)  
compound 79. 

The mechanistic reasoning, shown in Scheme 22, suggests a reaction of alkene 

77 with the activated iodine electrophile (dissociation of fluoride from 79) to 

form intermediate 80, which is then attacked by fluoride. The obtained 

intermediate 81 undergoes intramolecular nucleophilic displacement of the 

C-I bond resulting in C-O bond formation. This reaction is an oxidative alkene 

difunctionalization since two nucleophiles are added to a double bond. As the 

oxidant serves hypervalent iodine compound 79 which is reduced during the 

reaction (to p-iodotoluene (82)). Similar reactions, using different sources of 

fluoride, hypervalent iodine and internal nucleophiles have been disclosed 

since Hara’s discovery.60  

Despite the flourishing development of chiral aryl iodides by Wirth,61 

Kita,62 Fujita63 and Ishihara,64 only in 2013, Nevado and co-workers reported 

an asymmetric fluorocyclization reaction using optically active analogs of 

tolyliododifluoride, for instance (R,R)-83a (Scheme 23).65  

 

Scheme 23. Stoichiometric, asymmetric fluorocyclization to -fluoro-
piperidines  85. 
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Aminoalkenes 84 underwent the displayed reaction yielding -fluoro-

piperidines 85 in high yield and good enantioselectivities. The drawbacks of 

this protocol are on one hand the large excess of chiral reagent (R,R)-83a, and 

on the other hand, a limitation to terminal, monosubstituted olefins. For the 

conversion of the disubstituted olefin 84a to piperidine 85a, the 

stereoinduction failed and thus the product was racemic. 

A solution for the shift from stoichiometric utilization of chiral reagents to 

a catalytic reaction was found by Ochiai, Kita and Shibata.66 Based on the 

requirement to reoxidize Ar-I (iodine(I)) to Ar-I=O (iodine(III)),67 the authors 

chose mCPBA as stoichiometric oxidant and HF-pyridine as their 

stoichiometric fluoride source, recovering the Ar-IF2 compound according to 

Scheme 24.66c 

 

Scheme 24. Conversion of aryl iodides to iodine(III)-difluoride analogs.  

However, when attempting Nevado’s cyclization reaction65 (Scheme 23) with 

this catalytic strategy, only racemic fluorocyclization product 85b could be 

obtained with catalyst (R,R)-86a (Scheme 25).66c Therefore, catalytic 

enantioselective fluorocyclizations mediated by hypervalent iodine 

compounds made their debut with binaphthyl catalyst (R)-87 (Scheme 25). 

 

Scheme 25. Catalytic, asymmetric fluorocyclization by Kita and 
Shibata.66c 

Based on this seminal discovery, several elegant fluorocyclization68 and 

alkene difluorination reactions69 have been published. The success can 

certainly be attributed to the structural versatility of the aryl iodide catalysts. 

Especially the C2-symmetric structure of (R,R)-86a that is based on lactic acid 

has been successfully applied and varied.68-69, 69c, d 

1.3.2.2 Organocatalyst design 

In principle, three modifications to the structure of (R,R)-86a can be 

made.70 The variation of substituent R1 (Figure 7) can be used to alter 
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hydrogen bonding properties and steric demand.64a For substituent R2 

differently sized benzyl motifs have been proven most successful. Finally, 

through variations of the arene substituent R3, the reactivity can be adjusted. 

The electronic properties at the iodine atom play an important role during 

catalyst activation and the reaction with the substrate.71 Catalyst activation, 

substrate binding and the origin of stereoinduction have been discussed in 

several computational and experimental publications.64a, 69b, d, 70b, 72 

 

Figure 7. Catalyst design: possible structural modifications at R1- 3.  

1.3.2.3 Recent developments in iodine(III)-catalyzed asymmetric 

fluorination reactions 

In 2016, Jacobsen and co-workers disclosed a highly enantio- and 

diastereoselective fluorolactonization reaction of substituted -carboxy 

styrenes 88 (Scheme 26).68b Despite low catalyst amounts of (R,R)-86b, 

product 89 formation usually occurred with excellent enantioselectivity and in 

good yield. The authors disclosed an interesting observation when varying the 

arene substitutent R in 88. Substituents in both ortho-positions to the olefin 

were detrimental to the enantiomeric excess, for instance in product 89a 

(Scheme 26). Substitution in all other positions of the aromatic backbone, for 

instance in 89b, did not significantly alter the enantioselectivity. 

 

Scheme 26. Enantio- and diastereoselective fluorolactonization 
mediated by an optically pure aryl iodide catalyst . 

In 2018, Gilmour and co-workers demonstrated high stereocontrol in an 

asymmetric difluorination reaction of styrenes, using catalyst (R,R)-86c 

(Scheme 27).69d The authors employed Selectfluor (67) as oxidant and 

mixtures of HF-py and HF-triethylamine as fluoride sources. The presented 

transformation is particularly challenging due to competing reaction 

mechanisms. The desired vicinal difluorination of 90 resulted in formation of 
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chiral vic-91 with good degrees of stereocontrol. Depending on substituent 

effects at styrene 90, a phenonium mechanism73 could alternatively lead to 

achiral gem-92. A variation of the HF/ amine ratio enabled a selectivity switch 

between vic-91 and gem-92. 

 

Scheme 27. Asymmetric difluorination of styrenes  by Gilmour and co-
workers.69d 

In the same year, Jacobsen and co-workers reported an enantio- and 

diastereoselective intramolecular fluoroaziridination of 1,2-substituted 

styrenes 93 (Scheme 28).68a The authors could achieve remarkably high levels 

of enantioselectivity and aziridines 94 were obtained as single diastereomers, 

using the optically pure catalyst (R,R)-86d. In the scope of this publication, 

one entry for a fluoroaziridination of a trisubstituted styrene 93a can be found. 

This is interesting because a C-F quaternary stereocenter is created. Aziridine 

94a was the first example of controlling such a stereocenter with a chiral aryl 

iodide catalyst, albeit the resulting moderate enantiomeric excess of 61% 

(Scheme 28).  

 

Scheme 28. Enantio- and diastereoselective intramolecular fluoro-
aziridination of styrenes  93.   
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1.4 Aims of this thesis 

The majority of reactions presented in chapters 1.1 to 1.3 are based on 

recent discoveries (2010 and later) and the conclusions, drawn from seminal 

publications, have opened completely new research fields within 

organofluorine chemistry. The area of fluorine chemistry is generally young 

and therefore unexplored chemical transformations are plentiful. 

The reactions developed during this dissertation work may not be 

immediately applicable in a useful commercial process, but they can 

contribute to the required knowledge when designing such a process. 

The work presented in this thesis consists of three major parts. The first 

part is devoted to trifluoromethylthiolation reactions (background discussed 

in chapter 1.1.3). The second part involves a late-stage fluorination procedure 

for the conversion of bromodifluoroacetates and bromodifluoroacetamides to 

their corresponding trifluoromethyl analogs. The aim was to develop a 

protocol that suits 18F-radiolabelling (background discussed in chapter 1.2). 

The third and last part of this thesis deals with catalytic, asymmetric 

fluorocyclization reactions mediated by chiral hypervalent iodine compounds 

(background discussed in chapter 1.3.2). 
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2 Results and Discussion 

2.1 Bifunctionalization based trifluoromethylthiolation 

of diazocarbonyl compounds (Paper I and II) 

2.1.1 Rhodium-catalyzed oxytrifluoromethylthiolation (Paper I) 

A rhodium-catalyzed bifunctionalization of diazo compounds with oxygen 

nucleophiles and fluorobenziodoxole 95 or Togni’s reagent 58 was studied by 

Szabó and co-workers.74 According to DFT modellings,75 this reaction is 

initiated by rhodium-carbene formation from diazo compound 96 and 

Rh2(OAc)4 (97) and subsequent reaction with nucleophile 98 and respective 

electrophiles 95 or 58 to yield products 99 and 100 (Scheme 29, A). 

Interestingly, in the fluorination reaction, fluorobenziodoxole 95 could be 

replaced by NFSI (71) which was exploited in a fluorinative ring-opening of 

tetrahydrofurans 101 (Scheme 29, B).76 Tetrahydrofuran derivatives 101 

could be used as oxygen nucleophiles, undergoing C-O bond cleavage in the 

-position to the oxygen atom. The disulfonimide scaffold of NFSI (71) acted 

as terminal nucleophile to yield densely functionalized products 102 with 

three new carbon-heteroatom bonds (C-F, C-O and C-N). 

 

Scheme 29. A) Rhodium-catalyzed synthesis  of oxyfluorinated carbonyl 
compounds 100  and oxytrifluoromethylated carbonyl compounds 99 .  
B) Fluorinative ring-opening of THF derivatives 101 .   
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2.1.1.1 Reaction development and optimization of the reaction 

conditions 

Inspired by these previous studies from our group, we sought after a similar 

approach for an oxytrifluoromethylthiolation of diazocarbonyl compounds. 

The synthetic availability of reagent 25, the SCF3 analog to NFSI (71), 

initiated the exploration of such a transformation. Pleasingly, the initial 

reaction of diazoacetophenone 96a with slight excesses of both SCF3 reagent 

25 and benzyl alcohol (98a) resulted in formation of product 103a in 20% 

yield (Scheme 30). A side reaction that diminished the yield led to formation 

of compound 104 in 50% NMR yield. The formation of 104 can be 

rationalized as a competing reaction between electrophile 25 and a H+ source, 

most likely proton abstraction from 98a, alternatively from residual water in 

the reaction mixture. The formation of dibenzoylethylene (105), the structural 

dimer of 96a, is a well-known (side) product during metal carbene generation 

in the presence of the parent diazo substrate.77 Compound 106 was probably 

formed via direct nucleophilic attack of alcohol 98a at the SCF3 electrophile 

25. Similar reactions with alcohols were reported by Shen and co-workers.22 

 

Scheme 30. Init ial experiment for the oxytrifluoromethylthiolation of 
diazocarbonyl compounds  96.  a  Isolated yield. b  Determined by 1H NMR 
spectroscopy relative to 103a.  c  determined by 1 9F NMR spectroscopy 
using benzotrifluoride as internal standard.  

First, all efforts were focused on the suppression of the major side products 

104 and 106. While the formation of 104 could be diminished by addition of 

bases, side product 106 was formed in a lower amount when the reaction was 

conducted at decreased concentration. To obtain a satisfactory yield of 103a, 

it was necessary to keep electrophile 25 as the limiting reagent with excesses 

of both, diazo compound 96a and alcohol 98a. The application of 1.2 

equivalents of diazo substrates 96 was required to achieve good yields, 

because the competing protonation pathway towards 104 could not be 

suppressed entirely. A larger excess of alcohol 98a was needed to push the 

desired reaction to completion. Interestingly, the formation of side product 

106 did not drastically increase by this measure. For the selection of base (see 

also Table 2), 2 equivalents of NaOAc resulted in substantial yield increases 
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of 103a. At the same time, catalyst loadings could be reduced to 1 mol% of 

Rh2(OAc)4 (97) without diminishing the yield. Deuterated chloroform was the 

solvent of choice as it outperformed both, chloroform and methylene chloride. 

The optimized reaction conditions, leading to the formation of 103a in 71% 

yield, are presented in Scheme 31. Extending the reaction time was not helpful 

since diazo compound 96a was always consumed within 30 min. 

 

Scheme 31. Optimized reaction conditions for the oxytrif luoro -
methylthiolation of  96a. 

Deviations from these optimized conditions led to decreased yields of product 

103a. In order to rationalize the findings of the above optimization results, the 

yield of 103a was studied as a function of single condition changes from the 

optimum (Table 2, entries 1-8). As mentioned, the addition of base was crucial 

to improve the reaction outcome. Thus, when omitting NaOAc under 

otherwise optimal reaction conditions, only 21% of 103a were isolated 

(entry 1). While Na2CO3 did not have any beneficial effect on the product 

yield (entry 2), CsF and sterically hindered pyridine bases improved product 

yields but gave still inferior results in comparison to NaOAc (entries 3-4). 

Table 2. Deviation from the optimal reaction conditions. a 

 

Entry Deviation from the standard conditionsa Yield [%]b 

1 without NaOAc 21 
2 Na2CO3 instead of NaOAc 22 
3 CsF instead of NaOAc 55 
4 2,6-di-tert-butylpyridine instead of NaOAc 48 
5 4 mol% Cu(OTf)2 instead of 97 17 
6 4 mol% CuTC instead of 97 7 
7 2 mol% (PPh3)AuCl instead of 97 <5 
8 without 97 0 

aA solution of 96a (0.12 mmol) and 98a (0.4 mmol) in CDCl3 (1.5 mL) was added to 

base (0.2 mmol), 25 (0.1 mmol) and catalyst under Ar atmosphere. The reaction 

mixture was stirred for 30 min at ambient temperature (22-25 °C).bIsolated yield. 

When we examined the performance of other metal complexes that are known 

for metal carbene formation, none of them showed good selectivity towards 
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the desired product 103a (entries 5-7). In the absence of Rh2(OAc)4 (97), 

formation of 103a was not observed at all, underlining the importance of 

rhodium-carbene formation for this transformation. 

2.1.1.2 Scope of the rhodium-catalyzed oxytrifluoromethylthiolation 

With these optimized reaction conditions in hand, first the scope of alcohol 

nucleophiles 98 was investigated (Table 3). 

Table 3. Scope of alcohol nucleophiles  98  in the rhodium-catalyzed 
oxytrifluoromethylthiolation .a 

 

Entry Alcohol 98 Product 103 Yield [%]b 

 

aUnless otherwise stated, a solution of 96a (0.12 mmol) and 98 (0.4 mmol) in CDCl3 
(1.5 mL) was added to solid NaOAc (0.2 mmol), 25 (0.1 mmol) and Rh2(OAc)4 (97) 

(1 mol) under Ar atmosphere. The reaction mixture was stirred for 30 min at 
ambient temperature (22-25 °C).bIsolated yield. 
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Diazoacetophenone 96a was selected as model substrate. Electron rich benzyl 

alcohols 98a-c performed well in this reaction, giving rise to the 

corresponding products 103a-c in good yields (Table 3, entries 1-3). On the 

other hand, electron withdrawing substituents, particularly the 4-nitro 

substituent, hampered the reactivity of 98d-e, leading to diminished product 

yields of 103d-e (entries 4-5). A change to aliphatic alcohols 98f-h was 

uncomplicated, yielding products 103g-h (entries 6-8). We noticed, however, 

that sterically more encumbered secondary alcohols 98g-h reacted slower, 

while tertiary alcohols hardly gave rise to product formation. The attempts for 

an asymmetric induction with (−)-menthol (98h) were not fruitful (entry 8). 

The determined diastereomeric ratio of 103h was low (1:1.4, determined by 
1H NMR spectroscopy). Pleasingly, allylic alcohol prenol (98i) reacted 

smoothly to produce compound 103i in good yield (entry 9). 

Subsequently, the reactivity of an array of diazo compounds was studied. 

Slightly electron donating groups at the aromatic system like in 96b did not 

have any significant impact on the reactivity (Table 4, entry 1). Product 103j 

was isolated in a very similar yield compared to 103e (Table 3, entry 5). To 

our satisfaction, aliphatic diazoketones 96c-d could be used in this reaction, 

both with benzyl alcohol 98a (entry 2-3) and n-hexanol (98f) (entry 4) yielding 

103k-m. However, the highest yield of 75% was obtained when 

diazoindanone 96e was converted into product 103n (entry 5). In contrast to 

the tested diazo ketones, diazo esters did not perform well in the rhodium-

catalyzed oxytrifluoromethylthiolation process. When EDA (43) was 

subjected to a reaction with benzyl alcohol 98a, only 27% yield of the desired 

product 103o was isolated (entry 6). Most likely, the electrophilicity of the 

generated ester-derived rhodium carbene is too low for a sufficient reaction 

rate. Besides minor formation of 103o, side reactions took place and thus 43 

was consumed in an unproductive way. Similarly, when diazo ester 36 was 

employed, the yield of 103p was very low (entry 7). Besides the lower 

electrophilicity of the rhodium-carbene, a rather congested quaternary carbon 

center is built up in this challenging transformation towards 103p.  
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Table 4. Scope of diazocarbonyl compounds  96  in the rhodium-catalyzed 
oxytrifluoromethylthiolation .a 

 

Entry Substrate 96  Alcohol 98 Product 103 Yield [%]b 

 

aUnless otherwise stated, a solution of 96 (0.12 mmol) and 98 (0.4 mmol) in CDCl3 
(1.5 mL) was added to solid NaOAc (0.2 mmol), 25 (0.1 mmol) and Rh2(OAc)4 (97) 

(1 mol) under Ar atmosphere. The reaction mixture was stirred for 30 min at 
ambient temperature (22-25 °C). bIsolated yield. 

Inspired by previous studies on the application of ethers as nucleophiles 

together with rhodium-carbenes,76, 78 the reactivity of several ethers and 

acetals 104 in our trifluoromethylthiolation process was studied. The reactions 

were conducted neat with the corresponding ether-type reagent 104 as the 

solvent. When dimethoxymethane (104a) and trimethyl orthoformate (104b) 

were employed, methoxy groups could be efficiently transferred furnishing 

product 103q (Table 5, entries 1-2). When benzyl methyl ether (104c) was 

subjected to the reaction, exclusive incorporation of the methoxy group was 

observed (entry 3). Upon isolation, the N-benzylated disulfonimide backbone 

of reagent 25 was found. Diazo substrate 96f was selected in order to decrease 
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the volatility of the corresponding product 103r. This was necessary because 

104c co-eluted with product 103r during isolation and only heating in vacuum 

could remove 104c completely. Interestingly, from dimethoxyethane (104d), 

the ethylene glycol fragment was transferred instead of the methoxy group 

(entry 4). This also happened with remarkably high selectivity as compound 

103s with two ethylene glycol fragments was found to be the exclusive 

product. Additionally, TMS-ether 104e was employed (4 equiv.) to compare 

its reactivity to benzyl alcohol 98a. A low product yield of 32% indicated a 

decreased reactivity, probably due to the high steric demand of the TMS group 

(entry 5). 

Table 5. Scope of ethers/ acetals 104  in the rhodium-catalyzed 
oxytrifluoromethylthiolation .a 

 

Entry Substrate 96  Nucleophile 104 Product 103 Yield [%]b 

 

aUnless otherwise stated, a solution of 96 (0.12 mmol) in 104 (1 mL) was added to 25 

(0.1 mmol) and Rh2(OAc)4 (97) (1 mol) under Ar atmosphere. The reaction mixture 
was stirred for 2 h at ambient temperature (22-25 °C). bIsolated yield. cReacted 
according to the conditions in Table 3. 

In addition to the application of acyclic substrates 104, cyclic ethers 101 

were subjected to the reaction. In this oxytrifluoromethylthiolation reaction, 

particularly THF (101a) showed a very high reactivity. When only 6.0 equiv. 

of 101a were added to the reaction mixture, 66% of the desired product 105a 

could be isolated (Table 6, entry 1). The usage of 60 equiv. of THF (101a), as 

in the previous study,76 resulted in the formation of a similar product 105b 

with two incorporated THF scaffolds. These two products 105a / 105b could 
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be separated by column chromatography. Equimolar amounts were obtained 

(entry 2). The employment of only 6.0 equiv. of THF (101a) with the aliphatic 

diazoketone 98d resulted in an acceptable yield of product 105c (entry 3), 

while diazo ester 43 gave rise to the corresponding product 105d in repeatedly 

low yield (entry 4). Several THF derivatives 101 could be utilized in the 

previously discussed oxyfluorination reaction.76 However, most of them 

reacted sluggishly in the trifluoromethylthiolating process. Only phthalane 

(101b) showed decent reactivity when 60 equiv. of it were applied. The 

corresponding trifluoromethylthiolate 105e was isolated in 58% yield 

(entry 5). Surprisingly, neat 1,4-dioxane (101c) also underwent this 

multicomponent reaction, obtaining 105f in 52% yield (entry 6). 

Table 6. Scope of cyclic ethers 101  in the rhodium-catalyzed 
oxytrifluoromethylthiolation .a 

 

Entry Substrate 98 Cyclic ether 101 Product 105 Yield [%]b 

 

aUnless otherwise stated, a solution of 96 (0.12 mmol) and 101 (0.6 mmol) in CH2Cl2 

(1 mL) was added to 25 (0.1 mmol) and Rh2(OAc)4 (97) (1 mol) under Ar atmosphere. 
The reaction mixture was stirred for 2 h at ambient temperature (22-25 °C). bIsolated 
yield. c6.0 mmol. dNeat (1.0 mL). 
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We also expected epoxides to be competent oxygen nucleophiles in this 

multicomponent protocol. However, the attempted transformation of 

cyclohexene oxide (101d) to 105g resulted in formation of an unexpected 

product 106. This product could only arise from an addition of the SCF3 

reagent 25 to cyclohexene (107) (Scheme 32). Indeed, cyclohexene (107) was 

detected in the crude reaction mixture (by 1H NMR spectroscopy) and with 

support of previous literature reports, we could conclude that rhodium-carbene 

108 underwent a transfer-oxygenation via intermediate 109.79 The produced 

ketoaldehyde 110 could be detected in the crude reaction mixture by 1H NMR 

spectroscopy. 

 

Scheme 32. Attempted multicomponent trif luoromethylthiolation using 
epoxide 101d . 

2.1.1.3 Reaction mechanism of the oxytrifluoromethylthiolation 

A DFT-modelling of the above oxytrifluoromethylthiolation reaction 

(Table 6) with THF (101a) was performed by Himo and co-workers.80 As a 

result, our initially proposed mechanism81 could be revised (Scheme 33). We 

are confident that the results of the DFT studies can be extended to other 

oxygen nucleophiles, for instance alcohols 98. According to these DFT-

calculations80 THF (101a) coordinates to Rh-complex 111. Replacement of a 

THF ligand by the diazo substrate 96a results in formation of Rh-complex 112 

from which N2 is released to furnish the reactive species, Rh-carbene 108.82 

Nucleophilic attack by THF (101a) to this carbene leads to onium ylide 113. 

Such ylide formation steps have been reported by Hu and co-workers based 

on several experimental studies.83 From ylide 113, a coordination change 

occurs, forming Rh-enolate 114 which can attack the SCF3 electrophile 25 to 

form species 115. Despite the low nucleophilicity of the sulfonimide 

counterion, nucleophilic opening of the onium fragment takes place in the -

position. The activation barrier for this process is very low. Hence, the 

addition of external nucleophiles could not outcompete this reaction. From the 

obtained product 116, dissociation of the catalyst from the carbonyl oxygen 

atom occurs. The reaction product 105a is released while Rh-coordination to 

the next diazocarbonyl substrate 96a regenerates the catalyst. 
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As mentioned above, this mechanism is most likely very similar to the 

mechanism involving alcohol nucleophiles 98. The major difference is the 

nature of the onium ylide 113 that forms from the alcohol. It carries a hydrogen 

atom that may protonate Rh-enolate 114 in competition to the electrophilic 

trifluoromethylthiolation. The addition of a base proved to be very effective 

to circumvent this side reaction. We concluded that the high acidity of the 

onium proton makes NaOAc basic enough to perform this deprotonation. 

It is worth noting that Rh-catalyst 97 neither changes its oxidation state, nor 

the coordination of the bridging acetate ligands over the course of the catalytic 

cycle. But we observe that the catalytic activity is lost when strongly 

coordinating nitrogen- and sulfur-compounds (e.g. acetonitrile, pyridine, 

tetrahydrothiophene) are added to the reaction mixture. Most likely, these 

molecules prevent the diazo compound (C-ligand) from binding to the apical 

position of the Rh-dimer.  

 

Scheme 33. Mechanism of the Rh -catalyzed oxytrifluoromethyl -
thiolation of diazocarbonyl compound  96a and THF  (101a)  based on 
DFT-calculations by Himo and co -workers.80 
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2.1.1.4 Conclusion 

In the presented study, a new Rh-catalyzed 1,1-bifunctionalization of 

diazocarbonyl substrates 96 was achieved. Many oxygen nucleophiles could 

undergo this multicomponent reaction together with the electrophilic SCF3 

transfer reagent 25. Alcohols 98 and acyclic ethers or acetals 104 contributed 

with an alkoxy fragment to the final product, while cyclic ethers 101 

underwent C-O bond formation and C-N bond formation upon opening of 

their cyclic structure. In the latter case, three new carbon-heteroatom bonds 

were formed. 

2.1.2 Trifluoromethylthiolation-arylation of diazocarbonyl 

compounds in a modified Hooz multicomponent reaction 

(Paper II) 

2.1.2.1 Hooz multicomponent reaction 

In 1968, Hooz and Linke published a study on the treatment of 

trialkylboranes 117 with diazoacetone (96g) followed by an aqueous work-up 

(Scheme 34).84 It was observed that the former diazo carbon was 

functionalized with an alkyl substituent and a hydrogen atom. The authors 

reasoned that product 118 arose from a nucleophilic attack of diazoacetone 

(96g) to borane 117. From adduct 119, nitrogen gas release would take place 

followed by alkyl migration to form -boro carbonyl compound 120. This 

intermediate underwent a 1,3-borotropic shift to the more stable vinyloxy 

borinate 121.85 Aqueous base could be used to hydrolyze this enolate, yielding 

the observed product 118. 

 

Scheme 34. Diazoketone homologation reported by Hooz and Linke.84 

After this original study, variations of the borane reagent and a wide scope 

of electrophiles were reported.86 For instance, D2O,87 alkyl halides,85a, 88 

aldehydes,88-89 nitriles,90 and N-halo succinimides91 have been reacted with in 

situ generated enol borinates 121 for the synthesis of ,'-bifunctionalized 
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carbonyl compounds. Interestingly, Hooz' methodology has never found 

application in fluorine chemistry. According to our studies below, fluorine-

containing electrophiles can be employed in Hooz-type multicomponent 

reactions, and thus allow for the synthesis of densely functionalized organo-

fluorine compounds. 

2.1.2.2 Reaction development and optimization 

The initial attempts for a 1,1-arylation-trifluoromethylthiolation were 

based on arylboron reagents 122, favorably arylboronic acids that have been 

demonstrated to react with diazo compounds,92 and the electrophilic SCF3 

transfer reagent 25 (Scheme 35).22 Unfortunately, boroxine 122a was not a 

suitable coupling partner. Even at elevated temperature, only traces of the 

desired product 123a were detected by NMR spectroscopy. Under typical 

Hooz-conditions with triphenylborane (122b) product 123a was formed, 

albeit in low yield, even under strictly inert conditions. When phenylborate 

reagent 122c was employed, traces of the desired product 123a were observed. 

Interestingly, the addition of Zn(NTf2)2 (124) to tetraphenylborate reagent 

122c resulted in an impressive increase of the product yield of 123a. 

 

Scheme 35. Investigation of phenylboron reagents 122  for the 
1,1-arylation-trifluormethylthiolation of diazocarbonyl compounds  96 . 

Further optimization of the reagent system with 122c / 124 led to the following 

conclusions: SCF3 transfer reagent 25 had to be kept as the limiting reagent 

while diazoketone 96a and phenyl source 122c were used in 1.5-fold excess. 

The zinc salt 124 could be employed substoichiometrically (0.5 equiv.). The 

performance of the reaction was optimal in dry methylene chloride with the 

addition of 3 Å molecular sieves. The yield could be further increased by 

initiating the reaction at -10 °C. Under these conditions, 81% of 123a could 

be isolated (Scheme 36). 
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Scheme 36. Optimized reaction conditions of the 1,1-phenylation-
trifluoromethylthiolation of diazocarbonyl compound  96a. 

Deviations from these conditions (shown in Table 7) resulted in lower product 

yields or complete suppression of the desired reaction. Reduction of the 

amount of zinc salt 124 or its omission led to diminished yields of 37% or less 

than 5% respectively (entries 1-2). Surprisingly, when Zn(NTf2)2 (124) was 

replaced by analogous Zn(OTf)2, only traces of the desired product 123a were 

isolated (entry 3). In the oxytrifluoromethylthiolation protocol 

(Chapter 2.1.1), Rh2(OAc)4 (97) proved to be a highly efficient catalyst. 

However, in this arylation reaction, product 123a was not detected when 

Rh2(OAc)4 (97) was used instead of 124 (entry 4).  

Table 7. Deviations from the optimal reaction conditio ns of the 1,1-
phenylation-trif luoromethylthiolation of diazocarbonyl compounds .a 

 

Entry Deviation from the standard conditions Yield [%]b 

1 0.25 equiv. of Zn(NTf2)2 (124) 37 
2 without 124 <5 
3 Zn(OTf)2 instead of 124 <5 
4 5 mol% Rh2(OAc)4 instead of 124 0 
5 15 mol% Pd(OAc)2 instead of 124 30 
6 0.5 equiv. of [Bu4N][BPh4] (122c) 28 
7 Na[BPh4] (122d) instead of 122c 52 
8 ZnPh2 instead of 122c <5 
9 PhCH3 as solvent 71 

10 THF as solvent 35 
11 MeCN as solvent 0 
12 without 3 Å ms 59 
13 22 °C instead of -10 °C 66 

aTo reagent 25 (0.1 mmol), phenyl source (0.15 mmol), Zn(NTf2)2 (124) (0.05 mmol) 
and 80 mg of 3 Å molecular sieves (ms), a solution of diazoketone 96a (0.15 mmol) in 
CH2Cl2 (1.0 mL) was added at -10 °C. This mixture was stirred at -10 °C for 2 h before 
allowing it to warm up to RT overnight. bIsolated yield. 
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When palladium acetate was employed, the desired product could be isolated 

in 30% yield from a complex reaction mixture (entry 5). In this reaction, 

PhSCF3 was identified to be a major side product (25-30%) that most likely 

emerged from a direct palladium catalyzed coupling between 25 and 122c. A 

reduction of the amount of phenyl source 122c resulted in diminished yields 

of 123a, indicating that only one phenyl substituent could be transferred under 

these reaction conditions (entry 6). The application of Na[BPh4] (122d) as 

phenyl source was possible. However, the yield was diminished due to its low 

solubility in methylene chloride (entry 7). Less than 5% of 123a were obtained 

when ZnPh2 was used as phenyl source, indicating the importance of boron-

based phenyl transfer reagents in this process (entry 8). A brief solvent 

screening showed that methylene chloride could be replaced by toluene, 

sacrificing only 10% of product yield (entry 9). More polar and coordinating 

solvents like THF lowered the yield of 123a significantly (entry 10) or 

inhibited product formation, e.g. in the case of acetonitrile (entry 11). As 

mentioned above, addition of 3 Å molecular sieves and initial low reaction 

temperature were beneficial to product yields (entries 12-13). 

We attempted the usage of solubilizing agents together with Na[BPh4] 

(122d) (Table 7, entry 7). 122d is only sparingly soluble in the reaction 

solvent, CH2Cl2 and therefore less efficient as phenyl source. The application 

of Na[BPh4] (122d) would not only be preferable due to its better atom 

economy compared to 122c but it is also less hygroscopic and a larger number 

of other alkali metal tetraarylborates is commercially available. When 122d 

and 10 mol% of tetrabutylammonium salt 122c were employed, the yield of 

123a could be increased from 52% (Table 8, entry 1) to 66% (entry 2). 

Similarly, the yield of 123a could be increased to 64% when [Bu4N]NTf2 

(125) was used as phase transfer (PT) catalyst (entry 3).  

Table 8. Phase transfer catalysis for the phenylation -trif luoro-
methylthiolation reaction .a 

 

Entry Phase transfer (PT) catalyst  Yield [%]b 

1 none  52 
2 [Bu4N][BPh4] (122c) 66 
3 [Bu4N]NTf2 (125) 64 

aAccording to Table 7. bIsolated yield. 

Unfortunately, these results were still inferior compared to the standard 

conditions (Scheme 36) with tetrabutylammonium salt 122c. PT catalysis may 
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be a useful option for certain tetraarylborate salts but for the investigation of 

the reaction substrate scope, the standard conditions (Scheme 36) were 

applied. 

2.1.2.3 Scope of the arylation reaction 

The study was continued with the investigation of the substrate scope for both 

diazocarbonyl compounds 96 and borate salts 122c-g. The model diazoketone 

96a was converted into its corresponding product 123a in 81% yield (Table 9, 

entry 1). Similarly, high yields were obtained with halogenated and electron 

withdrawing substituted diazo compounds 96h-j (entries 2-4). The 

compatibility of the aryl iodide with the reaction conditions may allow for a 

subsequent functionalization of ketone 123c by metal-catalyzed cross-

couplings. An electron donating methoxy substituent in 96k led to a decreased 

product yield of 123e (entry 5). Substrate 96m with a tetrazole substituent 

reacted smoothly to product 123f (entry 6). Many tetrazoles suffer from low 

solubility in common organic solvents. To increase the solubility, this reaction 

(entry 6) was initiated at RT. Furanyl diazoketone 96n reacted with high yield 

to the corresponding product 123g (entry 7). The conversion of the 

disubstituted diazoindanone 96e to product 123h bearing a quaternary carbon 

center was very challenging. Only 30% yield of 123h could be isolated 

(entry 8). Stirring at ambient temperature was also in this case beneficial. 

Pleasingly, aliphatic diazoketones 96c-d could be bifunctionalized with our 

method (entries 9-10). Particularly nonyl derivative 123i was produced in high 

yield. The yield of cyclopentyl ketone 123j was somewhat lower, most likely 

due to the higher steric demand of the cyclopentyl substituent. To our delight, 

the commercially available diazo ester 43 underwent the bifunctionalization 

reaction to produce compound 123k in 78% yield (entry 11). Similarly well 

worked the transformation of morpholine-derived diazo amide 96o to product 

123l, which could be obtained in 80% yield (entry 12). However, it was neither 

possible to convert donor-acceptor diazo substrates like diazo ester 36 

(Table 4, entry 7), nor less nucleophilic acceptor-disubstituted diazo 

compounds, e.g. 2-diazo-1,3-dicarbonyls.  
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Table 9. Scope of diazocarbonyl substrates  96.a 

 

Entry Substrate 96  Product 123 Yield [%]b 

 

aUnless otherwise stated, to reagent 25 (0.1 mmol), 122c (0.15 mmol), Zn(NTf2)2 (124) 
(0.05 mmol) and 80 mg of 3 Å molecular sieves (ms), a solution of diazoketone 96a 
(0.15 mmol) in CH2Cl2 (1.0 mL) was added at -10 °C. This mixture was stirred at -10 °C 
for 2 h before allowing it to warm up to RT overnight. bIsolated yield. cReaction at 
ambient temperature. 
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In addition to phenyl source 122c, we assessed the applicability of other 

aryl sources shown in Scheme 37.  

 

Scheme 37. Chlorophenylation (a,b), thienylation (c,d) and attempted 
butylation (e) reactions. 

We limited our scope investigation to commercially available tetraarylborate 

salts 122e, 122f (synthesized from the commercial K-salt) and 122g. When 

diazo ester 43 or diazo ketone 96f were reacted with 4-chlorophenyl salt 122e, 

their respective products 123m and 123n were obtained, however, the yields 

were lower than in the phenylation reaction (Scheme 37a, b). A reasonable 

explanation is the decreased nucleophilicity of the 4-chlorophenyl substituent 

in the migration step (see mechanistic section in chapter 2.1.2.4). Under 

slightly modified reaction conditions (PhCH3, ambient temperature), a thienyl 

group could be transferred from salt 122f, albeit with rather low yields of the 

corresponding products 123o and 123p (Scheme 37c, d). Toluene had to be 

used as solvent to keep the solubility of salt 122f and zinc mediator 124 as low 

as possible. We reasoned that sulfur-zinc coordination deactivated 124. 
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Therefore, the desired products 123o and 123p were not obtained when the 

reaction was conducted in CH2Cl2, which dissolves all reagents very well.  

Beyond the arylation reaction, we also attempted an alkylation-

trifluoromethylthiolation reaction using tetrabutylborate salt 122g 

(Scheme 37e). Unfortunately, the desired product 123q did not form under the 

applied reaction conditions. Instead, the direct coupling product nBuSCF3 

(126) was detected by 19F NMR spectroscopy in 71% NMR yield. In fact, at 

both lower and higher temperature, this side product 126 formed exclusively, 

rendering the desired transformation impossible under these conditions. 

Finally, the extension to an arylation-fluorination procedure with NFSI (71) 

was investigated because of its structural similarity to SCF3 electrophile 25. 

The nitro-substituted diazoketone 96j was selected as substrate since it 

showed high reactivity in the phenylation-trifluoromethylthiolation reaction. 

The fluorination reaction with 71 (Scheme 38) was conducted under the 

standard conditions of the trifluoromethylthiolation reaction. Indeed, the 

fluorinated product 127a was obtained, but the separation from side product 

128 was very cumbersome. After column chromatography on silica gel, 127a 

and 128 were obtained as a 1:1-molar mixture with an amount of 127a 

corresponding to 55% yield. The Rf values of both compounds were identical. 

In order to obtain a pure sample of 127a, the mixture of both compounds was 

subjected to a benzylic oxidation93 that converted predominantly side product 

128 into more polar benzoin- and benzil derivatives that could be removed by 

column chromatography.  

 

Scheme 38. Fluoroarylation of diazoketone  96j. 

We concluded that the fluorine-electrophilicity of NFSI (71) must be lower 

than the electrophilicity of the SCF3 group in reagent 25. To prove this, a 

competition experiment between 71 and 25 was carried out using diazo 

substrate 96a (Scheme 39). Indeed, the crude 19F NMR analysis confirmed 

123a to be the exclusive reaction product, underlining the remarkable 

electrophilicity of reagent 25. This observation is in agreement with a recent 

computational study by Himo and co-workers who compared the electrophilic 

transfer from these two reagents.80 With these findings, we could also 

understand why the fluorinated product 127a (Scheme 38) formed in 

competition to the protonated side product 128, while in the 

trifluoromethylthiolation reaction, protonation was only observed as a very 

minor side reaction.  



38 

 

Scheme 39. Competit ion experiment between SCF 3 reagent  25 and the 
electrophilic f luorine source NFSI (71). 

2.1.2.4 Mechanistic investigation and proposal of a reaction mechanism 

To get insights into the reaction mechanism, especially about the roles of 

aryl source 122c and zinc mediator 124, NMR experiments were conducted to 

identify possible reactive species and intermediates (Scheme 40). For this 

purpose, the reaction was conducted in an NMR tube and monitored by 
11B NMR spectroscopy. Pure 122c has a 11B NMR shift of -6.6 ppm in CD2Cl2 

and the signal is intense and sharp. This signal completely disappeared when 

an equimolar amount of zinc triflimide (124) was added to the NMR tube. 

Instead, a broad 11B NMR signal at 67.6 ppm appeared. We have assigned this 

new signal to BPh3 (122b) which formed from 122c. We propose the 

formation of PhZnNTf2 (129) as the second product from a boron-to-zinc 

transmetallation. Zinc species 129 is expected to be an efficient water 

scavenger. Indeed, we observed the formation of benzene (130) by 1H NMR 

spectroscopy and salt 131 might be a product of the water deprotonation. 

Under standard reaction conditions, the water for benzene formation may 

derive from the 3 Å molecular sieves that capture and release water reversibly. 

When diazoketone 96a was added to the in situ generated borane 122b, 

another broad 11B NMR signal at 45.6 ppm was observed. In agreement with 

the literature,94 this shift very likely corresponded to vinyloxy borinate 132. 

This intermediate is known to form in Hooz reactions and has been well 

studied.85b, 86c, 89 It can form from borate adduct 133 by 1,2-migration from the 

tetravalent boron center to the diazo carbon. Intermediate 134 is in equilibrium 

with 132 through a 1,3-borotropic shift with a very strong preference for the 

more stable borinate structure 132, which is reactive towards electrophiles. 

Hence, the reaction with 25 resulted in product 123a formation which was 

detected by 19F NMR spectroscopy at -40.1 ppm. For the conversion of 

vinyloxy borinate 132 and product release, zinc species 131 may play an 

important role as it possibly hydroxylates the boron atom to release 

diphenylborinic acid (135). 
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Scheme 40. Plausible reaction mechanism for the arylation -
trifluoromethylthiolation of diazocarbonyl compounds  96. 

As additional support for the formation of intermediate 132 and the Hooz-

type reaction mechanism, we have carried out a control reaction in which we 

replaced the SCF3 electrophile 25 with an aldehyde 136 (a known electrophile 

in Hooz-reactions89). From the reaction of diazoketone 96h, phenyl source 

122c and bromobenzaldehyde 136, the corresponding -hydroxy ketone 137 

could be isolated in 29% yield (Scheme 41). With this result we had sufficient 

evidence for the proposal of vinyloxy borinate 132 as the reactive intermediate 

in the final reaction step with electrophiles. 

 

Scheme 41. Trapping experiment with aldehyde electrophile  136. 

Lastly, we were curious about the unique properties of zinc triflimide (124) 

compared to other zinc salts. For example, zinc triflate was not a competent 

mediator as previously shown in Table 7, entry 3. When we mixed equimolar 

amounts of zinc triflate and 122c in CD2Cl2 and recorded an 11B NMR 

spectrum, no change of the NMR shift of 122c was observed (Scheme 42). 

We concluded that no boron-to-zinc transmetallation took place and therefore 

no BPh3 (122b) was released. So far, no validated explanation for this 

observation has been found. 

 

Scheme 42. Control experiment for the transmetallation to zinc triflate: 
formation of 122b  could not be observed. 



40 

2.1.2.5 Conclusion 

The above study features a novel multicomponent reaction for the 

arylation-trifluoromethylthiolation of diazocarbonyl compounds. The key step 

in this reaction was the in situ generation of triarylboranes via boron-to-zinc 

transmetallation of one aryl moiety. These boranes reacted with diazo 

substrates through a Hooz-type mechanism to furnish boron enolates that 

underwent a final reaction with a SCF3 electrophile. A wide array of 

diazocarbonyl compounds could be employed and several aryl sources were 

selected based on their commercial availability. This method could also be 

extended to electrophilic fluorination with limited applicability.  
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2.2 Late-stage synthesis of trifluoroacetates, 

trifluoroacetamides and benzotrifluorides by a 

nucleophilic fluorination protocol (Paper III) 

As mentioned in the introduction to this thesis, fluoride is a poor 

nucleophile in aqueous media. Therefore, the application of anhydrous 

fluoride salts in a polar-aprotic (and anhydrous) solvent may be a good 

solution to enhance the fluoride nucleophilicity. We envisioned that 

(PPh3)3CuF (138) would be a suitable candidate. Complex 138 has been well 

characterized95 and it can be easily synthesized by refluxing CuF2 and PPh3 in 

methanol.95b Complex 138 was reported twice as fluoride source in 

nucleophilic fluorination reactions.96 Additionally, we anticipated that 

fluorination procedures with complex 138 can be translated to 18F-labelling 

studies. 18F-fluoride is the immediate product of the nuclear production 

reaction and therefore, it is the most convenient source of this artificial 

fluorine isotope. Since copper complex 138 is synthesized from fluoride, an 
18F-labelled form of 138 was envisioned.  

2.2.1 Reaction development 

Initially, ethyl bromodifluoroacetate 64a was chosen as a model substrate 

and subjected to reactions with copper complex 138 in different solvents at 

different temperatures (Table 10). Using deuterated chloroform at 40 ºC or 

80 ºC hardly gave rise to the desired trifluoroacetate 65a (entries 1-2). When 

reaction mixtures in THF or 1,4-dioxane were heated to 80 ºC, 11% yield of 

65a could be detected (entries 3-4). However, in toluene only traces of 65a 

were obtained (entry 5). The usage of DMF turned out to be highly beneficial 

for the conversion of 64a to 65a. While at 80 ºC, 69% NMR yield of the 

desired trifluoroacetate 65a was observed (entry 6), elevating the temperature 

to 100 ºC improved the yield to 90% of 65a (entry 7). Therefore, DMF and a 

reaction temperature of 100 ºC were chosen for the exploration of the reaction 

scope.  
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Table 10. Screening of solvents and reaction temperatures for the late-
stage fluorination reaction with copper complex  138.a 

 

Entry Solvent Temperature [°C] Yield [%]b 

1 CDCl3 40 < 1 
2 CDCl3 80 5 
3 THF 80 11 
4 1,4-Dioxane 80 11 
5 PhCH3 80 3 
6 DMF 80 69 
7 DMF 100 90 

aSubstrate 64a (0.1 mmol) and 138 (0.14 mmol) were dissolved in the indicated dry 

solvent (0.3 mL) under an Ar atmosphere and stirred at the indicated temperature for 

2.5 h. bDetermined by 19F NMR analysis of the crude reaction mixture. 

2.2.2 Scope of the reaction 

The identification of suitable reaction conditions (Table 10, entry 7) 

enabled us to screen an array of different bromodifluoroacetates 64a-h, 

bromodifluoromethyl ketones 64i-j, bromodifluoroacetamides 64k-t and 

bromodifluoromethylarenes 62. 

2.2.2.1 Synthesis of trifluoroacetates and trifluoromethyl ketones  

The investigation of the scope of trifluoroacetates 65a-h and 

trifluoromethyl ketones 65i-j went along with the following problem: the 

decomposition of copper complex 138 during the reaction released substantial 

amounts of triphenylphosphine. All purification attempts for apolar esters 

65a-h and ketones 65i-j failed because of the difficulty to remove 

triphenylphosphine. The purified samples always contained varying amounts 

of triphenylphosphine. However, this shortcoming was not a substantial 

problem due to the envisioned translation to 18F-chemistry where radiolabelled 

molecules are purified by HPLC. Therefore, all yields were determined by 19F 

NMR spectroscopy and the identity of each product was verified by synthesis 

of reference compounds through alternative methods.  

Different primary and secondary alkyl ester motifs 64a-e were well 

tolerated and high NMR yields of the corresponding products 65a-e were 

obtained (Table 11, entries 1-5). Phenyl ether- and phthalimide substituted 

esters 64f-g also gave rise to the corresponding trifluoroacetates 65f-g in good 

yields (entries 6-7). Benzyl ester 64h proved to be a suitable, but more 

sensitive substrate that gave rise to product 65h in a lower yield of 55% 
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(entry 8). Bromodifluoroacetophenone 64i reacted smoothly to its CF3 

derivative 65i in 96% yield (entry 9). However, the enolizable ketone 64j did 

not react to the desired product 65j at all, unless CDCl3 was used as solvent at 

70 ºC, yielding 16% of 65j. 

Table 11. Scope of trif luoroacetates  65a-h  and trif luoromethyl  ketones 
65i- j.a 

 

Entry Substrate 64 Product 65 Yield [%]b 

 

aUnless otherwise stated, substrate 64 (0.1 mmol) and 138 (0.14 mmol) were 

dissolved in dry DMF (0.3 mL) under an Ar atmosphere and stirred at 100 °C for 2.5 h. 
bDetermined by 19F NMR analysis of the crude reaction mixture using PhCF3 as 

internal standard. cReaction in CDCl3 at 70 °C. 
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2.2.2.2 Scope of trifluoroacetamides 

When model compound 64k was treated with copper complex 138 in DMF 

at 100 ºC for 1 h, only 26% NMR yield of trifluoroacetamide 65k was 

measured (Table 12, entry 1). Therefore, a screening of additives was carried 

out to accelerate the desired reaction. Guanidine- and imidine bases 139 

showed beneficial effects on the reaction outcome. Tetramethylguanidine 

(139a) increased the yield to 52% (entry 2), MTBD (139b) increased the NMR 

yield to 94% (entry 3). Similarly, addition of TBD (139c) resulted in an 

increase to 70% yield (entry 4). However, with guanidine bases 139a-c, a 

substantial amount of hydrodebrominated product was observed by NMR 

analysis. This side product was not observed when imidine type additives 

139d-e were employed. DBN (139d) gave rise to 49% yield (entry 5), while 

DBU (139e) increased the yield of 65k to 62%. Due to a clean reaction, DBU 

(139e) was selected as additive to study the synthetic scope. The role of 

guanidine and imidine bases 139 as nucleophilic activators has been reported 

in the literature97 and mechanistic studies with DBU (139e) supported this 

activation mode.98 

Table 12. Additive screening for the fluorination of bromodifluoro -
acetamide 64k  with copper complex  138.a 

 

Entry Additive 139 Yield [%]b 

 

aSubstrate 64 (0.1 mmol), 138 (0.14 mmol) and 139 (0.14 mmol) were dissolved in 
dry DMF (0.3 mL) under an Ar atmosphere and stirred at 100 °C for 1 h. bDetermined 
by 19F NMR analysis of the crude reaction mixture with PhCF3 as internal standard. 

With an increase of the reaction time to 2.5 h, the yield of 65k increased to 

36% and the addition of DBU (139e) doubled the yield to 74% (Table 13, 

entry 1). A similar enhancement of the reactivity could be observed for tertiary 



45 

amides 64l-m. The yield with DBU (139e) addition was substantially 

increased (entries 2-3). Benzylated trifluoroacetanilide 65n was furnished in 

good yield (entry 4), as well as dopamine analog 65o. Morpholine and ketal 

motifs 65p-q were tolerated. The yields, however, were slightly lower 

(entries 6-7).  

Table 13. Scope of trifluoroacetamides  65k-t .a 

 

Entry Substrate 64 Product 65 Yield [%]b 

 

aUnless otherwise stated, 64 (0.1 mmol), 138 (0.14 mmol) and 139 (0.14 mmol) were 

dissolved in dry DMF (0.3 mL) under an Ar atmosphere and stirred at 100 °C for 2.5 h. 
bDetermined by 19F NMR analysis of the crude reaction mixture with PhCF3 as internal 

standard. cWithout DBU. 
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On the other hand, when the amide nitrogen, for instance in 64r, was part of 

an aromatic system, DBU (139e) addition was detrimental to product 65r 

formation (entry 8). Substrate 64r was indeed reactive enough and gave rise 

to product 65r in 88% yield without DBU (139e). Similarly, sulfonamide 65s 

was only obtained in good yield when DBU (139e) was omitted (entry 9). 

Weinreb amide 64t (entry 10) reacted to the corresponding product 65t in poor 

yield, both with and without DBU (139e) additive. 

2.2.2.3 Synthesis of benzotrifluorides 

Fluorination reactions of bromodifluoromethylarenes 62b-g proved to be 

more challenging. Depending on both the stability and the reactivity of the 

bromodifluoromethyl substrate 62, the reaction conditions had to be adjusted 

(Table 14). Biphenyl derivative 62b reacted smoothly to CF3 arene 63b in 

93% NMR yield when CDCl3 was chosen as solvent and the reaction mixture 

was heated to 70 ºC for 4 h (entry 1). A slightly more electron withdrawing 

para-bromine substituent in 62c required the reaction to be conducted at 

100 ºC yielding 49% of 63c (entry 2). Similarly, trifluoromethoxy substituted 

arene 62d decomposed in DMF and was therefore subjected to the reaction 

conditions given in entry 2, yielding the corresponding product 63d in rather 

low yield (entry 3). The best yield (of 25%) for the conversion of 62e to 63e, 

bearing a strongly electron withdrawing cyano group, could be obtained when 

the reaction mixture was heated in toluene to 120 ºC (entry 4). The 

corresponding yield in DMF was below 20%. However, both CF3- and CF2Br-

substituted arenes 62f-g required DMF as the reaction solvent. The obtained 

yields of 63f and 63g were also low. Generally, electron donating substituted 

arenes are missing in this table because the synthesis of the corresponding 

starting materials 62 was either not successful or the molecules decomposed 

rapidly.   
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Table 14. Scope of benzotrifluorides  63 .a 

 
Entry Substrate 62 Solvent  Temperature [°C] Product 63 Yield [%]b 

 

aSubstrate 62 (0.1 mmol) and 138 (0.14 mmol) were dissolved in dry solvent (0.3 mL) 

under an Ar atmosphere and stirred at the indicated temperature for 4 h. 
bDetermined by 19F NMR analysis of the crude reaction mixture using PhCF3 as 

internal standard. 

2.2.3 Conclusion  

With the previously relatively unexplored reactivity properties of copper 

fluoride complex 138, a late-stage nucleophilic fluorination protocol could be 

set up. For a broad scope of esters, amides and arenes the halogen exchange 

reaction worked very efficiently. Even if the yields were only determined by 
19F NMR spectroscopy, this reaction is potentially useful for 18F-labelling 

studies.  
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2.3 Asymmetric fluorocyclization for the construction 

of C-F quaternary centers (Paper IV) 

2.3.1 Introduction 

In 2015, Yuan and Szabó reported a set of oxidative cyclization reactions 

of alkenes 140 and 141 using iodine(III) compound 95 as main fluorine source 

and Zn(BF4)2 hydrate as catalyst (Scheme 43).99 In the resulting racemic 

aliphatic heterocycles 142 and 143, the fluorine atom was also located at a C-F 

quaternary stereocenter. So far, iodine(III)-mediated fluorination reactions 

have not provided reliable access to C-F quaternary centers with high 

enantiocontrol. Prompted by this fact, we sought after a reliable fluorination 

method to solve this current challenge in modern organic synthesis. The 

exploration of this new methodology was based on recent asymmetric 

fluorination protocols from the research groups of Shibata,66c Nevado,65 

Gilmour69d and Jacobsen.68-69, 69c 

 

Scheme 43. Racemic fluorocyclizations using fluoroiodane  95.  

2.3.2 Reaction development 

Initial reactions with substrates used by Szabó’s research group in 201599 

(Scheme 43) did not lead to selective product formation. Enantioselectivities 

were low for the cyclization of dialkyl olefins like 141a to pyrrolidine 

derivative 143a (Scheme 44). Trisubstituted olefins like 141b suffered 

dramatically from competing epoxidation reactions (to 144) and a still low 

enantioselectivity of 44% in the synthesis of tosylpiperidine 143b 

(Scheme 44).  
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Scheme 44. Init ial aminofluorination reactions of non -activated olefins.  

We found that 1,1-disubstituted styrenes were much more stable against 

epoxidation and the presence of an aryl substituent at the double bond 

increased enantioselectivities significantly. We were hopeful that a screening 

of organocatalysts (R,R)-86 would enable the formation of fluorinated 

heterocycles in high levels of enantioselectivity. Nitro-substituted styrene 

alcohol 145a was selected as a model substrate for the optimization displayed 

in Table 15. With lactate-derived catalyst (R,R)-86f, first reported by Jacobsen 

and co-workers,68b a good enantiomeric excess of 72% could be achieved 

(entry 1). When the steric demand of the side arm was increased by adding a 

phenyl substituent (catalyst (R,R)-86e), the yield and enantioselectivity 

increased significantly (entry 2). A modification of the phenyl substituent to 

an even more sterically demanding mesityl group in (R,R)-86g,69d resulted 

again in a slight increase of the enantiomeric excess (entry 3). When the steric 

demand of the side arm was increased in (R,R)-86h, the highest ee of 93% 

could be achieved without compromising reactivity (entry 4). A further 

increase in size of this side arm to phenanthrene in (R,R)-86i led to a slight 

decrease of the ee (entry 5). Subsequently, variations of the indicated reaction 

conditions with (R,R)-86g (entry 3) were studied. Substitution of chloroform 

with methylene chloride or toluene resulted in the enantioselectivity to 

plummet (entries 6-7). Elevation of the reaction temperature to 0 ºC was 

detrimental to the ee as well (entry 8). Diluting the reaction mixture did neither 

affect the yield, nor the enantioselectivity (entry 9). Surprisingly, a reduction 

of the amount of organocatalyst (R,R)-88g to 5 mol% resulted in a drop of the 

enantioselectivity to 73% (entry 10). This result is hard to understand since no 

racemic background reaction can be expected (entry 12) but similar 

observations have been reported.69d When the amount of fluoride source was 

halved, no significant drop in yield or enantioselectivity was detected 

(entry 11).  
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Table 15. Catalyst screening and  optimization of reaction conditions  for 
the cyclization of  styrene alcohol  145a.a 

 

Entry Catalyst Conditions Yield [%]b ee [%]c 

1 (R,R)-86f as indicated 41 72 
2 (R,R)-86e as indicated 50 88 
3 (R,R)-86g as indicated 70 90 
4 (R,R)-86h as indicated 83 93 
5 (R,R)-86i as indicated 66 88 
6 (R,R)-86g CH2Cl2 as solvent 63 74 
7 (R,R)-86g toluene as solvent 70 61 
8 (R,R)-86g 0 oC 75 70 
9 (R,R)-86g 0.1 M in CHCl3 75 89 
10 (R,R)-86g 5 mol% cat. 83 73 
11 (R,R)-86g 9 equiv. of HF 78 85 
12 no cat. as indicated 0 - 

 
aConditions: 145a (0.1 mmol), (R,R)-86 (0.01 mmol), mCPBA (0.15 mmol) and HF-py 

(0.2 mmol, 47 L) were dissolved in CHCl3 (0.5 mL) at -35 °C and stirred for 24 h at 

this temperature. bIsolated yield. cDetermined by chiral SFC using a CHIRALPAK-IC 

column. 

2.3.3 Scope of the reaction 

Since both (R,R)-86g and (R,R)-86h induced high levels of 

enantioselectivity, the fluorocyclization of styrene alcohols 145 was explored 

with both catalysts (Table 16). The screening of an array of substrates 145 
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confirmed that our newly developed 1-naphthyl catalyst (R,R)-86h performed 

with superior stereoinduction. Nitro-, trifluoromethyl- and sulfone-substituted 

styrenes 145a-c could be converted into the corresponding fluorinated 

tetrahydrofurans 146a-c with excellent enantioselectivities, above 90%. 

Substrates 145d-f bearing acyl substituents were converted into 146d-f with 

slightly lower enantioselectivities between 84-87%, except amides 146g-h 

which were furnished with higher ee’s. When we explored an array of meta-

substituted styrene alcohols 145i-k, enantioselectivities were in all cases 

diminished. Insufficient catalyst binding due to the meta-substituent might be 

the reason. m-Nitro product 146i was obtained with a loss of 7% ee compared 

to 146a and acetophenone 146j was obtained with an ee loss of 4% compared 

to 146e. Benzyl ether 146k was furnished with even lower enantioselectivity 

of 61%. With ortho-substituents, stereoselectivities became notably lower. 

Ortho-cyano substitution in 145l led to ambiguous reaction outcomes. While 

naphthyl catalyst (R,R)-86h produced 146l with 39% ee, the opposite 

enantiomer, ent-146l (-33% ee) was predominantly formed when (R,R)-86g 

was employed. With a chloro substituent, the selectivity did not invert but it 

was dramatically decreased to 16% ee of 146m when (R,R)-86g was used. 

Also with catalyst (R,R)-86h, only a low ee of 30% could be obtained for 

product 146m. An ortho-nitro substituent was not tolerated in this 

transformation. The desired product 146n could neither be detected under 

racemic reaction conditions (with p-iodotoluene 82 as catalyst), nor was 146n 

observed under the asymmetric reaction conditions in Table 16. Jacobsen and 

co-workers reported that in related fluorocyclization reactions, ortho-nitro 

substituents participated in anchimeric assistance leading to unexpected 

reaction outcomes.68b, 100 Generally, it was not possible to employ electron-

rich styrenes in the presented fluorocyclization reaction. This might be 

attributed to product instability or competing, unproductive reaction pathways 

of the substrate (e.g. polymerization).  

X-ray diffraction analysis of a crystal of 146a revealed that the absolute 

configuration of the C-F quaternary center of the major enantiomer is (S).   
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Table 16. Scope of the oxyfluorocyclization reaction. a  

 

aConditions: 145 (0.1 mmol), (R,R)-86 (0.01 mmol), mCPBA (0.15 mmol) and HF-py 

(0.2 mmol, 47 L) were dissolved in CHCl3 (0.5 mL) at -35 °C and stirred for 24 h at 

this temperature; isolated yield; determined by SFC using commercial columns with 

chiral stationary phases.  

Next, alterations at the aliphatic chain between olefin and hydroxy group 

were probed (Scheme 45). When the carbon chain was prolonged by one 

methylene unit in substrate 145o, the corresponding tetrahydropyran 146o was 

formed, albeit in lower yield and dramatically decreased enantioselectivity of 

57% using (R,R)-86g and 65% using (R,R)-86h.  

 

Scheme 45. Asymmetric synthesis of f luorinated tetrahydropyrane  
146o .  

Dimethyl substitution at one methylene group of the aliphatic tether often 

leads to substrate pre-folding (Thorpe-Ingold effect101). This effect may lead 

to an increased cyclization rate or selectivity. Therefore, the racemic 

cyclization (tolyliodide 82 as catalyst) of substrate 145p to product 146p was 
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attempted. However, the expected cyclization product 146p was not detected 

(Scheme 46). Instead, allyl fluoride 147 was isolated in 55% yield. It is not 

entirely clear how compound 147 formed, but apparently, a CH2O unit was 

eliminated. Indeed, formation of formaldehyde was detected by 1H NMR 

spectroscopy of the crude reaction mixture of this cyclization attempt with 

145p. Probably, a stable tertiary allylic carbenium ion formed by CH2O 

elimination. Reaction with HF may have led to 147 according to Scheme 46. 

 

Scheme 46. Attempted racemic fluorocyclization of styrene alcohol  
145p .  

The attempted cyclization of tertiary alcohol 145q was not successful either 

(Scheme 47). Substrate 145q was consumed but possible 19F NMR signals of 

146q could not be detected in the crude reaction mixture. Most likely, 

sterically encumbered nucleophiles cannot undergo this cyclization reaction 

and tertiary alcohols may eliminate water under the acidic reaction conditions. 

 

Scheme 47. Attempted racemic fluorocyclization of styrene alcohol  
145q .  

Apart from alcohol nucleophiles, the application of nitrogen nucleophiles 

148 was explored. Hereby, the identity of the nitrogen protection was crucial 

for reactivity and enantioselectivity (Table 17). 4-Nitrobenzenesulfonyl (Ns)-

protected amine 148a reacted smoothly and a decent enantioselectivity of 70% 

could be obtained with naphthyl catalyst (R,R)-86h (entry 1). Similarly to the 

oxyfluorination reaction, the ee was lower (62%) when mesityl catalyst 

(R,R)-86g was used (entry 2). A similar ee of 72% was detected when 

methanesulfonyl (Ms)-protected amine 148b was subjected to the reaction 

conditions (entry 3). A significantly diminished selectivity of 56% was 
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measured when tosylamide 148c was cyclized (entry 4). We decided to 

investigate the reaction scope with the Ns-protecting group because its 

removal can be accomplished under very mild reaction conditions. We found 

that yield (76%) and enantioselectivity (75%) could be increased by dilution 

of the reaction mixture and by an increase of the HF concentration (entry 5). 

Ns-protected amines 148 are only sparingly soluble in chloroform. Therefore, 

dilution increased the amount of dissolved educt 148.  

Table 17. Screening of nitrogen nucleophiles  148.a  

 

Entry Catalyst R = Yield [%]b ee[%]c 

1 (R,R)-86h Ns (148a) 58 70 
2 (R,R)-86g Ns (148a) 59 62 
3 (R,R)-86h Ms (148b) 63 72 
4 (R,R)-86h Ts (148c) 68 56 
5 (R,R)-86h Ns (148a) 76 75d 

aConditions, unless otherwise stated: 148 (0.1 mmol), (R,R)-86 (0.01 mmol), mCPBA 

(0.15 mmol) and HF-py (0.2 mmol, 47 L) were dissolved in CHCl3 (0.5 mL) at -35 °C 
and stirred for 24 h at this temperature. bIsolated yield. cDetermined by SFC using 

commercial columns with chiral stationary phases. dHF-py (0.3 mmol, 70 L), diluted 
to 0.1 M in CHCl3 (1.0 mL). 

With the conditions indicated in Table 17, entry 5, the substrate scope of 

para- and meta-substituted arenes was investigated (Table 18). Generally, the 

yields obtained from the aminofluorination were higher than in the 

oxyfluorination reaction, but the enantioselectivities dropped slightly, when 

sulfonamide nucleophiles 148 were employed. In the case of para-

substituents, the highest enantioselectivities were achieved with CF3-, cyano-, 

and ester substituents obtaining 149d, 149f and 149h with ee’s between 86-

90%. Selectivities were lower for nitro-, sulfone-, keto-, and amide-

substituents. The corresponding fluorinated pyrrolidines 149a, 149e, 149g and 

149i were obtained with ee’s between 72-82%. While meta-aryl-substituents 

were somewhat problematic for the obtention of high enantioselectivities in 

the oxyfluorination reaction, there is not such a clear trend for the cyclization 

with nitrogen nucleophiles 148j-k. Nitro compound 149j was obtained with 

the same selectivity as derivative 149a. However, meta-carbonyl substitution 

diminished the ee of product 149k drastically to 68% compared to 82% ee for 

pyrrolidine 149g.  



55 

Table 18. Scope of the aminofluorination reaction. a 

 
aConditions: 148 (0.1 mmol), (R,R)-86h (0.01 mmol), mCPBA (0.15 mmol) and HF-py 

(0.3 mmol, 70 L) were dissolved in CHCl3 (1.0 mL) at -35 °C and stirred for 24 h at 

this temperature; isolated yield; determined by SFC using commercial columns with 

chiral stationary phases. 

2.3.4 Proposal of a reaction mechanism and origin of 

stereoselectivity supported by DFT modelling 

For the DFT-modelling of the reaction mechanism, model substrate 145a 

and mesityllactate catalyst (R,R)-86g were chosen. The calculated mechanism 

of the fluorocyclization is in close agreement with a previous modelling by 

Xue and Houk for the mechanism of an asymmetric styrene difluorination 

reaction by Jacobsen and co-workers.68c A proposed catalytic cycle is 

displayed in Scheme 48. 

The calculations support the oxidation of iodoarene (R,R)-86g to the 

corresponding iodosylarene with mCPBA. Deoxyfluorination with hydrogen 

fluoride yields an aryliododifluoride species (R,R)-86g-F2 (such compounds 

were employed stoichiometrically by Nevado and co-workers65). The active 

catalyst is the cationic intermediate Int1 which is formed by HF-assisted 

fluoride abstraction. The activation of (R,R)-86g-F2 to the active form Int1 

was calculated to be the step with the highest energy barrier. The assistance 

of the carbonyl oxygen atoms of (R,R)-86g play an important role for the 

stabilization of this intermediate Int1. Reaction with the prochiral substrate 

145a from either the Si or the Re face of the olefin results in iodocycle Int2 

formation. This step determines the configuration of the C-F stereocenter that 

is subsequently created by nucleophilic attack of fluoride. However, the 
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formation of intermediate Int2 is most likely reversible but the selectivity of 

the facial discrimination can probably be enhanced by alteration of the side 

arm sterics of (R,R)-86. Therefore, higher enantioselectivities were observed 

when aryl iodide (R,R)-86h was used. After the fluorination step to Int3, 

nucleophilic cyclization of the cationic intermediate Int4 releases aryl iodide 

(R,R)-86g via Int5. Catalyst (R,R)-86g is thereby regenerated for its 

participation in the next catalytic cycle and product 146a is formed after final 

deprotonation.  

 

Scheme 48. Proposed catalytic cycle for the oxyfluorination reaction 
based on DFT-modell ing.   

As pointed out above, the stereochemical outcome of the reaction is 

controlled during the formation of intermediate Int2 where a discrimination 

between the prochiral olefin faces takes place. With the help of DFT-

modelling, the lowest energy transition states (TS) for both, Re face and Si 

face catalyst-olefin-binding towards Int2 were located (Figure 8). Due to 

steric repulsion of the substrate and the catalyst side arm (mesityl moiety), the 

lowest energy TS towards the (R)-product was 1.3 kcal/ mol higher in energy 

(at room temperature) than the TS leading to the (S)-product. This is in 

agreement with the experimental observation of preferred formation of the (S)-

enantiomer (determined by X-ray analysis of 146a). At experimental 
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temperature (-35 °C/ 238.15 K) an energy difference of 1.7 kcal/ mol was 

calculated. Our observed enantiomeric excess of 90% for the formation of 

146a confirms the accuracy of the calculations because an energy difference 

of 1.8 kcal/ mol is required for this level of selectivity.  

 

Figure 8. Lowest energy transition states leading to Int2,  TS2 ( R )  
1.7 kcal/ mol higher in energy than TS2 ( S )  at 238.15 K.  

By visualizing these transition states one can easily understand that 

modifications of the substrate, especially substitution of the arene in meta- and 

ortho-position, can easily rise the TS energies. If the energy difference 

between TS2(S) and TS2(R) becomes smaller, enantioselectivities drop or the 

selectivity even inverts when TS2(R) becomes favorable as it could be observed 

for ortho-cyano compound 146l (Table 16).  

2.3.5 Conclusion 

By the means of iodine(III)-asymmetric catalysis, 1,1-disubstituted 

styrenes underwent enantioselective fluorocyclization reactions. From 

internal alcohol nucleophiles, -fluorinated tetrahydrofurans were obtained 

with enantiomeric excesses up to 93%. From internal nitrogen nucleophiles, 

-fluorinated pyrrolidines were obtained with up to 90% ee. High 

enantioselectivities were possible to achieve due to the development of a new 

chiral aryl iodide catalyst with 1-naphthyl side arms. The mechanism of the 

reaction and the transition states which are important for the stereoselectivity 

model were modelled by DFT-calculations and confirmed the experimentally 

observed selectivities.  
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3 Concluding remarks 

In this thesis, four protocols for the synthesis of organofluorine compounds 

have been summarized. Two procedures for the synthesis of 

trifluoromethylthioethers from diazo compounds were developed. Both 

reactions are based on multicomponent approaches. The first reaction relied 

on rhodium-catalysis and thereby new carbon-oxygen and carbon-sulfur 

bonds were formed in -position to carbonyl groups. The second reaction 

featured carbon-carbon and carbon-sulfur bond formation. The process is 

based on the Hooz-three-component reaction. In situ borane formation, aryl 

migration and electrophilic trifluoromethylthiolation led to the reaction 

products.  

One protocol for late-stage halex fluorination of (bromodifluoromethyl)-

carbonyl compounds and (bromodifluoromethyl)arenes was explored. The 

usage of nucleophilic fluoride targeted the translation to 18F-radiolabelling and 

tracer development for positron emission tomography (PET). 

Lastly, we successfully developed a procedure for highly enantioselective 

fluorocyclization reactions that led to formation of carbon-fluorine quaternary 

stereocenters. The developed transformation relies on iodine(I)-iodine(III)-

organocatalysis. The synthesis and application of new organocatalysts enabled 

the obtention of significantly increased enantioselectivities of the resulting 

fluorinated heterocycles. 
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4 Sammanfattning på Svenska 

I denna avhandling läggs det fram nya reaktionsvägar för syntes av 

fluororganiska föreningar.  

I det första kapitlet (2.1) beskrivs kemiska reaktioner med diazoföreningar 

som är en grupp av högreaktiva ämnen. De är mycket lämpliga för 

metallkatalyserade samt metallfria reaktioner och vi har använt dem för två 

olika trifluormetyltioleringsreaktioner. Båda reaktioner är multikomponent-

reaktioner som möjliggör konstruktion av komplexa molekyler i ett enda steg. 

I det andra kapitlet (2.2) presenteras en fluoreringsreaktion som 

utvecklades för ”late-stage” konstruktion av trifluormetylföreningar. Denna 

reaktion är mycket lämpligt för radioaktiv märkning med isotopen 18F som 

används inom medicinisk diagnostik.  

I det tredje, och sista kapitlet (2.3) presenteras en asymmetrisk 

fluoreringsreaktion som katalyseras av en kiral organokatalysator. Genom 

denna reaktion är det möjligt att syntetisera enantiomeranrikande fluorerade 

tetrahydrofuraner och pyrrolidiner.  

  



60 

Appendix A: Contribution list 

The authors' contribution to each publication (referred to by their Roman 

numerals) 

 

I. Synthesis of diazo compounds and initial experiments together with 

W.Y., M.L. conducted all experiments and collected all data that can 

be found in this publication, M.L. wrote the supporting information 

and wrote the paper together with K.J.S. 

 

II. Synthesis of diazo compounds together with D.B., M.L. conducted 

all experiments and collected all data that can be found in the 

publication, M.L. wrote the supporting information and wrote the 

article together with K.J.S. 

 

III. M.L. investigated the scope of esters together with M.A.C.G. and 

A.B.G., M.L. investigated the scope of benzotrifluorides and 

assisted with the preparation of the supporting information. 

 

IV. M.L. initiated the project, helped with the catalyst development 

(mainly done by Q.W.) and substrate synthesis and investigated the 

scope of the oxyfluorination reaction together with M.H. and M.B. 

M.B. conducted the DFT-modelling under guidance of F.H. M.L. 

wrote the supporting information to a large extent and participated 

in writing the paper with M.B., F.H. and K.J.S. 

  



61 

Appendix B: Reprint permissions 

Reprint permissions were kindly granted by the publishers for the following 

publications (referred to by their Roman numerals): 

 
I. M. Lübcke, W. Yuan, K. J. Szabó, Org. Lett. 2017, 19, 4548-4551.  

Open access article licensed under an ACS AuthorChoice License. 

 

II. M. Lübcke, D. Bezhan, K. J. Szabó, Chem. Sci. 2019, 10, 5990-

5995.  

Open access article licensed under a Creative Commons Attribution 

3.0 Unported Licence. 

 

III. A. Bermejo Gómez, M. A. Cortés González, M. Lübcke, M. J. 

Johansson, M. Schou, K. J. Szabó, J. Fluorine Chem. 2017, 194, 51-

57.  

Copyright © 2017 Elsevier B. V. 

  

  



62 

Acknowledgement 

Kálmán, I want to thank you for guiding me through the PhD studies, 

especially for your patience and optimism. Even if we disagreed here and 

there, compromises were possible, you were not afraid of solving problems. 

I want thank Prof. Pher Andersson for taking his time to read and comment 

on this thesis and Prof. Belén Martín-Matute for co-supervision. I also want 

to thank Prof. Fahmi Himo and his research group for helping us to understand 

reactions with the help of DFT-modelling. I want to express my appreciation 

to Assoc. Prof. Lars Eriksson for his help with X-ray diffraction analysis. 

In particular, I am grateful for all the received help by the technical staff of 

our department. Carin Larsson, Kristina Romare, Martin Roxengren, Jonas 

Ståhle and Ola Andersson, you have been a great help on the way to this final 

product. I also want to thank the administration, Jenny Karlsson, Louise Lehto 

and Sigrid Mattsson for solving small and big issues.  

For teaching undergraduate students together: Matteo and Cristiana, I could 

not have been luckier! You are great people and that made it much easier and 

much more fun! Thanks!  

For a good time in the lab and after work: past and present group members: 

Miguel, Denise, Sybrand, Jay, Qiang, Xingguo, Todd, Maria, Martin & 

Martin, Dominik, Colin, Göran, Denis, Ken, Dong, Weiming, Marie, Nadia, 

Dina and Antonio. Especially Dr. Antonio Bermejo Gómez: you helped me 

getting started at Stockholm University and it was pleasant and fun to work 

with you and Miguel! To all my co-authors: thank you for your endurance and 

good ideas! 

For many interesting, silly or serious lunch discussions and time outside 

the lab: Alex, Catarina, Angela, Dina, Kilian, Matt, Denise, Michael, Sybrand, 

Gabbi, Aleksandra, Marie, Tony and many more current and former 

colleagues and friends at the department. Thank you all very much! Here I 

also want to thank all people who helped out (e.g. producing hand sanitizer) 

during the pandemic while I wrote this thesis. 

To my friends who made Stockholm fun from the very beginning: Alex, 

Jaakko, Changil, Cynthia, Han and Kata! Big hugs to all of you! I might not 

have settled in Stockholm without getting to know you! Thanks for a great 

time! Vielen Dank für die schöne Zeit zusammen! Alex, wir haben im 

wahrsten Sinne einiges zusammen bewegt! Und natürlich, Viola! Ohne euch 

zwei hätten Feierabendbiere nicht halb so gut geschmeckt! Beichen♥, since I 

have met you, everything has turned out very well. Thank you for your 

support! Special thanks also to Qing, Vera and Barry! 

I have been very blessed with good teachers and kind people who have 

paved my way. I want to thank Heike Lakämper and Heike Schüßeler, as well 

as Forschungszentrum Jülich as an institution for selecting me for a 

competitive education program. The way I have been working in laboratories 



63 

has been built right there! I am grateful for the excellent learning environment 

that the Forschungszentrum and the Aachen University of Applied Sciences 

offered me. I want to thank Prof. Walter Rath for inspiring me and his 

enthusiasm about organic chemistry. For given opportunities and simply the 

way he is, I want to thank Prof. Jörg Pietruszka. Thank you for matching me 

with the best lab supervisor one could ever find, Dr. Dietrich Böse. Patient, 

perfectly organized, smart and apparently very talented with people. Dietrich, 

herzlichen Dank! Es war eine sehr, sehr schöne und lehrreiche Zeit. Ich 

wünschte, mein Verständnis für OC wäre damals schon besser gewesen. Ich 

erinnere mich immer gerne an deine unschlagbaren Labor- und 

Lebensweisheiten („erst haben, dann küssen…“). Here I would like to thank 

all colleagues at the IBOC and the FZJ between 2011-2014.  

I also want to thank the people at Marburg University, especially Ina 

Pinnschmidt and Prof. Eric Meggers for given opportunities, especially the 

ERASMUS+ scholarship that has brought me to Stockholm. Many thanks to 

Anna, Matthias, Lisa, Andi and Lukas for great times inside the lab, during 

lectures, seminars and of course beyond! 

For proof-reading this thesis, vielen Dank an Lukas, Catarina and Alex. 

Back in my hometown, but now also spread out, I thank my friends for 

accepting me how I am. An meine Familie: danke, dass ihr mein Interesse an 

Chemie gefördert habt und nie die Wahl dieser, für viele merkwürdigen, 

Berufswahl hinterfragt habt.  

Lastly, money. I am indebted to all people of the European Union for 

enabling the ERASMUS+ program with their tax money and allowing young 

people to meet, not only for science education but for a lasting peace in 

Europe! I want to thank Gålöstiftelsen, Kungliga Vetenskapsakademien and 

Stockholm University (with the Hilda Rietz scholarship) for supporting me to 

present our research at the 22nd International Symposium on Fluorine 

Chemistry, Oxford, 2018 and the National Meeting of the ACS in San Diego, 

2019. Finally, I want to thank the Wenner-Gren foundation for funding a great 

symposium in September 2019.   



64 

References 

1. K. T. Koga, E. F. Rose-Koga, C. R. Chim. 2018, 21, 749-756. 

2. a) D. B. Harper, D. O'Hagan, Nat. Prod. Rep. 1994, 11, 123-133; b) 

D. O'Hagan, D. B. Harper, J. Fluorine Chem. 1999, 100, 127-133; c) 

K. K. J. Chan, D. O'Hagan, Methods Enzymol. 2012, 516, 219-235. 

3. a) M. C. Walker, M. C. Y. Chang, Chem. Soc. Rev. 2014, 43, 6527-

6536; b) D. O'Hagan, Chem. Eur. J. 2020, doi: 

10.1002/chem.202000178. 

4. J. A. Kerr, Chem. Rev. 1966, 66, 465-500. 

5. a) K. Müller, C. Faeh, F. Diederich, Science 2007, 317, 1881-1886; 

b) S. Purser, P. R. Moore, S. Swallow, V. Gouverneur, Chem. Soc. 

Rev. 2008, 37, 320-330; c) Y. Zhou, J. Wang, Z. Gu, S. Wang, W. 

Zhu, J. L. Aceña, V. A. Soloshonok, K. Izawa, H. Liu, Chem. Rev. 

2016, 116, 422-518; d) H. Mei, J. Han, S. Fustero, M. Medio-Simon, 

D. M. Sedgwick, C. Santi, R. Ruzziconi, V. A. Soloshonok, Chem. 

Eur. J. 2019, 25, 11797-11819. 

6. a) B. Linclau, Z. Wang, G. Compain, V. Paumelle, C. Q. Fontenelle, 

N. Wells, A. Weymouth-Wilson, Angew. Chem. Int. Ed. 2016, 55, 

674-678; b) J. Graton, G. Compain, F. Besseau, E. Bogdan, J. M. 

Watts, L. Mtashobya, Z. Wang, A. Weymouth-Wilson, N. Galland, J. 

Y. Le Questel, B. Linclau, Chem. Eur. J. 2017, 23, 2811-2819; c) B. 

Jeffries, Z. Wang, J. Graton, S. D. Holland, T. Brind, R. D. R. 

Greenwood, J.-Y. Le Questel, J. S. Scott, E. Chiarparin, B. Linclau, 

J. Med. Chem. 2018, 61, 10602-10618; d) B. Jeffries, Z. Wang, H. R. 

Felstead, J.-Y. Le Questel, J. S. Scott, E. Chiarparin, J. Graton, B. 

Linclau, J. Med. Chem. 2020, 63, 1002-1031; e) N. S. Keddie, A. M. 

Z. Slawin, T. Lebl, D. Philp, D. O'Hagan, Nat. Chem. 2015, 7, 483-

488; f) Z. Fang, N. Al-Maharik, A. M. Z. Slawin, M. Bühl, D. 

O'Hagan, Chem. Commun. 2016, 52, 5116-5119; g) A. Rodil, S. 

Bosisio, M. S. Ayoup, L. Quinn, D. B. Cordes, A. M. Z. Slawin, C. 

D. Murphy, J. Michel, D. O'Hagan, Chem. Sci. 2018, 9, 3023-3028; 

h) Q. A. Huchet, B. Kuhn, B. Wagner, N. A. Kratochwil, H. Fischer, 

M. Kansy, D. Zimmerli, E. M. Carreira, K. Müller, J. Med. Chem. 

2015, 58, 9041-9060; i) Q. A. Huchet, N. Trapp, B. Kuhn, B. Wagner, 

H. Fischer, N. A. Kratochwil, E. M. Carreira, K. Müller, J. Fluorine 

Chem. 2017, 198, 34-46; j) R. Vorberg, N. Trapp, D. Zimmerli, B. 

Wagner, H. Fischer, N. A. Kratochwil, M. Kansy, E. M. Carreira, K. 

Müller, ChemMedChem 2016, 11, 2216-2239. 

7. a) C. Thiehoff, Y. P. Rey, R. Gilmour, Isr. J. Chem. 2017, 57, 92-100; 

b) S. Wolfe, Acc. Chem. Res. 1972, 5, 102-111. 

8. F. A. Martins, M. P. Freitas, Eur. J. Org. Chem. 2019, 2019, 6401-

6406. 



65 

9. J. C. R. Thacker, P. L. A. Popelier, J. Phys. Chem. A 2018, 122, 1439-

1450. 

10. a) C. S. Teschers, C. G. Daniliuc, G. Kehr, R. Gilmour, J. Fluorine 

Chem. 2018, 210, 1-5; b) P. Bentler, K. Bergander, C. G. Daniliuc, C. 

Mück-Lichtenfeld, R. P. Jumde, A. K. H. Hirsch, R. Gilmour, Angew. 

Chem. Int. Ed. 2019, 58, 10990-10994. 

11. M. Aufiero, R. Gilmour, Acc. Chem. Res. 2018, 51, 1701-1710. 

12. a) P. W. Miller, N. J. Long, R. Vilar, A. D. Gee, Angew. Chem. Int. 

Ed. 2008, 47, 8998-9033; b) M. Tredwell, V. Gouverneur, Angew. 

Chem. Int. Ed. 2012, 51, 11426-11437; c) S. Preshlock, M. Tredwell, 

V. Gouverneur, Chem. Rev. 2016, 116, 719-766; d) F. Buckingham, 

V. Gouverneur, Chem. Sci. 2016, 7, 1645-1652; e) K. Chansaenpak, 

B. Vabre, F. P. Gabbai, Chem. Soc. Rev. 2016, 45, 954-971; f) H. S. 

Krishnan, L. Ma, N. Vasdev, S. H. Liang, Chem. Eur. J. 2017, 23, 

15553-15577; g) X. Deng, J. Rong, L. Wang, N. Vasdev, L. Zhang, 

L. Josephson, S. H. Liang, Angew. Chem. Int. Ed. 2019, 58, 2580-

2605. 

13. X.-H. Xu, K. Matsuzaki, N. Shibata, Chem. Rev. 2015, 115, 731-764. 

14. a) J.-A. Ma, D. Cahard, Chem. Rev. 2004, 104, 6119-6146; b) L. Chu, 

F.-L. Qing, Acc. Chem. Res. 2014, 47, 1513-1522; c) J. Charpentier, 

N. Früh, A. Togni, Chem. Rev. 2015, 115, 650-682; d) X. Yang, T. 

Wu, R. J. Phipps, F. D. Toste, Chem. Rev. 2015, 115, 826-870; e) S. 

Rossi, A. Puglisi, L. Raimondi, M. Benaglia, ChemCatChem 2018, 

10, 2717-2733; f) S. Barata-Vallejo, S. Bonesi, A. Postigo, Org. 

Biomol. Chem. 2016, 14, 7150-7182; g) A. Tlili, T. Billard, Angew. 

Chem. Int. Ed. 2013, 52, 6818-6819. 

15. C. Hansch, A. Leo, R. W. Taft, Chem. Rev. 1991, 91, 165-195. 

16. I. Kieltsch, P. Eisenberger, A. Togni, Angew. Chem. Int. Ed. 2007, 46, 

754-757. 

17. J. Zheng, L. Wang, J.-H. Lin, J.-C. Xiao, S. H. Liang, Angew. Chem. 

Int. Ed. 2015, 54, 13236-13240. 

18. J. Zheng, R. Cheng, J.-H. Lin, D.-H. Yu, L. Ma, L. Jia, L. Zhang, L. 

Wang, J.-C. Xiao, S. H. Liang, Angew. Chem. Int. Ed. 2017, 56, 3196-

3200. 

19. T. Khotavivattana, S. Verhoog, M. Tredwell, L. Pfeifer, S. 

Calderwood, K. Wheelhouse, T. Lee Collier, V. Gouverneur, Angew. 

Chem. Int. Ed. 2015, 54, 9991-9995. 

20. a) X. Shao, C. Xu, L. Lu, Q. Shen, Acc. Chem. Res. 2015, 48, 1227-

1236; b) J. Zhang, J. D. Yang, H. Zheng, X. S. Xue, H. Mayr, J.-P. 

Cheng, Angew. Chem. Int. Ed. 2018, 57, 12690-12695; c) M. Li, H. 

Zheng, X.-S. Xue, J.-P. Cheng, Tetrahedron Lett. 2018, 59, 1278-

1285. 

21. M. Li, J. Guo, X.-S. Xue, J.-P. Cheng, Org. Lett. 2016, 18, 264-267. 

22. P. Zhang, M. Li, X.-S. Xue, C. Xu, Q. Zhao, Y. Liu, H. Wang, Y. 

Guo, L. Lu, Q. Shen, J. Org. Chem. 2016, 81, 7486-7509. 



66 

23. a) X. Shao, C. Xu, L. Lu, Q. Shen, J. Org. Chem. 2015, 80, 3012-

3021; b) E. V. Vinogradova, P. Müller, S. L. Buchwald, Angew. 

Chem. Int. Ed. 2014, 53, 3125-3128. 

24. X.-G. Yang, K. Zheng, C. Zhang, Org. Lett. 2020, 22, 2026-2031. 

25. a) G. Teverovskiy, D. S. Surry, S. L. Buchwald, Angew. Chem. Int. 

Ed. 2011, 50, 7312-7314; b) G. Yin, I. Kalvet, U. Englert, F. 

Schoenebeck, J. Am. Chem. Soc. 2015, 137, 4164-4172; c) G. Yin, I. 

Kalvet, F. Schoenebeck, Angew. Chem. Int. Ed. 2015, 54, 6809-6813; 

d) A. B. Dürr, G. Yin, I. Kalvet, F. Napoly, F. Schoenebeck, Chem. 

Sci. 2016, 7, 1076-1081; e) I. Kalvet, Q. Guo, G. J. Tizzard, F. 

Schoenebeck, ACS Catal. 2017, 7, 2126-2132. 

26. H. Wu, Z. Xiao, J. Wu, Y. Guo, J.-C. Xiao, C. Liu, Q.-Y. Chen, 

Angew. Chem. Int. Ed. 2015, 54, 4070-4074. 

27. S. Mukherjee, B. Maji, A. Tlahuext-Aca, F. Glorius, J. Am. Chem. 

Soc. 2016, 138, 16200-16203. 

28. S. Alazet, L. Zimmer, T. Billard, Angew. Chem. Int. Ed. 2013, 52, 

10814-10817. 

29. a) T. Ye, M. A. McKervey, Chem. Rev. 1994, 94, 1091-1160; b) A. 

Ford, H. Miel, A. Ring, C. N. Slattery, A. R. Maguire, M. A. 

McKervey, Chem. Rev. 2015, 115, 9981-10080. 

30. B. Morandi, Doctoral thesis, ETH Zürich (Zürich), 2012. 

31. a) D. M. Hodgson, F. Y. T. M. Pierard, P. A. Stupple, Chem. Soc. Rev. 

2001, 30, 50-61; b) H. M. L. Davies, R. E. J. Beckwith, Chem. Rev. 

2003, 103, 2861-2904; c) H. M. L. Davies, S. J. Hedley, Chem. Soc. 

Rev. 2007, 36, 1109-1119; d) H. M. L. Davies, J. R. Denton, Chem. 

Soc. Rev. 2009, 38, 3061-3071; e) S. B. J. Kan, R. D. Lewis, K. Chen, 

F. H. Arnold, Science 2016, 354, 1048-1051; f) K. Chen, X. Huang, 

S. B. J. Kan, R. K. Zhang, F. H. Arnold, Science 2018, 360, 71-75; g) 

Y. Xia, D. Qiu, J. Wang, Chem. Rev. 2017, 117, 13810-13889. 

32. X. Wang, Y. Zhou, G. Ji, G. Wu, M. Li, Y. Zhang, J. Wang, Eur. J. 

Org. Chem. 2014, 2014, 3093-3096. 

33. M. Hu, J. Rong, W. Miao, C. Ni, Y. Han, J. Hu, Org. Lett. 2014, 16, 

2030-2033. 

34. Q. Lefebvre, E. Fava, P. Nikolaienko, M. Rueping, Chem. Commun. 

2014, 50, 6617-6619. 

35. C. Matheis, T. Krause, V. Bragoni, L. J. Gooßen, Chem. Eur. J. 2016, 

22, 12270-12273. 

36. Z. Zhang, Z. Sheng, W. Yu, G. Wu, R. Zhang, W. D. Chu, Y. Zhang, 

J. Wang, Nat. Chem. 2017, 9, 970-976. 

37. a) W. Kirmse, M. Kapps, Chem. Ber. 1968, 101, 994-1003; b) M. P. 

Doyle, W. H. Tamblyn, V. Bagheri, J. Org. Chem. 1981, 46, 5094-

5102. 

38. a) C. Alonso, E. Martínez de Marigorta, G. Rubiales, F. Palacios, 

Chem. Rev. 2015, 115, 1847-1935; b) J. Wang, M. Sánchez-Roselló, 



67 

J. L. Aceña, C. del Pozo, A. E. Sorochinsky, S. Fustero, V. A. 

Soloshonok, H. Liu, Chem. Rev. 2014, 114, 2432-2506. 

39. a) G. K. S. Prakash, A. K. Yudin, Chem. Rev. 1997, 97, 757-786; b) 

I. Ruppert, K. Schlich, W. Volbach, Tetrahedron Lett. 1984, 25, 2195-

2198; c) X. Liu, C. Xu, M. Wang, Q. Liu, Chem. Rev. 2015, 115, 683-

730; d) T. Liang, C. N. Neumann, T. Ritter, Angew. Chem. Int. Ed. 

2013, 52, 8214-8264. 

40. a) A. Zanardi, M. A. Novikov, E. Martin, J. Benet-Buchholz, V. V. 

Grushin, J. Am. Chem. Soc. 2011, 133, 20901-20913; b) P. Novák, A. 

Lishchynskyi, V. V. Grushin, Angew. Chem. Int. Ed. 2012, 51, 7767-

7770; c) G. G. Dubinina, H. Furutachi, D. A. Vicic, J. Am. Chem. Soc. 

2008, 130, 8600-8601. 

41. a) N. Shibata, A. Matsnev, D. Cahard, Beilstein J. Org. Chem. 2010, 

6, No. 65; b) S. Barata‐Vallejo, B. Lantaño, A. Postigo, Chem. Eur. J. 

2014, 20, 16806-16829. 

42. a) A. Studer, Angew. Chem. Int. Ed. 2012, 51, 8950-8958; b) Y. Ye, 

M. S. Sanford, J. Am. Chem. Soc. 2012, 134, 9034-9037. 

43. a) B. R. Langlois, E. Laurent, N. Roidot, Tetrahedron Lett. 1991, 32, 

7525-7528; b) C. Zhang, Adv. Synth. Catal. 2014, 356, 2895-2906. 

44. a) M. Huiban, M. Tredwell, S. Mizuta, Z. Wan, X. Zhang, T. L. 

Collier, V. Gouverneur, J. Passchier, Nat. Chem. 2013, 5, 941-944; b) 

T. Rühl, W. Rafique, V. T. Lien, P. J. Riss, Chem. Commun. 2014, 

50, 6056-6059; c) P. Ivashkin, G. Lemonnier, J. Cousin, V. Grégoire, 

D. Labar, P. Jubault, X. Pannecoucke, Chem. Eur. J. 2014, 20, 9514-

9518. 

45. S. Verhoog, C. W. Kee, Y. Wang, T. Khotavivattana, T. C. Wilson, 

V. Kersemans, S. Smart, M. Tredwell, B. G. Davis, V. Gouverneur, 

J. Am. Chem. Soc. 2018, 140, 1572-1575. 

46. C. W. Kee, O. Tack, F. Guibbal, T. C. Wilson, P. G. Isenegger, M. 

Imiołek, S. Verhoog, M. Tilby, G. Boscutti, S. Ashworth, J. Chupin, 

R. Kashani, A. W. J. Poh, J. K. Sosabowski, S. Macholl, C. Plisson, 

B. Cornelissen, M. C. Willis, J. Passchier, B. G. Davis, V. 

Gouverneur, J. Am. Chem. Soc. 2020, 142, 1180-1185. 

47. a) G. Bissky, G.-V. Röschenthaler, E. Lork, J. Barten, M. Médebielle, 

V. Staninets, A. A. Kolomeitsev, J. Fluorine Chem. 2001, 109, 173-

181; b) T. M. Sokolenko, K. I. Petko, L. M. Yagupolskii, Chem. 

Heterocycl. Compd. 2009, 45, 430-435. 

48. S. Verhoog, L. Pfeifer, T. Khotavivattana, S. Calderwood, T. L. 

Collier, K. Wheelhouse, M. Tredwell, V. Gouverneur, Synlett 2016, 

27, 25-28. 

49. a) G. Angelini, M. Speranza, A. P. Wolf, C.-Y. Shiue, J. Labelled 

Compd. Radiopharm. 1990, 28, 1441-1448; b) G. Angelini, M. 

Speranza, C. Y. Shiue, A. P. Wolf, J. Chem. Soc., Chem. Commun. 

1986, 924-925; c) M. R. Kilbourn, M. R. Pavia, V. E. Gregor, Int. J. 

Radiat. Appl. Instrum. Part A. Appl. Radiat. Isot. 1990, 41, 823-828; 



68 

d) A. Hammadi, C. Crouzel, J. Labelled Compd. Radiopharm. 1993, 

33, 703-710; e) M. K. Das, J. Mukherjee, Appl. Radiat. Isot. 1993, 44, 

835-842; f) J. Prabhakaran, M. D. Underwood, R. V. Parsey, V. 

Arango, V. J. Majo, N. R. Simpson, R. Van Heertum, J. J. Mann, J. S. 

D. Kumar, Biorg. Med. Chem. 2007, 15, 1802-1807. 

50. P. Johnström, S. Stone-Elander, J. Labelled Compd. Radiopharm. 

1995, 36, 537-547. 

51. Y. Zhu, J. Han, J. Wang, N. Shibata, M. Sodeoka, V. A. Soloshonok, 

J. A. S. Coelho, F. D. Toste, Chem. Rev. 2018, 118, 3887-3964. 

52. E. Differding, R. W. Lang, Tetrahedron Lett. 1988, 29, 6087-6090. 

53. a) N. Shibata, Z. Liu, Y. Takeuchi, Chem. Pharm. Bull. 2000, 48, 

1954-1958; b) N. Shibata, E. Suzuki, Y. Takeuchi, J. Am. Chem. Soc. 

2000, 122, 10728-10729; c) Y. Takeuchi, T. Suzuki, A. Satoh, T. 

Shiragami, N. Shibata, J. Org. Chem. 1999, 64, 5708-5711. 

54. a) T. Ishimaru, N. Shibata, T. Horikawa, N. Yasuda, S. Nakamura, T. 

Toru, M. Shiro, Angew. Chem. Int. Ed. 2008, 47, 4157-4161; b) N. 

Shibata, E. Suzuki, T. Asahi, M. Shiro, J. Am. Chem. Soc. 2001, 123, 

7001-7009. 

55. D. Cahard, C. Audouard, J.-C. Plaquevent, N. Roques, Org. Lett. 

2000, 2, 3699-3701. 

56. V. Rauniyar, A. D. Lackner, G. L. Hamilton, F. D. Toste, Science 

2011, 334, 1681-1684. 

57. O. Lozano, G. Blessley, T. Martinez del Campo, A. L. Thompson, G. 

T. Giuffredi, M. Bettati, M. Walker, R. Borman, V. Gouverneur, 

Angew. Chem. Int. Ed. 2011, 50, 8105-8109. 

58. H. Egami, T. Niwa, H. Sato, R. Hotta, D. Rouno, Y. Kawato, Y. 

Hamashima, J. Am. Chem. Soc. 2018, 140, 2785-2788. 

59. M. Sawaguchi, S. Hara, T. Fukuhara, N. Yoneda, J. Fluorine Chem. 

2000, 104, 277-280. 

60. a) T. Inagaki, Y. Nakamura, M. Sawaguchi, N. Yoneda, S. Ayuba, S. 

Hara, Tetrahedron Lett. 2003, 44, 4117-4119; b) Q. Wang, W. Zhong, 

X. Wei, M. Ning, X. Meng, Z. Li, Org. Biomol. Chem. 2012, 10, 

8566-8569; c) H.-T. Huang, T. C. Lacy, B. Błachut, G. X. Ortiz, Q. 

Wang, Org. Lett. 2013, 15, 1818-1821; d) J. Cui, Q. Jia, R.-Z. Feng, 

S.-S. Liu, T. He, C. Zhang, Org. Lett. 2014, 16, 1442-1445; e) N. 

Asari, Y. Takemoto, Y. Shinomoto, T. Yagyu, A. Yoshimura, V. V. 

Zhdankin, A. Saito, Asian J. Org. Chem. 2016, 5, 1314-1317; f) T. 

Kitamura, A. Miyake, K. Muta, J. Oyamada, J. Org. Chem. 2017, 82, 

11721-11726; g) J. D. Herszman, M. Berger, S. R. Waldvogel, Org. 

Lett. 2019, 21, 7893-7896; h) J. D. Haupt, M. Berger, S. R. 

Waldvogel, Org. Lett. 2019, 21, 242-245. 

61. a) U. Farid, F. Malmedy, R. Claveau, L. Albers, T. Wirth, Angew. 

Chem. Int. Ed. 2013, 52, 7018-7022; b) U. Farid, T. Wirth, Angew. 

Chem. Int. Ed. 2012, 51, 3462-3465; c) U. H. Hirt, B. Spingler, T. 

Wirth, J. Org. Chem. 1998, 63, 7674-7679. 



69 

62. T. Dohi, A. Maruyama, N. Takenaga, K. Senami, Y. Minamitsuji, H. 

Fujioka, S. B. Caemmerer, Y. Kita, Angew. Chem. Int. Ed. 2008, 47, 

3787-3790. 

63. M. Fujita, Y. Yoshida, K. Miyata, A. Wakisaka, T. Sugimura, Angew. 

Chem. Int. Ed. 2010, 49, 7068-7071. 

64. a) S. Haubenreisser, T. H. Wöste, C. Martínez, K. Ishihara, K. Muñiz, 

Angew. Chem. Int. Ed. 2016, 55, 413-417; b) M. Uyanik, T. Yasui, K. 

Ishihara, Angew. Chem. Int. Ed. 2010, 49, 2175-2177. 

65. W. Kong, P. Feige, T. de Haro, C. Nevado, Angew. Chem. Int. Ed. 

2013, 52, 2469-2473. 

66. a) M. Ochiai, Y. Takeuchi, T. Katayama, T. Sueda, K. Miyamoto, J. 

Am. Chem. Soc. 2005, 127, 12244-12245; b) T. Dohi, A. Maruyama, 

M. Yoshimura, K. Morimoto, H. Tohma, Y. Kita, Angew. Chem. Int. 

Ed. 2005, 44, 6193-6196; c) S. Suzuki, T. Kamo, K. Fukushi, T. 

Hiramatsu, E. Tokunaga, T. Dohi, Y. Kita, N. Shibata, Chem. Sci. 

2014, 5, 2754-2760. 

67. a) R. F. Weinland, W. Stille, Liebigs Ann. Chem. 1903, 328, 132-139; 

b) M. Sawaguchi, S. Ayuba, S. Hara, Synthesis 2002, 13, 1802-1803. 

68. a) K. M. Mennie, S. M. Banik, E. C. Reichert, E. N. Jacobsen, J. Am. 

Chem. Soc. 2018, 140, 4797-4802; b) E. M. Woerly, S. M. Banik, E. 

N. Jacobsen, J. Am. Chem. Soc. 2016, 138, 13858-13861. 

69. a) M. K. Haj, S. M. Banik, E. N. Jacobsen, Org. Lett. 2019, 21, 4919-

4923; b) B. Zhou, M. K. Haj, E. N. Jacobsen, K. N. Houk, X.-S. Xue, 

J. Am. Chem. Soc. 2018, 140, 15206-15218; c) S. M. Banik, J. W. 

Medley, E. N. Jacobsen, Science 2016, 353, 51-54; d) F. Scheidt, M. 

Schäfer, J. C. Sarie, C. G. Daniliuc, J. J. Molloy, R. Gilmour, Angew. 

Chem. Int. Ed. 2018, 57, 16431-16435. 

70. a) A. Flores, E. Cots, J. Bergès, K. Muñiz, Adv. Synth. Catal. 2019, 

361, 2-25; b) A. Parra, Chem. Rev. 2019, 119, 12033-12088. 

71. R. M. Romero, J. A. Souto, K. Muñiz, J. Org. Chem. 2016, 81, 6118-

6122. 

72. a) R. Pluta, P. E. Krach, L. Cavallo, L. Falivene, M. Rueping, ACS 

Catal. 2018, 8, 2582-2588; b) M. Fujita, Tetrahedron Lett. 2017, 58, 

4409-4419. 

73. a) N. O. Ilchenko, K. J. Szabó, J. Fluorine Chem. 2017, 203, 104-109; 

b) N. O. Ilchenko, B. O. A. Tasch, K. J. Szabó, Angew. Chem. Int. Ed. 

2014, 53, 12897-12901; c) B. Zhou, T. Yan, X.-S. Xue, J.-P. Cheng, 

Org. Lett. 2016, 18, 6128-6131. 

74. W. Yuan, L. Eriksson, K. J. Szabó, Angew. Chem. Int. Ed. 2016, 55, 

8410-8415. 

75. B. K. Mai, K. J. Szabó, F. Himo, ACS Catal. 2018, 8, 4483-4492. 

76. W. Yuan, K. J. Szabó, ACS Catal. 2016, 6, 6687-6691. 

77. a) C. Grundmann, Liebigs Ann. Chem. 1938, 536, 29-36; b) J. H. 

Hansen, B. T. Parr, P. Pelphrey, Q. Jin, J. Autschbach, H. M. L. 

Davies, Angew. Chem. Int. Ed. 2011, 50, 2544-2548. 



70 

78. a) W. Zeghida, C. Besnard, J. Lacour, Angew. Chem. Int. Ed. 2010, 

49, 7253-7256; b) D. Rix, R. Ballesteros-Garrido, W. Zeghida, C. 

Besnard, J. Lacour, Angew. Chem. Int. Ed. 2011, 50, 7308-7311; c) 

R. Ballesteros-Garrido, D. Rix, C. Besnard, J. Lacour, Chem. Eur. J. 

2012, 18, 6626-6631; d) M. Vishe, R. Hrdina, L. Guénée, C. Besnard, 

J. Lacour, Adv. Synth. Catal. 2013, 355, 3161-3169; e) F. Medina, C. 

Besnard, J. Lacour, Org. Lett. 2014, 16, 3232-3235. 

79. M. G. Martin, B. Ganem, Tetrahedron Lett. 1984, 25, 251-254. 

80. B. K. Mai, K. J. Szabo, F. Himo, Org. Lett. 2018, 20, 6646-6649. 

81. M. Lübcke, W. Yuan, K. J. Szabó, Org. Lett. 2017, 19, 4548-4551. 

82. C. Werlé, R. Goddard, P. Philipps, C. Farès, A. Fürstner, J. Am. Chem. 

Soc. 2016, 138, 3797-3805. 

83. X. Guo, W. Hu, Acc. Chem. Res. 2013, 46, 2427-2440. 

84. J. Hooz, S. Linke, J. Am. Chem. Soc. 1968, 90, 5936-5937. 

85. a) D. J. Pasto, P. W. Wojtkowski, Tetrahedron Lett. 1970, 11, 215-

218; b) J. Bai, L. D. Burke, K. J. Shea, J. Am. Chem. Soc. 2007, 129, 

4981-4991; c) E. W. H. Ng, K.-H. Low, P. Chiu, J. Am. Chem. Soc. 

2018, 140, 3537-3541. 

86. a) H. Li, Y. Zhang, J. Wang, Synthesis 2013, 45, 3090-3098; b) J. 

Wang, Pure Appl. Chem. 2018, 90, 617-623; c) Z. He, A. Zajdlik, A. 

K. Yudin, Dalton Trans. 2014, 43, 11434-11451. 

87. J. Hooz, D. M. Gunn, J. Am. Chem. Soc. 1969, 91, 6195-6196. 

88. J. Hooz, J. Oudenes, J. L. Roberts, A. Benderly, J. Org. Chem. 1987, 

52, 1347-1349. 

89. T. Mukaiyama, K. Inomata, M. Muraki, J. Am. Chem. Soc. 1973, 95, 

967-968. 

90. J. Oudenes, J. Hooz, Synth. Commun. 1982, 12, 189-194. 

91. J. Hooz, J. N. Bridson, Can. J. Chem. 1972, 50, 2387-2390. 

92. a) J. Barluenga, M. Tomás-Gamasa, F. Aznar, C. Valdés, Nat. Chem. 

2009, 1, 494-499; b) C. Peng, W. Zhang, G. Yan, J. Wang, Org. Lett. 

2009, 11, 1667-1670; c) C. Peng, Y. Wang, J. Wang, J. Am. Chem. 

Soc. 2008, 130, 1566-1567. 

93. Y.-F. Liang, K. Wu, S. Song, X. Li, X. Huang, N. Jiao, Org. Lett. 

2015, 17, 876-879. 

94. N. M. D. Brown, F. Davidson, R. McMullan, J. W. Wilson, J. 

Organomet. Chem. 1980, 193, 271-282. 

95. a) F. H. Jardine, L. Rule, A. G. Vohra, J. Chem. Soc. A Inorg. Phys. 

Theor. 1970, 238-240; b) D. J. Gulliver, W. Levason, M. Webster, 

Inorg. Chim. Acta 1981, 52, 153-159; c) M. K. Chaudhuri, S. S. Dhar, 

N. Vijayashree, Transit. Met. Chem. 2000, 25, 559-561. 

96. a) I. S. Antipin, A. I. Vigalok, A. I. Konovalov, Zh. Org. Khim. 1991, 

27, 1577-1577; b) J. M. Larsson, S. R. Pathipati, K. J. Szabó, J. Org. 

Chem. 2013, 78, 7330-7336. 

97. J. E. Taylor, S. D. Bull, J. M. J. Williams, Chem. Soc. Rev. 2012, 41, 

2109-2121. 



71 

98. A. B. Gómez, M. A. Cortés González, M. Lübcke, M. J. Johansson, 

C. Halldin, K. J. Szabó, M. Schou, Chem. Commun. 2016, 52, 13963-

13966. 

99. W. Yuan, K. J. Szabo, Angew. Chem. Int. Ed. 2015, 54, 8533-8537. 

100. S. M. Banik, J. W. Medley, E. N. Jacobsen, J. Am. Chem. Soc. 2016, 

138, 5000-5003. 

101. a) R. M. Beesley, C. K. Ingold, J. F. Thorpe, J. Chem. Soc. Trans. 

1915, 107, 1080-1106; b) M. D. Wodrich, C. S. Wannere, Y. Mo, P. 

D. Jarowski, K. N. Houk, P. Schleyer, Chem. Eur. J. 2007, 13, 7731-

7744. 

 


