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Preface 

Recently, fluorine has become a key element in the remarkable progress of 
materials and biologically active agents. Since fluorine has quite unique 
reactivities and properties, fluorine chemistry is recognized as being totally dif¬ 
ferent from the chemistry of the other halogens. Accordingly, many books and 
reviews have been published. Most of them, however, were written by experts in 
specialized fields. Although many excellent monographs on organofluorine 
chemistry exist, this new textbook was undertaken with the aim of overviewing 
organofluorine chemistry on the basis of organic synthesis. 

Accordingly, the present work will focus on the organic chemistry of organo¬ 
fluorine compounds, starting with general discussions on the unique properties 
of the fluorine atom and carbon-fluorine bonds, natural resources, and the 
salient features of organofluorine compounds in addition to their toxicity. This 
will be followed by chapters on reagents and methods for the introduction of 
fluorine into organic compounds, organofluorine building blocks, reactions of 
C-F bonds, biologically active organofluorine compounds, fluorine-containing 
materials, fluorous media, and some synthetic reagents containing fluorine. The 
book focuses as much as possible on information that will be useful for synthe¬ 
tic chemists who have experienced or inexperienced organofluorine chemistry. 

Kiyoshi Kanie contributed to Chapters 1, 2 and 7, Tetsuo Kusumoto to 
Chapters 2, 5, and 6, Yoshitomi Morizawa to Chapters 5 and 6, and Masaki 
Shimizu to Chapters 3,4, and 8; all the coauthors worked very closely both with 
each other and with the main author Tamejiro Hiyama, who wishes to empha¬ 
size that this collaboration was enjoyed by them all. We also thank Dr. Joe 
Richmond both for his help and his warm encouragement. Finally, the authors 
thank Professor Hisashi Yamamoto, Nagoya University, Japan, for suggesting 
that we produce this book. 

We wish to dedicate this book to Professor Hitoshi Nozaki, Professor 
Emeritus, Kyoto University, Japan, on the occasion of his 77th birthday. He 
introduced all of us either directly or indirectly to the fascination of organic 

chemistry. 

Kyoto, January 2000 Tamejiro Hiyama 



I. 



Table of Contents 

Chapter 1 General Introduction. 1 
1.1 Nature of Organofluorine Compounds . 1 

1.1.1 Brief History. 1 
1.1.2 Properties of the Fluorine Atom . 2 
1.1.3 Fluorine Effects in Organic Compounds . 3 
1.1.4 Properties of Fluoroorganic Compounds . 10 
1.1.5 Properties of Perfluoroorganic Compounds . 13 

1.1.6 Spectroscopic Properties . 14 
1.2 Source of Fluorine. 18 
1.2.1 Hydrogen Fluoride. 18 
1.2.2 Fluorine Gas . 18 
1.3 Toxicity of Fluorinating Reagents . 19 
1.3.1 Hydrogen Fluoride and Fluorine Gas . 19 

1.3.2 First-Aid Treatment. 20 
1.3.3 Fluoroacetic Acid . 21 

Chapter 2 Reagents for Fluorination . 25 
2.1 Electrophilic Flurorinating Reagents. 25 

2.1.1 Fluorine Gas . 25 
2.1.2 Xenon Difluoride . 28 
2.1.3 Electrophilic Reagents Containing anO-F Bond. 29 
2.1.4 Electrophilic Reagents Containing an N-F Bond. 34 

2.2 Nucelophilic Fluorinating Reagents . 39 
2.2.1 Hydrogen Fluoride and Derivatives . 39 

2.2.2 Functional Group Transformation. 43 

2.2.3 Fluoride Reagents . 48 
2.3 Combination of an Electrophile and a Fluoride Reagent .... 56 
2.3.1 Halofluorination of Olefins and Acetylenes. 56 

2.3.2 Thiofluorination and Selenofluorination of Olefins . 58 

2.3.3 Nitrofluorination . 59 
2.3.4 Oxidative Fluorination . 58 
2.3.5 Oxidative Desulfurization-Fluorination. 61 

2.3.6 Oxidative Fluorination of Amines . 65 
2.4 Electrochemical Fluorination. 66 



X Table of Contents 

Chapter 3 Organofluorine Building Blocks. 77 
3.1 Fluorine-Substituted Nucleophilic Reagents . 77 
3.1.1 Alkylmetals. 77 
3.1.2 Alkenylmetals . 84 
3.1.3 Alkynylmetals . 91 
3.1.4 Metal Enolates . 93 
3.2 Fluorine-Substituted Electrophilic Reagents . 99 
3.3 Fluorine-Substituted Radicals .103 
3.4 Fluorine-Substituted Carbenes.107 
3.5 Electrophilic Perfluoroalkylating Reagents .Ill 
3.5.1 (Perfluoroalkyl)aryliodonium Salts .Ill 
3.5.2 (Polyfluoroalkyl)aryliodonium Salts.112 

3.5.3 (Trifluoromethyl)chalcogenium Salts .113 

Chapter 4 Reactions of C-F Bonds .119 
4.1 Fluorine Leaving Group.119 
4.1.1 1-Fluoro Sugars .119 

4.1.2 Aromatic Nucleophilic Substitution.121 

4.2 C-F Bond Activation by Metal Complexes .125 

4.2.1 Activation of an Aliphatic C-F Bond .125 
4.2.2 Activation of an Aromatic C-F Bond .126 
4.3 Interaction of Fluorine with a Proton or Metal.128 
4.3.1 Fluorine-Hydrogen Interaction.128 
4.3.2 Fluorine-Metal Interaction .129 

Chapter 5 Biologically Active Organofluorine Compounds.137 
5.1 Fluorine Effect in Biological Activity .137 

5.2 Strategies for Design and Synthesis .141 
5.2.1 Structure-Activity Relationship .141 

5.2.2 Commercially Available Fluorinated Materials .143 
5.3 Fluorinated Amino Acids and Carbohydrates.144 
5.3.1 Amino Acids.144 

5.3.2 Protease Inhibitors.148 
5.3.3 Carbohydrates.150 

5.3.4 Nucleosides.. 

5.4 Fluorine-Containing Pharmaceuticals.154 

5.4.1 Prostanoids.. 
5.4.2 Vitamin D3.. 

5.4.3 Central Nervous System Agents .160 
5.4.4 Antibacterials and Antifungals.161 

5.4.5 P-Lactam Antibiotics .I64 

5.4.6 Anesthetics.. 

5.4.7 Artificial Blood Substitutes.165 

5.4.8 18F-Labeled Tracers for Positron Emission 

Tomography .1..166 

5.5 Fluorine-Containing Agrochemicals.166 



Table of Contents XI 

5.5.1 Insecticides.167 
5.5.2 Herbicides .173 
5.5.3 Fungicides .177 

Chapter 6 Fluorine-Containing Materials.183 

6.1 Fluorine Effect in Materials.183 
6.1.1 Boiling Points and Melting Points .184 
6.1.2 Solubility.186 
6.1.3 Surface Tension .186 
6.1.4 Refractive Index.187 
6.1.5 Viscosity .187 
6.2 Chlorofluorocarbons, Hydrochlorofluorocarbons, 

Hydro fluorocarbons, and Alternatives.188 
6.2.1 Brief History.188 
6.2.2 Production of Chlorofluorocarbons and 

Hydrochlorofluorocarbons .191 
6.2.3 Syntheses of CFC Alternatives .192 
6.2.4 Evaluation of Safety and Environmental Effects .195 
6.2.5 Alternatives to the Third Generation .196 
6.3 Fluorine-Containing Liquid Crystals.196 
6.3.1 Nematic Liquid Crystals.197 
6.3.2 Ferroelectric Liquid Crystals.202 
6.3.3 Antiferroelectric Liquid Crystals.209 
6.4 Fluorine-Containing Polymers.212 

6.4.1 Brief History.212 
6.4.2 Monomer Synthesis .214 
6.4.3 Fluoroplastics .216 
6.4.4 Fluoroelastomers .220 
6.4.5 Fluoropolymer Coatings .224 
6.4.6 Fluorosurfactants .225 
6.4.7 Fluorinated Membranes.228 

Chapter 7 Fluorous Media .235 
7.1 Organic Reactions in Perfluorocarbons.235 

7.2 Fluorous Biphase Reactions.237 
7.2.1 Hydroformylation.237 

7.2.2 Oxidation.239 
7.3 Purification and Isolation by Phase Separation.243 

Chapter 8 Organic Reactions with Fluorinated Reagents .249 
8.1 Fluoride Ion in Organic Synthesis .249 

8.1.1 Fluoride Base.249 
8.1.2 Desilylative Elimination and Deprotection .250 

8.1.3 Naked Anions and Fluorosilicates .252 
8.2 Trifluoroacetic Acid and Trifluoroperacetic Acid.255 

8.2.1 Trifluoroacetic Acid .255 



XII Table of Contents 

8.2.2 Trifluoroperacetic Acid .256 
8.3 Trifluoromethanesulfonic Acid and Derivatives .257 
8.3.1 Trifluoromethanesulfonic Acid.257 
8.3.2 Trimethylsilyl Trifluoromethanesulfonate.258 
8.3.3 Metal Trifluoromethanesulfonates.259 

Subject Index.265 



CHAPTER 1 

General Introduction 

i.i 
Nature of Organofluorine Compounds 

1.1.1 
Brief History 

The name of fluorine was coined as le fluor by the French scientist Ampere in 
1812 after its natural resource fluorspar. Fluorine, having been given the atomic 
number 9, is a second row element of Group 17 or the lightest element of the ha¬ 

logens. 
Fluorine exists in nature as fluorides in fluorite (CaF2), cryolite (Na3[AlF6]), 

and phosphorite (Ca5[F, C1][P04]3). Fluorite has traditionally been the main 
source of hydrofluoric acid but, because it is now in short supply, it is gradually 
being replaced by cryolite. The abundance of fluorine in the Earth’s crust is 

625 wt/ppm, ca. five times that of chlorine (130 wt/ppm). 
In the 17th century, it was already known that exposure of fluorite to sulfuric 

acid liberated an acid that corroded glass. Although not well characterized, this 
acid was used for glass etching. The acid was considered to consist of hydrogen 
and the new element fluorine on the basis of the discovery of chlorine and 
iodine in 1774 and 1811, respectively. Isolation of fluorine was successfully 
achieved in 1886 by Moissan, who electrolyzed a melt mixture of potassium hy¬ 
drogen difluoride and hydrogen fluoride at -23°C. This success earned him the 

Nobel Prize in 1906. 
Remarkable progress in fluorine chemistry has been made during the 20th 

century with the development in synthetic methods for organofluorine com¬ 
pounds. An epoch-making method is the fluorination of organic halides by 
nucleophilic substitution with antimony(III) fluoride, as discovered by Swarts 
[1]. This reaction was employed for the synthesis of a variety of organofluorine 
compounds and was later improved to become an industrial process. Another 
important finding is the Schiemann reaction uncovered in 1927 [2]. Aromatic 
amines were first converted into diazonium salts, which were then decomposed 
in the presence of hydrofluoric acid. This reaction was also continuously im¬ 

proved and is still used for the manufacture of fluoroaromatics. 
In areas other than organic synthesis, fluorine also played key roles. For 

example, uranium(VI) fluoride was used in the United States during World 
War II for the collection of the radioactive uranium that was essential for the 
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development of atomic bombs. Using volatile uranium(VI) fluoride, a radio¬ 
active isotope of uranium was condensed by fractional distillation. For this pur¬ 
pose, novel equipment, tools and materials were invented that could tolerate 
molecular fluorine and hydrogen fluoride generated during the whole process. 

A great impact on the chemical industry resulted from the discovery of 
poly(tetrafluoroethene), a highly heat- and chemical-resistant polymer given 
the tradename Teflon. This discovery led to remarkable progress in fluorine- 
containing materials and chemicals that now play important roles in everyday 
life throughout the world. 

% 

1.1.2 
Properties of the Fluorine Atom 

The atomic weight of naturally abundant fluorine is estimated to be 18.9984032. 
In addition to the natural and stable isotope 19F, radioisotopes 17F (half-life time 
of 1.08 min) and 18F (half-life time of 110 min) have been prepared. These 
radioisotopes decompose to give finally 170 and 180, respectively. In particular, 
18F is prepared by the reaction of neon with deuteron or 180 with proton and it 
has recently found applications in positron emission tomography (PET). 

The electronegativity (EN) of fluorine is the largest among all elements and 
its ionization potential (IP) is also the largest with the exception of helium and 
neon. The C-F bond length is the shortest next to a C-H bond but is much 
stronger in energy. The carbon of a C-F bond is slightly polarized to 6+ in sharp 
contrast to the carbon of a C-H bond. Thus, replacement of hydrogen in an 
organic molecule by fluorine causes polarization with very little change in total 
bulk. Accordingly, organofluorine compounds demonstrate a variety of unique 
biological activities and physical properties. 

There is some controversy about the similarity of fluorine and hydrogen. 
According to Bondi’s van der Waals radii estimation, fluorine is quite a bit larger 
than hydrogen and close to oxygen in size [3], as suggested in Table 1.1. A CF3 
group is much larger in steric bulk than a CH3 group as expressed by the steric 
effect constant Es (Table 1.2) [4]. Accordingly, a CF3 group is not necessarily the 
same size as a CH3 group, although such similarity is often referred to for the 
understanding of the biological activity of trifluoromethylthymidine. 

Table 1.1. Several properties of elements 

Element IP EA CH3-X EN rv(A) rv(A) BE CHj-X 
(kcal/mol) (kcal/mol) (A) (Pauling) (Pauling) (Bondi) (kcal/mol) 

H 313.6 17.7 1.09 2.1 1.20 1.20 99 
F 401.8 79.5 1.39 4.0 1.35 1.47 116 
Cl 299.0 83.3 1.77 3.0 1.80 1.75 81 
Br 272.2 72.6 1.93 2.8 1.95 1.85 68 
O(OH) 310.4 33.7 1.43 3.5 1.40 1.52 86 
S(SH) 238.9 48.0 1.82 2.5 1.85 

V 
1.80 65 

IP, Ionization potential; EA, electron affinity; EN, electronegativity; BE, bond energy. 
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Table 1.2. Es values of typical substituents 

R H Me w-Bu c-Hex cf3 z'-Bu s-Bu f-Bu Ph 

Es -1.24 0 0.39 0.79 1.16 0.93 1.13 1.54 _ 

E's: -1-12 0 0.31 0.69 0.78 0.93 1.00 1.43 2.31 

Es: Steric parameters suggested by K. W. Tafts. 
E': Steric parameters suggested later by J.-E. Dubois. 

1.1.3 
Fluorine Effects in Organic Compounds 

Due to the large electronegativity of a fluorine atom, functional groups such as 
F, CF3, CF30, and CF3S02 are all electron withdrawing and find many applica¬ 
tions in materials and biologically active agents [5], These groups are success¬ 
fully employed as control elements for selective organic syntheses. Substituent 
constants of such fluorine-containing groups are compared in Table 1.3 [6]. 
Although fluorine has a om value comparable with other halogen substituents, 
its op is much smaller due probably to the fairly large p-p repulsion (+1^ ef¬ 

fect) or resonance effect (+R effect) of fluorine. 
The following are worthy of note: A CF3 group has om and op values only 

slightly smaller than those of nitro and cyano groups, indicating an electron- 
withdrawing nature of a CF3 group in sharp contrast to a CH3 group. A C2F5 
group has an electron-withdrawing effect similar to a CF3 group. A CF3S group 
is electron withdrawing, whereas a CH3S group is electron donating. CF3CO and 
CF3S02 groups withdraw electrons much more than a N02 group. 

The electronic effects of a C-F bond are understood in terms of inductive 
and resonance effects [7] (Fig. 1.1). Owing to its large electronegativity, fluorine 
induces a -I0 effect to reduce the electron density at the carbon of a C-F bond. 
This effect is remarkable particularly at an sp3-carbon. Unshared electron pairs 
of fluorine bonded to a sp2-carbon interact with rx-electrons repulsively to push 

Table 1.3. Hammet a constants of several substituents 

Substituents crm crp 

H 0.00 0.00 

F 0.34 0.06 

Cl 0.37 0.23 

Br 0.39 0.23 

OH 0.12 -0.37 

no2 0.72 0.78 

CN 0.56 0.66 

ch3 -0.07 -0.17 

cf3 0.43 0.54 

ch3ch2 -0.07 -0.15 

cf3cf2 0.47 0.52 

Substituents °p 

och3 0.12 -0.27 

ocf3 0.38 0.35 

sch3 0.15 0.00 

scf3 0.40 0.50 

C(0)CH3 0.38 0.50 

C(0)CF3 0.63 0.80 

so2f 0.80 0.91 

so2ch3 0.60 0.72 

so2cf3 0.83 0.96 

c6h5 0.06 -0.01 

c6f5 0.26 0.27 
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• Effects of fluorine 

\ — 
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-la effect 

<5L 
\ 
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Effects of a trifluoromethyl group 
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-l0 effect effect 

Fig.1.1. Effects of fluorine-containing substituents 

\. //cp2r 
C—C 
/ \ 
Negative 

hyperconjugation 

the Ti-electrons to a (3-carbon (+effect). Like halogen atoms, fluorine can 
resonate with the n-electron system (+R effect). Thus, the electron density at 
the (3-carbon or the ortho-(or para-)carbon of aromatic compounds increases. 

A CF3 group always withdraws electrons at the sp3- and sp2-carbons (-Ic ef¬ 
fect). In particular, the electron-withdrawing effect by a CF3 group on a sp2-car- 
bon is attributed to negative hyperconjugation, as illustrated in Fig. 1.1. Since 
the -IQ effect competes with the +1^ and +R effects, fluorobenzene undergoes 
electrophilic substitution reactions more reluctantly than benzene but faster 
than chloro- or bromobenzene. In addition, fluorobenzene gives p-substituted 
products preferentially. These results are understood by a +R effect and 
especially by a +I„ effect (Fig. 1.2) [8]. 

Substituent constants are divided into inductive and resonance factors and 
are listed in Table 1.4, which clearly shows that fluorine induces a resonance ef¬ 
fect larger than other halogens [5,6]. 

Because fluorine is an electron-withdrawing substituent, organic acids be¬ 
come much more acidic by fluorine substitution. Some examples are listed in 
Table 1.5. For example, the pKa of polyfluoroacetic acid decreases according to 
the number of fluorine atoms and is ascribed to an inductive effect of fluorine. 
The effect is distinctive of fluorine as compared with chlorine. In contrast, the 
fact that pentafluorophenol is less acidic than pentachlorophenol is attributed 
to competing -I0 and +!„ effects. 

p-n repulsion 

(+ln effect) 

Fig. 1.2. Regioselectivity of aromatic electrophilic substitution 

conjugation 
(+R effect) 
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Table 1.4. Modified Swain-Lupton constants of halogen sub¬ 
stituents 

Substituents F R 

F 0.45 -0.39 
Cl 0.42 -0.19 
Br 0.45 -0.22 
I 0.42 -0.24 

F: field inductive effect. 
R: resonance effect. 

Table 1.5. Acidities of fluorine-containing organic acids 

Acid PKa (25 °C) Acid p^a (25 °C) 

ch3co2h 4.8 ch3so3h -1.9 

ch2fco2h 2.6 cf3so3h -5.1 

chf2co2h 1.2 c6h5co2h 4.2 

cf3co2h 0.2 c6f5co2h 4.4 

ch2cico2h 2.9 c6h5oh 9.9 

chci2co2h 1.3 c6f5oh 5.5 

cci3co2h 0.6 c6ci5oh 5.3 

The high electron-withdrawing effect of fluorine allows the preparation of 
superacids that are more acidic than 100% sulfuric acid (Hammet acidity 
function, H0 = -11.3). Typical examples are summarized in Table 1.6, along with 
values for H0. As can easily be seen, FS03H and CF3S03H are themselves super¬ 
acids. A mixture of one of these with a Lewis acid like SbFs or S03 drastically 
enhances the acidity to dissolve and protonate hydrocarbons which are un¬ 
reactive to most chemicals. These superacids are called magic acids. An example 
is FS03H/SbF5 (H0 = -18.9), invented by Olah [9]. The strongest magic acid is 

HF/SbFj whose H0 reaches -24 [10]. 

Table 1.6. The Hammet acidity function (H0) of acids 

Acid H o 

HC1 (38 wt% in H20) - 4.4 

HCl (10 wt% in H20) - 1.0 

h2so4 (100%) -11.9 

H2S04 (10 wt% in H20) - 0.4 

HF -11.0 

C1S03H -13.8 

fso3h -15.1 

Acid H0 

CH3S03H - 7.86 

cf3so3h -14.5 

c4f9so3h -13.2 

c6f13so3h -12.3 

FS03H/SbF5 (10 mol%) -18.9 

FS03H/SbF5 (0.3 mol%) -21 

C4F9S03H/SbF5 (10 mol%) -18.2 
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Table 1.7. Equilibrium acidities of halogenated carbon acids 

Carbon acid P^CsCHA Carbon acid P^CsCHA 

CHF3 30.5 CF3CHF2 28.2 
CHC13 24.4 cf3chci2 24.4 
CHBr3 22.7 CF3CHBr2 23.7 
CH13 22.5 CF3CH12 24.1 

P^cscha: Cesium ion pair pK in cyclohexylamine. 

Table 1.8. Effect of fluorine substitution on carbon acids 

Compound A^calcd AA H AA H’ Compound ^^calcd AA H AA H‘ 

ch4 416.8 0.0 ch3no2 354.9 -61.9 0.0 
CFHj 406.3 -10.5 0.0 cfh2no2 350.4 -66.4 -4.5 
cf2h2 391.3 -25.5 -15.0 cf2hno2 348.2 -68.6 -6.7 
CF3H 368.9 -47.9 -37.4 CH3CHO 364.1 -52.7 0.0 
CH3NC 380.1 -36.7 0.0 CFH2CHO 357.1 -59.7 -7.0 
CFH2NC 370.8 -46.0 - 9.3 cf2hcho 360.8 -56.0 -3.3 
cf2hnc 357.1 -59.7 -23.0 

CHjCN 373.5 -43.3 0.0 
CFH2CN 366.8 -50.0 - 6.7 
cf2hcn 358.7 -58.1 -14.8 

AHCakd: Enthalpy of ionization (kcal/mol). 
AAH: Effect of substituents. 
AAH': Effect of fluorine substitution. 

Introduction of fluorine substituents also enhances the acidity of a C-H 
bond. In general, hydrogen(s) on a carbon substituted by fluorine becomes 
acidic, but the effect is not as remarkable as for other halogens (Table 1.7) [11]. 
The mediocre results are explained by destabilization of a carbanion by fluorine 
owing to its -Ia effect. 

As summarized in Table 1.8, the acidities of fluorine-substituted CH3NC, 
CH3CN, CH3N02, and CH3CHO, in addition to CH4, depend on the number of 
fluorine substituents and the structure of the resulting anionic species [11]. 
Enthalpies of ionization calculated for each compound are listed in Table 1.8, 

which suggests that the acidities of fluoromethanes, fluoroisocyanomethanes 
and fluoroacetonitriles rise roughly in proportion to the number of fluorine 
atoms. In contrast, the number of fluorines does not explicitly reflect the acidity 

of fluoronitromethanes and fluoroacetonitriles. For example, difluoroacetalde- 
hyde is less acidic than fluoroacetaldehyde. 

Such a discrepancy is explained by the pyramidalization angle (0) of a car¬ 
banion generated by proton abstraction. Fluorine prefers to be bonded to a car¬ 
banion carbon having an orbital with high p-character, and lone pairs prefer an 
orbital with high s-character. As Table 1.9 shows, substituted fluoromethanes 
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Table 1.9. Pyramidalization angels of fluorine substituting anions 

Anion e Anion e 

CH2CHO_ 0.0 CH2NCT 33.6 
CFHCHO~ 2.6 cfhnct 56.0 
CF2CHO“ 2.0 CF2NC" 67.7 

ch2no2 0.0 CH2CN" 52.7 

cfhno2 38.1 CFHCN^ 66.9 

cf2no2 65.2 CF2CN‘ 72.4 

that produce anions with large 9 are more acidic. Since acetaldehyde gives an 
enolate in which the a-carbon has a high s-character, the anion form is not 
favored regarding difluoroacetaldehyde. Such an sp2-enolate carbon also re¬ 
pulsively interacts with the unshared electron pair of fluorine to destabilize the 

enolate [12]. 
The unshared electron pairs in perfluoroalkylamines [13] and perfluoroalkyl 

ethers are not basic owing to the highly electron-withdrawing nature of the per¬ 
fluoroalkyl group. Accordingly, these compounds find applications as fluorous 
media, perfluorocarbon solvents insoluble both in organic and aqueous phases. 
Details will be discussed in Chap. 7. Likewise trifluoromethylamines have 
oxidation potentials similar to ethers and thus tolerate the aerial conditions 

(Fig. 1.3). 
Fluorine often exhibits distinctive effects on the stability of reactive species. 

In particular, the stabilization of an a-carbocation by the +R effect overrides 
the destabilization by the -Ia effect. Because the + R effect of fluorine is more 
pronounced than other halogens, the cation-stabilization effect is maximum 
with fluorine. The substituent effect of the cation-stabilization effect is as 
follows: +CH3<+CF3<+CH2F<+CHF2 and +CH2CH3^+CF2CH3~+CHFCH3 [14]. 
In contrast, fluorine destabilizes a (3-carbocation owing to the -Ia effect 
and its incapability, unlike other halogens, to form a bridged ion (Fig. 1.4) [15]. 
Due to the destabilization effect by fluorine, or to the -Ia effect by a trifluoro- 
methyl group, an SN1 reaction at a trifluoromethyl-substituted carbon is not 

observed [16]. 

Ph'N'Ph PhyPh 

ch3 cf3 

0.96 V 1.90 V 

Ph. 
O' 

.Ph 

1.87 V 

Fig. 1.3. Oxidation potential of trifluoromethylamines (vs. SCE) 
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• a-Fluorocarbocation (Stabilized) 

\ Q 
+ C-FO 

/ 0 
0 

F + 
& 

• |3-Fluorocarbocation (Destabilized) 

+ I 
—C—C— 

8 

Fig. 1.4. Effects of fluorine on carbocation 

R 

Ph^OTs 
Me 

R = H, CF3 

Nu-H 

SN1 

k|VkcF3 = 2 x 106 

R 

PIT Nu 
Me (l.D 

In addition, an SN2 reaction at a trifluoromethyl-substituted carbon is rare, 
also due to the destabilization by fluorine and repulsion between a nucleophile 
and unshared electron pairs of fluorine. With the aid of a heteroatom, a 
stereospecific reaction has recently been disclosed which proceeds with in¬ 
version of configuration [17]. 

QF3 

Pir^O^OTs 

100% ee 

LiAIEt4 

69% (1.2) 

As Tables 1.8 and 1.9 show, fluorine stabilizes or destabilizes an a-carbanion 
depending on the other substituents. When an anionic carbon can adopt a 
pyramidal structure, fluorine stabilizes the carbanion through a -I„ effect. The 
a-carbanion stabilizing order of halogens is: Br>Cl>F. With fluorine, the -IG 
effect is canceled out to some extent by the +In effect that contributes to the 
destabilization of a carbanion. In contrast, fluorine stabilizes a [3-anionic center 
through a -IQ effect and negative hyperconjugation which is explained in terms 
of an orbital overlap of an anion orbital with a a* orbital of a C-F bond 
(Fig. 1.5) [18]. Negative hyperconjugation appears to contribute to the stabiliza¬ 
tion of a trifluoromethoxy anion. 

X-ray crystallography [19] and molecular orbital calculations [20] suggest 
such [3-fluoroanionic species can exist as trifluoromethoxy and perfluoroalkyl 
anions with a soft counterion like TAS+ (Fig. 1.6). Indeed, the facts that the C-0 
bond length of a trifluoromethoxyl anion is shorter and that the anionic carbon 
of a perfluoroalkyl anion is planar are attributed to-the negative hyperconjuga¬ 
tion. 
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CF3-X --- F~ CF2=X 

X = 0, CF2 

Fig. 1.5. Negative hyperconjugation of p-fluorocarbanions 

COF2 + TAS+F‘ -- TAS+ ^)<F 

F 

TAS = [(CH3)2N]3S c—O; 1.227 A 
C-F; 1.319-1.327 A 

Fig. 1.6. Negative fluorine hyperconjugation of anions planar carbanion 

Calculations and experiments demonstrate that a fluorine at a p-carbon in a 
carbanion contributes to the stabilization more than one at an a-carbon. As 
Eqs. (1.3) and (1.4) indicate, fluorine at an a- or p-carbon brings stabilization of 
a carbanion as compared with a parent carbanion. In particular, three p-fluorines 
stabilize an anionic carbon by 13 kcal/mol more than two a-fluorines [12]. 

CF3CH2' + CF3CF2H -- CF3CH3 + CF3CF2- (1.3) 

A £ = -21.9 kcal/mol 

CH3CF2‘ + CF3CF2H -- CH3CF2H + CF3CF2- (1.4) 

A£= -35.3 kcal/mol 

In sharp contrast to the planar configuration of a methyl radical, a trifluoro- 
methyl radical [21] takes a pyramidal configuration (Fig. 1.7) owing to the 
repulsion between a half-filled radical orbital and unshared electron pairs on 
fluorine, as evidenced by calculation and experimental measurements [22]. 
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*!c A- 
F 

planar CH3» pyramidal CF3» 

Fig. 1.7. Structure of carbon radicals 

Table 1.10. Calculated stabilization energies (SE) for substituted methyl radicals 

Substituent ch3 (CH3)2 (CH3)3 F f2 f3 fch2 F2CH cf3 

SE 3.3 5.8 8.0 1.6 0.6 -4.2 1.5 0.2 -1.3 

One or two fluorine atoms on a radical carbon contribute to stabilization, 
whereas three fluorines destabilize a radical due probably to the inductive effect 
of three fluorines. In contrast to the stabilization effect by a methyl substituent, 
a mono-, di- or trifluoromethyl group does not contribute either to stabilization 
or destabilization of a radical, as suggested by Table 1.10 [23]. 

1.1.4 
Properties of Fluoroorganic Compounds 

As can be seen in Table 1.1, fluorine and oxygen are quite similar in their van 
der Waals radii and electronegativity. In addition, fluorine in fluoroalkanes and 
-alkenes has an electronic configuration of 2s22p6, isoelectronic to oxygen. 
Thus, fluoroalkanes and -alkenes are called isosteres of alkanols and alkenols, 
as illustrated in Fig. 1.8. Indeed, such isosteric effect is successfully applied to 
the design of pharmaceuticals and agrochemicals. Very recently many potent 
protease inhibitors have appeared which contain such structural moieties [24]. 

The biological effects of organofluorine compounds are understood in terms 
of block effect, mimic effect, and polar effect. Details will be discussed in Chap. 5. 

Recently, much attention has been focused on hydrogen bonding with 
fluorine as an acceptor base. Indeed, there is much evidence that fluorine forms 
a hydrogen bond (Fig. 1.9) [25]. In contrast to a hydroxyl group that works as a 
hydrogen donor and acceptor, fluorine behaves only as an acceptor. 

Hydrogen bonding between fluorine and hydrogen is disclosed by molecular 
orbital calculations and X-ray crystallography. According to the Cambridge 

Fig. 1.8. Fluorine-containing isosteres 
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R xHo"xH 
I I 

H R 

R' 
X 

i 
H 

f-h'x-r' 
I 

R 

H-donor and acceptor H-acceptor 

Fig. 1.9. Hydrogen bonding of organofluorine compound 

Structural Database Search (CSDS), there are 48 compounds that show a hydro¬ 
gen bond with fluorine on an sp3-carbon and 93 examples that exhibit a hydro¬ 
gen bond with fluorine on an sp2-carbon out of the registered 146,272 com¬ 

pounds [25b]. 
The hydrogen bond with fluorine is calculated to be 2 to 3 kcal/mol lower in 

energy than a hydrogen bond between H and O. Very recently, a stable H • • • F 
bond of over 10 kcal/mol has been suggested by calculation [26] and demon¬ 

strated by X-ray crystallography [27]. 
The dissociation energies of ammonium salt clathrates with methane, flu- 

oromethane, difluoromethane, and trifluoromethane were calculated to be 1.9, 
13.5,13.3, and 8.1 kcal/mol, respectively [26]. An example of CH3F---H-NH3 is 

shown in Fig. 1.10. 
The distance between F and N in an ammonium salt of a cryptand, shown in 

Fig. 1.11, is shortened by steric restraint, and coupling between fluorine and 
15-methylene hydrogen has been observed by 19F NMR [27]. 

The hydrogen bonding of fluorobenzene is a recent topic [28]. For example, 
4,6-difluoro-m-xylene, an electronic and steric isostere of thymidine, is revealed 
to be able to form a hydrogen bond as strong as 60% of thymidine hydrogen 
bonding (Fig. 1.12) [29]. Accordingly, 4,6-difluoro-m-xylene is considered to be 

*o.i« 

<♦0 10) 

-0*0 

sum of van der Waals radii of H and F, 2.55 A 

13.5 kcal/mol 
CH3F-NH/ - CH3F + NH4+ 

Fig. 1.10. Hydrogen bonding of CH3F by ab initio calculations 
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N-F distance: 2.812, 2.813 A, respectively, 

sum of van der Waals radii of N and F: 2.85 A 

Fig. 1.11. X-ray structure of fluorinated cryptand 

Fig. 1.12. Hydrogen bonding of fluorothymidine 

a nonpolar nucleic acid base analog [30], although its hydrogen bond energy is 
much weaker. Such hydrogen bonding affects various biological activities. An 
example is the sympathomimetic neurotransmitter norepinephrin which, upon 
introduction of fluorine to its phenolic part, changes its activity drastically 
owing to the hydrogen bonding between fluorine and a phenolic hydroxyl 
group [31]. 

Fluorine interacts remarkably with an unshared electon pair repulsively in a 
manner similar to the anomeric effect in sugars. For example, an anti con¬ 

formation of fluoromethyl(dimethyl)amine has been demonstrated [32]. The 
orbital of the unshared electron pair (lone pair) is suggested to overlap with a 

a*-orbital of a C-F bond to fix the antiperiplanar conformation. This is 
presented as lp(N)-^o* (C-F), being caused by a high level of HOMO of the 
unshared electrons and low-lying LUMO of a C-F bond. Gas electron dif¬ 
fraction has revealed the distance between F and CH3 to be 2.9 A (Fig. 1.13), a 
distance that corresponds well to the anfi-conformer. 

Ab initio calculations [HF/3-21G(*)] reveal (Fig. 1.14) that the antiperi¬ 
planar conformer is ca. 4.5 kcal/mol more stable than a synclinal conformer. 

This means that over 95% of the molecule adopts the antiperiplanar confor¬ 
mation. V 
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Fig. 1.13. Gas electron diffraction of FCH2N(CH3)2 

Fig. 1.14. Ab initio calculations (HF3-21G(*)) of FCHG2N(CH3)2 

1.1.5 
Properties of Perfluoroorganic Compounds 

When all of the hydrogen atoms in hydrocarbons, amines and ethers are re¬ 
placed by fluorine, the resulting perfluorinated compounds are called per- 
fluorocarbons or simply PFCs. They are stable against most chemicals, bio¬ 

logically inert, insoluble in both water and organic solvents, but dissolve some 
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gaseous compounds like molecular oxygen [33]. These salient features have led 
to many applications of PFCs, including novel heat- and weather-resistant 
materials, artificial blood, new media in organic synthesis, and many key 
substances in modern science and technology. Details of such applications will 
be discussed in Chaps. 6 and 7. 

Although PFCs are in general nonpolar, partially fluorinated compounds 
induce polarity due to the dipole moment of the C-F bond. Examples of linear 
C6 compounds along with their dielectric constants (e) are summarized in 
Table 1.11. Although the dielectric constant of perfluorohexane is lower than 
that of hexane, fluorohexane and heptafluorohexane induce a value of e three 
times or more that of hexane. The dipole moment of each C-F bond is canceled 
in perfluorohexane resulting in a low e. The same trend is also seen in the sol¬ 
vent polarity (Ps). The Ps’s of PFCs are generally lower than the corresponding 
hydrocarbons; partially fluorinated hydrocarbons have high Ps’s, as can easily 
be seen in Table 1.12. 

Table 1.11. Dielectric constants of fluorinated hexanes 

Hesanes Dielectric constant (e) 

^6^14 1.69 
F(CF2)3(CH2)3H 5.99 
c6f13f 5.63 
c6h14 1.89 

Table 1.12. Solvent polarity (Ps) index 

Solvent Solvent polarity (Ps) 

CeF I4 0.00 
c6h14 2.56 
c4f9ch2ch3 4.01 

CgFis 0.55 

^8^18 2.86 

4.33 
C6F6 4.53 
c6h6 6.95 
c6h5f 7.52 
1,2-C6H4F2 7.86 

1.1.6 

Spectroscopic Properties 

Fluorine in Nuclear Magnetic Resonance Spectroscopy. Since the spin quantum 

number of 19F is 1/2, fluorine is detectable by nuclear magnetic resonance 
(NMR) spectroscopy. In addition, since the natural abundance of 19F is 
100% and fluorine has 83% of the sensitivity of hydrogen, 19F NMR can be 
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C(0)F ■ 
S(0)F 

NC(0)F 
scf3 

ncf3 '— 
pcf3:— 
OCF3! — 

ArdF3- 
R(?F3 

RR'C=CF2 - 
• RR'CF2- 

RFC=CFR' - 
ArF 

RCF2H 
RR'R"CR 

RFi 'CHF — 
RCH2F 

50 0 -50 -100 -150 
(CFCI3) 

Fig. 1.15. 19F-NMR chemical shifts of fluorine substituents 

-200 -250 
(ppm) 

performed in a way equal to 'H NMR. Chemical shifts of organofluorine 
compounds using CFC13 as a standard range from 50 to -250 ppm. A maxi¬ 
mum range is as wide as 900 ppm, much wider than !H NMR, which ran¬ 
ges 10 to 20 ppm at best. 19F NMR spectra are very much more sensitive to 
the structural and environmental changes of molecules. Accordingly, 19F 
NMR is very often employed for the structural determination of com¬ 
pounds. To date, huge amounts of data are available [34]. Typical fluorine 
functional groups and their chemical shift ranges are illustrated in Fig. 1.15. 

Fluorine, like hydrogen, gives characteristic coupling constants depending 
on the spacial displacement and the number of bonds between a coupling 
partner atom. In particular a long-range coupling of5/ is observed in an olefinic 

system, as shown in Fig. 1.16. 
A typical coupling of organofluorine compounds is observed in a geminal 

coupling (2/H-f) with a geminal hydrogen, being as large as 50 Hz. This coupling 
can also be observed by *H NMR. Coupling between gem-fluorines (2/F.F) also 
gives a large value of 250 to 300 Hz. Coupling between fluorine and carbon is 
also unique in 13C NMR: 7c-f ranges from 250 to 300 Hz. A typical example of a 
trifluoromethyl ether is shown in Fig. 1.17 [35]. A trifluoromethyl carbon splits 
into a quartet. To obtain such well-resolved spectra, high concentration of the 

l^CF3 f3c^ 
cf3 

5Jf.f = 14 Hz SJF-F = 2 Hz 

Fig. 1.16. Long-range F-F coupling 
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• Fluoroalkane 

F1; -129.9 ppm (2JH-f = 55 Hz, 3JF.F = 18 Hz, 3JH.F = 13 Hz) 

F2; -288.9 ppm (2JH.F = 46 Hz, 3JF.F = 18 Hz, 3JH.F = 6 Hz) 

• Fluoroalkene 

-125.7 ppm (2Jf.f = 87 Hz, 3JF.F{,rans-) = 119 Hz, 3JH-F(cis-) = 4 Hz) 

-99.7 ppm (2JF.F = 87 Hz, 3JF.F(Cis-) - 33 Hz, 3Jn-F[trans-)= 13 Hz) 

-205.0 ppm (2Jh.f = 71 Hz, 3JF.F(Cis-) = 33 Hz, 3JF.F(trans-) =119 Hz) 

Fig. 1.18. 19F-NMR data of fluoroalkanes and -alkenes 

sample and long-term accumulation are necessary. It is worth noting that 

3/c-f can be as large as 9 Hz. Generally, coupling constants of 7c-f>2Jc-f> 3/c-f> and 
4/c f are’ respectively, 160-370, 30-45, 5-25, and 1-5 Hz. The coupling constant 
3/f_p of a trans-vic-difluoroolefin is larger than that of a ds-olefin like 3/H.H. This 
fact is a reliable criterion for the determination of fluoroolefin configurations. 

Typical coupling constants of n/H_F and "/f-f °f fluoroalkanes and -alkenes are 
summarized in Fig. 1.18. 

Fluorine Compounds in High Resolution Mass Spectrometry. High resolution mass 
spectrometry is extremely effective for the determination of the elemental 
composition of organic compounds and their fragments. PFCs are used as 
standards for the calibration of the mass number particularly in the case of 
El (electron impact) mass spectrometry. PFCs are stable compounds con¬ 
taining many fluorines within a molecule; the atomic weight of 19F is slightly 

142.99 (C4F5) 
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lower than the round number 19 in sharp contrast to common elements: 1H, 
1.00894; 12C, 12.0107; 14N, 14.00674. Thus, PFCs give parent peaks slightly 
smaller than the corresponding hydrocarbons which have the same molecular 
weight. For example, if you consider a peak of m/z 338, a calculated parent 
peak of perfluorohexane (C6F14) is 337.9776, whereas the one of tetraeicosane 
(C24H30) is 338.3912. Thus the two peaks are easily resolved. In addition, use 
of a PFC allows estimation of an exact mass of an unknown compound by 
interpolation. A standard compound for El mass spectrometry is perfluoro- 
kerosene [PFK, CF3(CF2)nCF3], whose mass spectrum is shown in Fig. 1.19. 

1.2 
Source of Fluorine 

As described above, the main source of fluorine is fluorite. Fluorite reserves are 
estimated to be consumed at present: 60% for steel refinement, 20% for aluminum 
refinement, and 20% for HF production. This section briefly describes the manu¬ 
facture of the most basic fluorinating reagents: hydrogen fluoride and fluorine gas. 

1.2.1 
Hydrogen Fluoride 

Treatment of high grade (purity > 97%) fluorite with sulfuric acid gives hydro¬ 
fluoric acid, an aqueous solution of hydrogen fluoride. Distillation of hydroflu¬ 
oric acid affords anhydrous hydrogen fluoride (HF) which is then stored in a 
copper container. HF reacts with many metals to give metal fluorides and hy¬ 
drogen gas. The reaction of HF with metal cyanides and sulfides gives hydrogen 
cyanide and hydrogen sulfide, respectively. HF forms intermolecular hydrogen 
bonds firmly and is thus relatively unreactive with organic compounds. To 
fluorinate various substrates easily, many reagents are prepared using HF or 
hydrofluoric acid. Details will be discussed in Chap. 2. 

1.2.2 
Fluorine Gas 

Molecular fluorine is often called fluorine gas, an extremely pale yellow gas at 
ambient temperatures with a stinging smell. It boils at -188°C and melts at 
-218.6 °C. 

The dissociation energy of an F -F bond is 158 kj/mol, the smallest among all 
diatomic molecules. In sharp contrast to the very strong bond of fluorine with 
other elements, an F-F bond is easily cleaved. Thus fluorine gas readily reacts 
with other simple substances, even with a rare gas like xenon and krypton at 
high temperatures. However, it does not react with molecular nitrogen. It is easy 
to assume that fluorine gas spontaneously reacts with organic substances 
delivering an electrophilic fluorine atom. However, the reaction often takes 
place violently or explosively. Thus it is advised that reactions be carried out 
with great care under the supervision of an experts This has hampered the use 
of fluorine gas in conventional laboratories for organic synthesis. 
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Fluorine gas is generated by anodic oxidation of a melt mixture of KF and 
HF, as discovered by Moissan. Nowadays fluorine gas is manufactured by 
electrochemical oxidation of KF -2HF (mp 70°C) at 90°C. 

For reactions with fluorine gas, a metallic vessel, made of copper, bronze, or 
steel, is used. Since fluorine gas reacts with any trace of organic compounds 
with explosion or ignition, all vessels should be carefully cleaned. To effect 
handling and reaction with fluorine gas, a mixture of fluorine gas and molecu¬ 
lar nitrogen is conveniently used in polyethylene or polyvinyl chloride con¬ 

tainers according to a strict protocol. 
Fluorine gas is converted into a variety of convenient electrophilic fluorina- 

tion reagents. The preparations and reactions of these reagents will be dis¬ 
cussed in Chap. 2. 

1.3 
Toxicity of Fluorinating Reagents 

Before closing this chapter, the toxicity of HF and some organofluorine com¬ 
pounds, followed by first-aid treatment in case of exposure to the reagent, will 

be discussed briefly [36]. 

1.3.1 

Hydrogen Fluoride and Fluorine Gas 

The toxicity (50% lethal concentration, LC50) of HF and fluorine gas is com¬ 
pared with other toxic gases in Table 1.13. As can easily be seen, HF and fluorine 
gas are extremely toxic upon inhalation. In addition, these agents cause various 
hazards upon exposure. HF, particularly in the moist form, is corrosive, causes 
burns to skin, penetrates relatively fast to necrotize deep tissues, and finally 
combines with a calcium ion to form calcium fluoride, which stays long in the 
body to interfere with the normal osteoplastic mechanism. Therefore, extreme 
care should always be paid when handling these fluorinating chemicals. 
Fluorine gas reacts spontaneously with atmospheric moisture to give HF and 
oxygen or ozone. In addition, fluorine gas reacts violently with organic sub¬ 
stances. Accordingly, special vessels and protectors should be applied and the 

same special care taken as with HF. 

Table 1.13. Lethal concentration (LC50) of various gases 

against rats 

Gas LC50 (ppm) Time for Effect 

HF 1278 60 min 

f2 185 60 min 

h2s 712 60 min 

HCN 544 5 min 

HC1 5666 30 min 

CO 1807 4 h 
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On dermal exposure to the human body, hydrofluoric acid, an aqueous 
solution of HF, causes pain and numbness and produces blisters depending on 
the concentration of HF and the time of the exposure. 

(1) Contact with hydrofluoric acid of less than 20 % concentration induces pain 
after several hours of an unconscious period, and the inflammation can 
heal in several days. 

(2) Contact with hydrofluoric acid of 20-50% concentration immediately 
causes the affected skin to turn red with pain and then gradually to light 
grey, forming blisters. As HF readily penetrates skin, hypodermic tissues 
may be necrotized. However, prompt and appropriate first-aid treatment 
allows recovery without any aftereffects. 

(3) Contact with hydrofluoric acid of over 50% or to anhydrous HF results in 
severe pain. HF penetrates to deep tissues; the affected skin turns grey 
purple, forming a dropsical swelling and then festers. The affected tissue 
will be recovered by granulation. 

The cornea and the conjunctivae may be heavily damaged by contact with HF 
vapor. Highly concentrated hydrofluoric acid and anhydrous HF give serious and 
spontaneous damage to eyes, clouding the cornea and causing desquamation. It 
takes several days for recovery. Sometimes surgery on the eye is necessary. 

Inhalation of HF vapor damages lungs often inducing an edema. Penetration 
of HF to lungs may continue over three weeks. Upon heavy inhalation, the liver 
and kidneys may also be damaged. In case of light inhalation, the damage will 
be limited to the bronchial passage. 

According to reports so far, HF is not considered to be carcinogenic, as no 
carcinogenesis was observed in guinea pigs exposed to 18 ppm of HF for 
18 months [37]. In contrast, mutation upon exposure to HF was observed with 
rats bred under an atmosphere containing 0.12 ppm of HF for a long period. 
However, this is not the case with mice [38], There is a report on mutation in 
Drosophila melanogaster of Drosophilae when exposed to an atmosphere con¬ 
taining 2.9-4.3 ppm HF for 24 h [39]. 

1.3.2 
First-Aid Treatment 

Since HF penetrates skin rapidly, the person exposed to HF should move or be 
removed to a safe place, and the affected part of the body should be washed 
with copious volumes of running water for at least 15 min. If HF has come into 
contact with clothes and/or footwear, these should also be removed carefully 
and completely. Then the patient should consult a doctor for medical care. 
Regardless of the degree of the damage, first-aid treatment in laboratories is 
extremely important. Some treatments are described in the following. 

(1) First-aid treatment for skin contact [36, 40]: The affected part is washed first 
with a large volume of water for at least 15 min, then dipped in 70% ethanol 

for at least 30 min. Alternatively, a poultice soaked in 70% ethanol is applied to 
the affected part, being exchanged at 2-3 min intervals, for a period of at least 
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30 min. Thus, HF may be extracted with ethanol. A pad containing benze- 
thonium chloride solution (prepared by dissolving 10 ml of methyl salicylate, 
56 g of phenol, and 20 ml of 20% aqueous benzethonium chloride solution in 
30 1 of ethanol) is also effective. The alcoholic treatment may be replaced by 
application of 2.5% calcium gluconate gel. The affected part should finally be 
examined by a medical doctor. In the case of serious inflammation, hypo¬ 
dermic injection of an aqueous calcium gluconate solution is effective. 

(2) First-aid treatment for eye damage: The affected eye is first washed with a 
large volume of water and cooled with ice before examination by a medical 
doctor. An aqueous solution (1%) of calcium gluconate is used to wash the 
eye for a period of 5-10 min and then applied to the eye dropwise for a 
period of 2-3 h. 

(3) First-aid treatment for inhalation of HF: The patient is immediately placed in 
a safe place and given oxygen inhalation. An aqueous solution (2.5-3%) of 
calcium gluconate is then administered with a nebulizer by a medical doctor. 

1.3.3 
Fluoroacetic Acid 

Fluoroacetic acid is extremely toxic and induces systemic convulsions and 
cardiac lesion with LDL0 = 2-5 mg/kg [41]. The mechanism of the toxicity is at¬ 
tributed to an inhibition of the TCA cycle, as shown in Scheme 1.1. Fluoroacetic 

Fatty Acid Fluorofatty Acid 

I 1 

CH3COOH 
CH2COOH 

— HO-C-COOH 

CH2COOH —, CH2COOH CH2COOH 
citric acid C-COOH 

1 
^ HO-COOH 

CH2COOH CHCOOH HO-CHCOOH 
FCH2COOH — — HO-C-COOH aconitic acid isocitric acid 

CHFCOOH 
fluorocitric acid 

Scheme 1.1. TCA cycle of fatty acids and fluoro fatty acids 
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p-oxidation i 
F(CH2)nCH2CH2COOH -- F(CH2)nCOCH2COOH 

-- F(CH2)nCOOH + CH3COOH 

n = 1,3, 5 — 

n = 2, 4, 6 — 
-- FCOOH -- HF + C02 

Scheme 1.2. Metabolic pathway of co-fluoro fatty acids 

FCH2COOH 

acid is converted, in a way similar to acetic acid, into acetyl CoA (mimic effect), 
which is then transformed to fluorocitric acid. The resulting fluorocitric acid is 
not converted into aconitic acid due to a strong C-F bond (block effect). Since 
the enzyme performing the biological synthesis produces a suicide inhibitor, 
this is called lethal synthesis. Of the diastereomers of fluorocitric acid, only the 
(2R, 3£)-isomer is revealed to be toxic [42]. All organofluorine compounds, 
after a metabolic degradation such as the (3-oxidation, give fluoroacetic acid 

(Scheme 1.2) [43]. 
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CHAPTER 2 

Reagents for Fluorination 

Since they are extremely rare in nature, organofluorine compounds are only 
accessible artificially by fluorination of organic compounds. The most basic 
fluorinating agents are fluorine gas (F2) and hydrogen fluoride (HF). Starting 
from these, various kinds of electrophilic and nucleophilic fluorinating reagents 
have been invented, respectively, and their reactivities have been studied in 
detail. Although some of the reactions may be carried out in standard laborato¬ 
ries using common glassware, handling any fluorinating reagents still needs 
special care, because corrosive HF may be released. The toxicity of many or¬ 
ganofluorine compounds is not yet fully understood, although most of them are 
nontoxic. Therefore, great care should be paid when dealing with any fluorinat¬ 
ing reagents. Here, electrophlilic reagents, and subsequently nucleophilic ones, 
are described, followed by electrochemical fluorination. 

2.1 
Electrophilic Fluorinating Reagents 

2.1.1 
Fluorine Gas 

A basic electrophilic fluorinating reagent is fluorine gas (molecular fluorine, F2) 
that delivers a fluorine atom in an electrophilic manner. Therefore, fluorine gas 
is often called elemental fluorine. Fluorine gas is prepared by electrolysis of a 
melt mixture of HF and KF and is stored in a stainless steel cylinder. A dilute 
mixture with an inert gas like helium or molecular nitrogen is now com¬ 
mercially available. 

As discussed in Chap. 1, fluorine gas is extremely toxic and corrosive and 
reacts explosively with any trace of organic compounds. The extremely high 
reactivity of fluorine gas is attributed to its high enthalpy of formation and 
oxidation potential. The oxidation potential of molecular fluorine is 2.87 V, 
much higher than chlorine (1.358 V), bromine (1.065 V), or iodine (0.535 V). In 
addition, the enthalpy of formation of a C-F bond from a C-H bond is 
105 kcal/mol, much higher than that of a C-Cl bond (25 kcal/mol), a C-Br bond 
(9 kcal/mol), or a C-I bond (-6 kcal/mol). Accordingly, fluorine gas is far too 
reactive to selectively fluorinate highly functionalized substrates [1]. 

Alkanes are fluorinated by fluorine gas to give perfluorinated alkanes, but the 
yields are not necessarily high [2-4], The industrial process for the production 
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of perfluorinated organic compounds is called the La Mar process and is 
carried out by careful control of reaction temperatures and concentration of 

fluorine gas. 

F2/He 

-78 °C 

F3C cf3 

f3c 
CFa 

f3c cf3 

(2.1) 

9% 

Because a tertiary C-H bond is a a-bond of the highest electron density and 
thus is first attacked by an electrophilic reagent, selective fluorination at a 
tertiary carbon [5-11] is achieved using a chloroform or nitrobenzene solvent 
to suppress polyfluorination. Tertiary carbons of adamantane and steroid 
derivatives are successfully fluorinated by this method. Some examples are 

shown in Table 2.1. 
Carbonyl compounds that easily produce enol forms are smoothly fluorina¬ 

ted by fluorine gas. For example, ethyl phenylpyruvate is fluorinated at an 
a-carbon of the keto group [12]. A ketone substrate whose enol form is ex¬ 
tremely minor may be first converted into its enol silyl ether, which easily reacts 

Table 2.1. Fluorination of tertiary carbons 

Substrate Products Yield 
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with fluorine gas to give an a-fluoro ketone [13]. A six-membered transition 
state is proposed for the high yielding fluorination reaction. 

OSiMe3 

pA 
f2/n2 

fcci3 

-78 °C 

(2.2) 

Fluorination of olefins with fluorine gas was studied ca. 30 years ago. Typical 
examples are listed in Table 2.2 [14-18]. Although bromination and chlorina¬ 
tion of olefins proceed through a halonium ion intermediate to give trans- 
adducts, fluorination with fluorine gas proceeds preferentially in a cis fashion. 
Initially, a radical mechanism was proposed. However, a tight ion pair inter¬ 
mediate is now considered to be involved, as suggested in Scheme 2.1. 

Table 2.2. Addition of fluorine to alkenes 

Substrate Products/Yield 

Scheme 2.1 
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Whereras electrophilic halogenation of aromatic compounds are common 
with chlorine or bromine, the reaction with fluorine gas is not popular because 
side reactions, like fluorine addition, polymerization, and a C-C bond cleavage, 
take place to a considerable extent, and yields and selectivities of the products 
are miserable [19-22]. However, fluorination of phenols takes place ex¬ 

ceptionally efficiently [23,24]. 

Fluorine gas is converted into various electrophilic fluorinating reagents. 
ClF3 and ClF5 are prepared by the reaction of F2 and Cl2 and undergo fluorina¬ 
tion reactions in a manner similar to fluorine gas but sometimes accompanied 

by chlorination [25-27]. 

2.1.2 
Xenon Difluoride 

Xenon difluoride (XeF2) is manufactured by heating or electrically discharging 
a mixture of fluorine gas and xenon in a nickel vessel. Hereby, XeF4 and XeF6 
also are prepared. In particular, XeF2, a stable, colorless and commercially avail¬ 
able crystalline reagent [28], selectively converts a tertiary C-H bond of hydro¬ 

carbons into a C-F bond [29]. 

(2.4) 

Sulfides are fluorinated at an a-carbon, this reaction is the so-called fluoro- 
Pummerer reaction [30-32]. 

Ph^ 

XeF2 

HF (cat.) 

25°C 

XeF2 

HF (cat.) 

25°C 

Ph"SYF (2.5) 
F 

58% 

Enolizable ketones and enol silyl ethers are selectively fluorinated to give 
a-fluoro ketones [33-36]. 
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XeF2 

77% 

(2.6) 

Electrophilic fluorination of aromatic compounds with XeF2 proceeds with 
yields better than with fluorine gas [37]. 

F F F F 

14% 3% F 35% 

When XeF2 is reacted with a carboxylic acid it undergoes decarboxylation- 
fluorination [38, 39]. When this reaction is applied to (R)-(+)-a-methoxy-ot- 
trifluoromethylphenylacetic acid, a decarboxylation-fluorination product is 
obtained in 95% yield but with total racemization. The initially produced 
RCOOXeF decomposes into R*, C02, and XeF to give finally R-F, C02 and Xe. 

MeO PF3 

»v 
o 

XeF2 

CDCI3 

MeO CF3 

95% 

(racemic) 

(2.8) 

2.1.3 
Electrophilic Reagents Containing an 0-F Bond 

Reagents containing an O-F bond are extremely electrophilic. Well known are 
fluoroxytrifluoromethane (CF3OF) andbis(fluoroxy)difluoromethane [CF2(OF)2]. 

These gaseous reagents (with bp -97 and -64°C, respectively) are prepared by 
the reaction of F2 with CO or C02 in the presence of CsF and used without 
purification [40]. In particular, CF3OF is as reactive as fluorine gas and thus 

should be handled with equal care. 
The reagent fluorinates a bridgehead carbon of adamantane in a manner 

similar to fluorine gas to give 1-fluoroadamantane [5]. Selective monofluorina- 
tion of alanine at C-3 takes place under UV irradiation. The fluorination 
reaction is understood in terms of a fluorine radical and trifluoromethoxy 
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CF3OF -- CF3O + F» 

RH + F» -- R* + HF 

R» + CF3OF -- RF + CF30* 

CF30« + RH -— R* + COF2 + HF 

Scheme 2.2 

radical generated by homolysis of an O-F bond. A mechanism is proposed 
(shown in Scheme 2.2) for the radical fluorination. 

NH2 

COOH 

CF3OF hv 

HF -70°C 

NH2 

COOH 
59% 

(2.9) 

Ketene silyl acetals and enol silyl ethers derived from esters (or carbo¬ 
xylic acids) and ketones are readily fluorinated with CF3OF to give a-fluoro- 
carboxylate esters (or a-fluorocarboxylic acids) and a-fluoro ketones 
(Scheme 2.3) [41]. 

Aromatic compounds are fluorinated with CF3OF or CF2(OF)2. In particular, 
N-methylsulfonylaniline is fluorinated selectively at an ortho carbon probably 
through hydrogen-bonded delivery of an electrophilic fluorine (Scheme 2.4) 
[42]. 

Addition of CF3OF to olefins [43-47] proceeds mainly with cis stereo¬ 
chemistry of the F and OCF3 groups accompanied by difluorination. The 
mechanism of the cis addition is suggested to involve radical species F* and 
CF30- [45,47]. 

Ph /'5^Ph 

CF3OF 

CFCI3 

(2.10) 

F 

OCF3 

46% 

Ph 
Ph 

OCF3 

14% 

+ 

F 

F 

10% 
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Ph COOEt 

LDA 

CISiMe3 

ph/^OSiMe3 CF3°F 

OB -70°C 

+ COFo + FSiMe3 
Ph COOEt 

77% 

& 
70% 74% 

O F 

Ph^COOH 

90% 

CF3OF 60% 18% 
CF2(OF)2 38% 12% 

4% 4% 
10% 1% 

+ HF 

Scheme 2.4 

Acetyl hypofluorite (CH3COOF) is prepared by passing 10% F2 in N2 at 
-75°C through a mixture of sodium or potassium acetate and acetic acid some¬ 
times diluted with CFC13 and used directly at low temperatures [39]. This 
reagent is considered to be milder than fluorine gas and CF3OF and fluorinates 
enolizable p-keto esters and P-diketones to give the corresponding mono- 
fluorination products. In particular, use of a base to generate an enolate form 

improves the yield remarkably [48]. 

ONa O 
(2.12) 

90% 
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A lithium enolate of acetophenone, generated by treatment with LDA, is 
readily fluorinated to give a-fluoroacetophenone in 75% yield [49]. 

Electron-rich aromatic compounds are fluorinated with CH3COOF [50, 51]. 
For example, anisole is fluorinated preferentially at an ortho-position. A 
mechanism is suggested that involves addition of CH3COO and F groups to a 

benzene ring followed by elimination of acetic acid. 

OMe 

(CH3COOF ] 

OMe OMe 

9:1 F 

64% 

(2.13) 

Indeed, the assumed adduct is isolated by the fluorination of piperonal. 

(2.14) 

CH3COOF reacts with olefins in a manner similar to CF3OF and gives ds- 
adducts predominantly [52]. For example, the reaction with ds-stilbene gives a 
ds-adduct in 51% yield and a trans-adduct in 11% yield, whereas the reaction 
with suberenone gives a ds-adduct only. 

(2.15) 

(2.16) 

The fluorination is particularly effective for the fluorinaton of glycals and 
2-fluoro sugars are readily prepared [53, 54]. 

78% 
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Enol acetates are convenient precursors of a-fluoro ketones [55,56]. 

(2.18) 

Earlier, perchloryl fluoride (C103F), an explosive gas reagent with a bp of 
-46.7 °C, was used for the fluorination of enolates, enol esters, and enol ethers. 
Today, however, it is only rarely used due to its difficult handling [57-62]. 
Synthesis of a difluoroprostaglandin derivative (shown in Scheme 2.5) is an 
example. 

Cesium fluorosulfate (CsS04F), a crystalline reagent prepared by the reaction 
of fluorine gas with cesium sulfate, fluorinates various substrates [63-68]. The 
reaction of norbornene with CsS04F gives two monofluoro products formed via 
skeletal rearrangement [63]. 

CsS04F 

ch2ci2 

22% 23% 

Although cesium fluorosulfate does not react with 1,3-dimethyluracil in 
acetonitrile, the reaction in methanol gives selectively a cis-adduct of F and 
MeO. Subsequent treatment with triethylamine gives l,3-dimethyl-5-fluoro- 

uracil [64]. 
Phenol is fluorinated with CsS04F selectively at an ortho-carbon. However, 

phenyl ethers like anisole lose the ortho-selectivity [65]. 
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Scheme 2.6 

70-80% R = H 6.2 : 1 
Me 2.8 : 1 
Bu 1.8:1 

(2.20) 

2.1.4 
Electrophilic Reagents Containing an N-F Bond 

Compounds containing an N-F bond were considered to be thermally unstable 
and were very rarely studied in the past. Recently, relatively stable derivatives 
have been found to fluorinate a variety of organic substrates [69]. 

The first example of a reagent with an N-F bond might be NFjBF;] [70], This 
reagent fluorinates hexafluorobenzene in HF to give perfluorocyclohexane in 
high yields [71]. 

NF4BF4 

anhydrous HF 

94% 

(2.21) 

Although it was known that N-fluoropyridinium fluoride was formed by the 
reaction of fluorine gas with pyridine, in 1986 Umemoto succeeded in isolating 
its triflate salt (mp 185-187 °C) by treatment of labile N-fluoropyridinium 
fluoride with trifluoromethanesulfonic acid, its sodium salt, or trimethylsilyl 
triflate [72]. 

F2/N2 (A) TfONa (-NaF) or 

MeCN 

-40 °C F 
(B) TfOSiMe3 (-FvSiMe3) 

(C) TfOH (-HF) 

(2.22) 
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By introducing an appropriate substituent and changing the counterion to 
BF4, PF4, or CIO4, non-hygroscopic stable fluorinating reagents were prepared 
and have now been developed further [73-75]. Depending on the substrate, it is 
possible to use an appropriate reagent with suitable fluorinating power. In 
general, the reactivity of an N-fluoropyridinium reagent is enhanced when the 
electron density of the pyridinium nitrogen is decreased. For example, phenol 
is fluorinated with an electron-rich reagent only at 100 °C but with an electron- 
deficient reagent at lower temperatures. 

OH 

1 

F 'OTf 

CH2CICHCI2 

100 °C 
24 h 

F 'OTf 

CH2CICHCI2 

100 °C 38% 
24 h 

13% 5% 

F 'OTf 

CH2CI2 

reflux 44% 
5 h 

13% 5% 

MeOCO' N COOMe 

F 'OTf 

CH2CI2 

r.t. 

18 h 

23% 19% 2% 

Grignard reagents are fluorinated easily. Thus, fluorobenzene is isolated in 
58% yield from phenylmagnesium bromide and AMluoro-2,4,6-lutidinium 

triflate. 
Enolizable ketones and ketene silyl ethers are readily fluorinated to give 

a-fluoro ketones and esters. 

Fluorination of sulfides with an AT-fluoropyridinium reagent gives a-fluoro 
sulfides via fluoro-Pummerer rearrangement. As can easily be seen, selection of 

a suitable reagent gives high yields of products under mild conditions. 
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R 

R = CH3, 87% 
R = H, 48% 

(2.25) 

Asymmetric fluorination using a malonate having a phenylmenthyl ester 
moiety was partially successful [76]. 

Other N-F type fluorination reagents are N-fluoro-l,4-diazabicyclo[2.2.2]- 
octane derivatives [77-80]. A typical example is l-chloromethyl-4-fluoro-l,4- 
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) which fluorinates electron- 
rich substrates under conditions milder than those with N-fluoropyridinium 
salts. 

CH2CI2 20 °C 

NHAc 

MeCN reflux 

NHAc 

F 
+ 

V 

62 : 38 

NHAc 

(2.27) 

(2.28) 

80% 
F 
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The third category of N-F type fluorinating reagents are N-fluorosulfon- 
amides and -imides. These reagents are prepared by the reaction of sulfon¬ 
amides or -imides with fluorine gas [81]. A typical example is N-alkyl-N- 
fluoro-p-toluenesulfonamides and N-alkyl-AT-fluorobenzenesulfonamides. These 
fluorinate anionic derivatives of malonates, nitroalkanes, organolithium 
compounds, and metal enolates. 

1) NaH F N02 

X 
87% 

(2.29) 

In particular, a vinyllithium is readily fluorinated to give a vinyl fluoride in 
high yield [82]. 

Ph 

1) f-BuLi 

21 °<x Ph" N 
i 
F 

ph^F 

76% 

(2.30) 

An N-fluorosultam reagent derived from saccharin is also effective for the 
fluorination of the enolates of ketones [83, 84]. For example, p-methyl-cx-tetra- 
lone is converted in 97% yield into a P-fluorinated product through enolate 

formation. 
In addition, use of an equimolar or 2 mole amount of a base and a fluorinat¬ 

ing reagent gives rise to a monofluorinated product or a difluorinated product 

selectively. 

M = Li, 1.2 mol 1.3-1.6 mol 66% 95 : 5 
M = K, 2.4-3.6 mol 2.6-3.6 mol 64% 5 : 95 

Optically active sulfonamides serve as chiral fluorine carriers and allow 
asymmetric fluorination [84-88]. An early example used N-fluoro-2,10-cam- 
phorsultam, which fluorinated the enolate of 2-ethoxycarbonylcyclopentanone 
to give 2-ethoxycarbonyl-2-fluorocyclopentanone with 70% enantiomeric ex¬ 

cess (ee). The reagent is not as effective with other substrates [85]. In order to 
improve the selectivity of asymmetric fluorination, chlorine-substituted N- 

fluoro-2,10-camphorsultam [86] and an N-fluorosaccharin analog were proved 
to show much improved results [88]. Over 80% ee and yields are attainable at 
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present. In the near future, a reagent which can achieve a higher degree of 

asymmetric fluorination is expected to be put on the market. 

Another class of electrophilic fluorinating reagent are N-fluorobis(sulfon)- 
imides [89-95] that are more reactive than N-fluorosulfonamides. In particu¬ 
lar, N-fluorobis(trifluoromethylsulfon)imide, called the DesMarteu reagent 
(liquid, bp 90 °C), is one of the most electrophilic fluorinating reagents. The 
reagent fluorinates anisole at 22 °C in a quantitative yield to give mainly 
fluoroanisole [90], while (PhS02)2NF gives the same product only in 33% 
yield [89]. 

(CF3S02)2NF fluorinates dimethyl phenylmalonate at 22 °C to give diethyl 
fluoro(phenyl)malonate in 92% yield [91, 92], whereas (PhS02)2NF needs a 
base [89]. Use of 1 or 2 moles of the DesMarteau reagent gives mono- or di- 
fluorinated products from benzoyl acetate [92]. 

O o 
pJlyCOOE, Vl^COOEt (2 33) 

F F F 

1 eq. 82% 18% 

2 eq. 96% 

An imide enolate having a chiral auxiliary is fluorinated with high diastereo- 
selectivity. Subsequent reductive or hydrolytic removal of the chiral auxiliary 
gives 2-fluoroalkanol or 2-fluoroalkanoic acid with very high ee [95], 

O 

Ph' 
COOEt 

22 °C 

(CF3S02)2NF 
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2.2 
Nucleophilic Fluorinating Reagents 

2.2.1 
Hydrogen Fluoride and Derivatives 

The most basic nucleophilic fluorinating reagent is hydrogen fluoride (HF) and 
its aqueous solution, hydrofluoric acid. HF, a liquid with a boiling point of 
19.5 °C, is employed for the manufacture of various organofluorine compounds, 
particularly chlorofluorocarbons [96,97]. Details will be described in Chap. 6.2. 
HF undergoes a nucleophilic substitution reaction. However, as HF is highly 
corrosive, special equipment, as well as know-how, by talented experts are 
needed. To use HF conveniently in standard laboratories, many HF-derived 
reagents have been invented that are easily handled, less toxic, and more nucleo¬ 

philic. 
HF adds readily to a carbon-carbon double bond of olefins to give fluoro- 

alkanes [98]. The reaction with propene proceeds at -45 °C to give exclusively a 
Markovnikov-type product 2-fluoropropane. Hydrofluoric acid is not capable of 

effecting the addition reaction. 
Addition to cyclohexene takes place at -35°C to give fluorocyclohexane. 

Cyclopropane is cleaved by HF to give mainly 1-fluoropropane. 

80% 

Benzotrichloride is readily fluorinated to give benzotrifluoride [99,100]. Use 

of a Lewis acid catalyst like FeCl3 or SbF3/SbCl5 accelerates the reaction. 
A CC13 group is converted into a CF3 group with chlorine on a tertiary carbon 

still intact. 
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HF 

130 °C 
40% 

(2.35) 

The relatively high boiling point of HF as compared with hydrogen chloride 
(bp -85.0°C) and hydrogen bromide (bp -66.8°C) is attributed to hydrogen 
bonding. When HF is reacted with an amine, the hydrogen bond is partly 
cleaved to afford a stable polyhydrogenfluoride salt. For example, commercially 
available 70% HF/pyridine (Olah reagent, HF/pyridine = 70:30 w/w, or ca 
9:1 mol ratio) does not liberate HF even at 50°C. In addition to HF/pyridine, 

HF/triethylamine and HF/melamine are also commercially available and are 
often used for the fluorination of many substrates [101-103]. 

In a manner similar to HF, HF/amine complexes allow addition of HF to 
olefins. The reaction of cyclohexene is exemplified below [102]. The yields 
depend on the amine content as well as the solvent [103]. In THF, the addition 
of HF/pyridine and HF/melamine takes place smoothly at 0°C. 

THF 0°C 

HF 5 min 71% 
70% HF/pyridine 10 min 28% 

» 1 h 80% 
86% HF/melamine 10 min 88% 

ii 1 h 98% 
» 5 min 77% 

77% HF/melamine 5 min 46% 
49% HF/NEt3 10 min 12% 

71% HF/BuNH2 10 min 37% 

(2.36) 

HF/pyridine fluorinates secondary and tertiary alcohols to give the cor¬ 
responding fluorides [101]. Likewise, protected glucoses with a free or acylated 
anomeric OH group are readily fluorinated to give 1-fluoro derivatives with an 
a-anomer being favored [104]. 

OBn 
HF-pyridine 

0°C 

OBn 

(2.37) 

R = H 68% a : P = 97 : 3 
Ac 89% 97 : 3 

Oxiranes undergo a ring-opening fluorination by the action of an HF/amine 
complex [105-112]. In particular, 1,2-epoxyalkanes give preferentially 2-fluoro- 
1-alkanols [105] in sharp contrast to the ring-opening reaction with hydrogen 
chloride or bromide. Use of HF/HN(z-Pr)2 at higher temperatures reverses the 
regioselectivity. The ring-opening reaction takes place stereospecifically with 
inversion of configuration. Thus, starting with optically active 1,2-epoxyoctane, 



2.2 Nucleophilic Fluorinating Reagents 41 

available by biological oxidation of 1-octene, gives optically active 2-fluoro-l- 

octanol [108], a requisite part of ferroelectric liquid crystals that respond 
extremely quickly to the change in an electric field. Details will be discussed in 
Chap. 6.3. 

(2.38) 

Ph 

HF/pyridine -40 °C 54% 
HF/HN(/-Pr)2 110°C 12% 

14% 
69% 

HF/pyridine 

0°C 

Scheme 2.8 

F 

HF/pyridine also reacts with oc,(3-epoxy nitriles and esters to give (3-fluoro 
cyanohydrins and |3-fluoro a-hydroxy esters selectively [109-112]. Similarly, 

aziridines undergo ring-opening fluorination [113-115]. 
For halogen-exchange reactions, HF/pyridine is rarely employed. In the 

presence of mercuric oxide, gera-dihaloalkanes and ot-bromo ketones give the 
corresponding fluorine-substituted products [101]. 

Cl 

Cl 

HF/pyridine 

HgO 
(2.39) 

Although it is not easy to convert halobenzenes to fluorobenzenes with HF 
or an HF/amine complex, 2,4-dinitrochlorobenzene is fluorinated with HF at 
180 °C in the presence of y-collidine to give 2,4-dinitrofluorobenzene [116]. The 
use of HF and an amine base is also effective for the fluorine substitution of 
2-chloropyridine. In contrast, 2-chloropyrimidine is fluorinated by HF at 50 °C 

in the absence of an amine base to give 2-fluoropyrimidine. 

HF 

150 °C 

Additive none 48% 
NEt3 76% 

Y-collidine 70% 

(2.40) 



42 Chapter 2 Reagents for Fluorination 

Fluoroarenes with no electron-withdrawing substituents are not easily 
prepared from haloarenes. An effective method is the Schiemann reaction, a 
reaction of arenediazonium salts with HF or an HF/amine complex [117]. 
Upon heating, the reaction takes place, liberating molecular nitrogen and 
achieving fluorination, whereas substrates having an ortho- or para-substituent 
react sluggishly. Hereby UV irradiation accelerates the fluorination even at 
12°C [118]. aN2BF4 HF/pyridine 

150 °C 11% 
hv 12 °C 93% 

(2.41) 

A process for manufacturing fluorobenzene involves diazoniation of aniline 
with NaN02 in the presence of HF followed by thermolysis [119]. Use of 70% 
HF/pyridine allows the dediazoniation and fluorination to be performed at 
lower temperatures and extends the scope of the reaction [120]. The reactiv¬ 
ity of the reagent is controlled by changing the ratio of HF and pyridine: 
the reaction takes place at 55 °C with 70% HF/pyridine, at 90 °C with 60% 
HF/pyridine, and only at 150 °C with 57% HF/pyridine. 

NaN02 

55 °C 

HF 15% 
70% HF/pyridine 99% 

(2.42) 

Diazoniation-fluorinations of some aniline derivatives are summarized in 
Table 2.3. Indeed, substrates having an ortho- or para-substituent need higher 
temperatures. In contrast, aminopyridines are fluorinated with HF or 60% 
HF/pyridine under milder conditions [121]. 

Table 2.3. Diazotization-fluorination of substituted anilines using 70% HF/pyridine 

160 °C 
72% 
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Because diazo compounds of aliphatic amines are unstable, diazoniation- 
fluorination is not popular with aliphatic and alicyclic amines except for the 
transformation of a-amino acids to a-fluorocarboxylic acids [111, 122, 123]. 
The reaction proceeds with almost complete retention of configuration and 
thus is a reliable method for the synthesis of optically active a-fluorocarboxyl¬ 
ic acids, particularly useful for the synthesis of (S)-2-fluoropropanoic acid from 
L-alanine. 

^2 NaN02 
F 

COOH 0°C 
^^COOH 

70% HF/pyridine 81% 
48% HF/pyridine 76% 

(2.43) 

Phenylalanine and valine often give, in addition to the desired products, (3- 
fluorine-substituted acids in fair amounts. Use of 48% HF/pyridine suppresses 
such by-product formation. 

2.2.2 
Functional Group Transformation 

Typical functional groups like hydroxyl, carbonyl, and carboxyl groups are 
conveniently converted into fluorine functional groups with sulfur tetrafluoride 
(SF4), diethylaminosulfur trifluoride (Et2NSF3) (abbreviated as DAST) or a 

fluoroalkyl amine (abbreviated as FAR). 
A basic reagent is SF4 that fluorinates various oxygeneous functional groups 

and thus is used very frequently [124, 125]. However, since it is an extremely 
toxic gas with a bp of -40°C which on exposure to moisture is readily hydro¬ 
lyzed to give HF, it is not so convenient for laboratory use. A typical trans¬ 
formation is replacement of hydroxyl to fluorine. Use of SF4 alone needs heating 
for a long time [124], but the reaction in HF can be carried out cleanly at -78°C 
with amino and carboxyl groups left intact [126, 127]. The substitution takes 

place roughly in an SN2 manner with inversion of configuration. 

65% 

(2.44) 

NH2 

OH 

SF4 

HF 
-78 °C 

NH2 

— ^j^COOH + 

F 

48% 92 : 8 

(2.45) 

Aldehydes and ketones react with SF4 above 100°C, and the carbonyl group 

is transformed to a difluoromethylene functionality [124]. 
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79% 

(2.46) 

Because of the high reaction temperatures, the difluorination is sometimes 
overridden by dehydration to give fluoroolefins [128]. The side reaction maybe 
suppressed by using HF as a coreagent and performing the reaction at room 
temperature. 

O 

^^^.COOEt -- (2.47) 

F F F COOEt 

\^^COOEt + ^A^COOEt + 

SF4 100 °C 22% 17% 32% 
SF4 - HF 20 °C 82% 

Sulfur tetrafluoride can transform a carboxylic group to a trifluoromethyl 
group [124, 125]. The example of p-chlorobenzoic acid shows that heating at 
160 °C is necessary with SF4 alone [129], but a combination of SF4/HF allows a 
lower reaction temperature and an improvement in the yield [130]. 

SF4-HF 90-100 °C 82% 

(2.48) 

y-Butyrolactone is fluorinated at 130 °C with SF4 to give 4-fluorobutanoyl 
fluoride but, at 160°C, the acid fluoride moiety is converted into a trifluoro¬ 
methyl group [131] to give 1,1,1,4-tetrafluorobutane in 90% yield. 

An oxirane ring is deoxygenated by SF4 to give a vzc-difluoro product [132]. 

FV'XS02 
(2.49) 

F 
50% 

Reaction of SF4 with an equimolar amount of dialkylamino(trialkyl)silane 
gives dialkylaminosulfur trifluoride and trialkylfluorosilane. One in particular, 
diethylaminosulfur trifluoride, is a liquid reagent called DAST. In addition to 

DAST, morpholinosulfur trifluoride (morph-DAST) is commercially available 
and is used for the conversion of alcohols into fluorides [133, 134], Typical 
examples are shown below. Generally, the fluorination reaction takes place in 
high yields at room temperature or below with complete inversion of con¬ 
figuration [135]. Sometimes the fluorination reaction may be accompanied by 
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dehydration or rearrangement [134]. Such side reactions may be suppressed 

using trimethylsilyl ethers as substrates [136]. 

SF4 + R2NSiMe3 -*- R2NSF3 + FSiMe3 

Me2NSF3 Et2NSF3 

DAST morph-DAST 

(2.50) 

(2.51) 

1) <^\lSF3 

2) PPTS, EtOH 

(2.52) 

51% 

DAST is very often used for the synthesis of fluoro sugars, versatile pre¬ 

cursors for glycosidation [137,138], which will be discussed in Chap. 4.1. 

-30 - 25 °C 
90% a : P = 1 : 9.9 

The carbonyl groups of aldehydes and ketones are conveniently converted by 
DAST into a difluoromethylene unit [134, 140]. gera-Difluorination of al¬ 
dehydes, in particular, proceeds at room temperature, whereas that of ketones 

needs heating. 

\/ DAST V 
^CHO 25 oC ^CHF2 (2-54) 

78% 
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In contrast to SF4, carboxylic acids are fluorinated to afford acid fluorides 
[139], which are also produced by the reaction of SF4 with acid chlorides [140]. 
Trifluoromethyl formation is not observed in these reactions. 

Thiocarbonyl esters are difluorinated by DAST to give a,a-difluoro ethers 
[141]. 

(2.55) 

The reaction of DAST with tetraethylthiuram disulfide [Et2NC(=S)S]2 at 
20°C gives Et2NCF3 in 70% yield [139]. 

Sulfoxides having an a-methylene carbon undergo the fluoro-Pummerer 
reaction upon exposure to DAST and a Lewis acid catalyst [142,143]. A mecha¬ 
nism is proposed involving a six-membered transition state for a-proton 
elimination and a fluoride ion attack. 

(2.56) 

The reaction of diethylamine with chlorotrifluoroethene gives 2-chloro- 
l,l,2-trifluoroethyl(diethyl)amine, which converts steroidal alcohols to fluoro 
steroids [97, 144]. The reagent is simply called FAR, or the Yarovenko reagent 
after the inventor, and also converts 1-butanol to 1-fluorobutane. A drawback of 
the reagent is that it can only be stored for several days in the dark at low 
temperatures. 

Et2NH + CF2=CFCI -► Et2NCF2CHFCI (2.57) 

FAR, Yarovenko reagent 

R-OH + Et2NCF2CHFCI -- R-F + Et2NCOCHFCI + HF (2.58) 

The Yarovenko reagent converts carboxylic acids and their salts into acid 
fluorides (Scheme 2.9). 
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Scheme 2.9 

COOH 

COONa 
87% 

Use of hexafluoropropene in lieu of chlorotrifluoroethene gives a ca. 1:1 mix¬ 
ture (PPDA) of diethyl(l,l,2,3,3,3-hexafluoropropyl)amine and diethyl(hexa- 

fluoro-l-propenyl)amine [145]. The mixture, sometimes called the Ishikawa 
reagent, can be stored at room temperature and is now commercially available. 
Like FAR, the reagent fluorinates alcohols. Both components of PPDA are ef¬ 
fective for the fluorination. Although primary alcohols are fluorinated in high 

yields, secondary alcohols often undergo dehydration. 

Et2NH + CF2=CFCF3-► Et2NCF2CHFCF3 + Et2NCF=CFCF3 (2.59) 

PPDA ca. 1:1 

PPDA 

Et20 
20 °C 

(2.60) 

PPDA 

Et20 

20 °C 

(2.61) 

62% 25% 

The substitution reaction proceeds mostly with inversion of configuration. 
Thus, ethyl (R)-mandelate is converted into ethyl (S)-2-fluoro(phenyl)acetate 

[146]. 

PPDA 

CH2CI2 
r.t. 

The reactive species of FAR and PPDA are assumed to be oc-fluoro enamines. 
Indeed, an a-fluoro enamine generated from DAST and a bulky tertiary amide 
converts nonanol at 20°C into 1-fluorononane in high yields [147, 148]. 

However, a less bulky reagent does not give any fluorination product. 

n-CgHigOH + n-C9H19F + /-PrC(0-n-C9H19)3 (2.63) 

R = /-Pr 
R = Me 

93% 
trace 75% 
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2.2.3 

Fluoride Reagents 

The reagents discussed so far are mostly toxic or corrosive liquids or gases. 
Therefore, special care and equipment are necessary to perform the fluorina¬ 
tion reactions safely. In addition, these reagents are usually costly. In contrast, 
fluoride reagents are generally much less expensive, stable, easy-to-handle, and 
thus attractive in view of manufacture. Hereafter typical fluoride reagents, KF, 
Bu4N+F (TBAF), (R2N)3S+[F2SiMe3]“, and Ph4P+F“ are discussed. 

It has long been known that fluoride salts can substitute halogen and 
sulfonate groups in aromatic and aliphatic substrates. Typical examples are KF, 
CsF, and AgF, all highly hygroscopic. Powdered KF with particle size of 
200-300 mm is commercially available [149]. Furthermore, a fine powder of 
10-50 mm size can be made by spraying a 30% aqueous solution at between 
300 and 500 °C. This powder is called spray-dried KF, is less hygroscopic and is 
now commercially available [150]. Spray-dried KF has a surface area much 
larger than conventional KF and thus is much more reactive. These KF reagents 
are barely soluble in organic solvents. 

Spray-dried KF fluorinates halobenzenes having an electron-withdrawing 
group in the ortho- or para-position in aprotic polar solvents such as DMSO, 
DMF, sulfolane or benzonitrile, to afford the corresponding fluorobenzenes. p- 
Nitrochlorobenzene gives p-nitrofluorobenzene in 47% yield using commercial 
KF in DMSO at 250 to 300 °C, whereas use of spray-dried KF gives the fluoro- 
benzene in 82% yield. Freeze-dried KF (ca. 40 mm diameter, prepared by freeze¬ 
drying a 5% KF aqueous solution) is equally effective [151]. Spray-dried KF con¬ 
verts acid chlorides into acid fluorides at room temperature. Primary and 
secondary alkyl bromides are fluorinated to give the corresponding fluorides. 

(2.64) 

82% reflux 

Heating a mixture of chloromalonate with spray-dried KF at 100°C followed 
by reaction with an aldehyde or ketone gives a-fluoro-a,|3-unsaturated esters. 
The transformation is understood by the decarboxylation mechanism shown in 
Scheme 2.10 [152], 

To make KF soluble in organic solvents, use of a crown ether is effective 
[153-155]. For example, heating 1-bromooctane and KF at 83 °C in acetonitrile 
containing a small amount of 18-crown-6 gives 1-fluorooctane in 92% yield. 
The less polar solvent benzene is also equally applicable. Likewise, acid 
chlorides and sulfonyl chlorides are easily converted into the corresponding 
fluorides at room temperature. 

KF 

18-crown-6 F (2.65) 

MeCN 83 °C 92% 
benzene 90 °C 92% 
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ci—< 
COOEt 1) spray-dried KF, sulfolane 

Ph 

COOEt 2) PhCHO, 100-120 °C 

\ OH 
COOEt PhCHO 

F—( -- Ph 

COOEt 

COOEt 

68% E:Z= 4:96 

^EtOCOOH 
COOEt 

F COOEt 

Scheme 2.10 

In addition to 18-crown-6, a phase-transfer catalyst phosphonium salt is 
effective. Whereas 18-crown-6 does not accelerate the fluorination of p-chloro- 
benzaldehyde with KF, tetraphenylphosphonium bromide does to give p- 
fluorobenzaldehyde in 41% yield. Combined use of 18-crown-6 and the phos¬ 
phonium salt further enhances the yield up to 74%. In addition to 18-crown-6, 
trimethyleneglycol dimethyl ether and polyethyleneglycol dimethyl ether also 

accelerate the nucleophilic substitution [156,157]. 

additive 
Ph4PBr 41% 
18-Crown-6 5% 
Ph4PBr - 18-Crown-6 74% 
Ph4PBr - Me0(CH2CH20)3Me 74% 
Ph4PBr - PEG-300Me2 69% 

(2.66) 

A nitro group in 1,3-dinitrobenzene is substituted by fluorine upon reaction 
with KF particularly in the presence of phthaloyl dichloride. The reaction is 

especially accelerated by Ph4PBr [158,159]. 

KF 

no2 ^yC0CI 

^'XOCI 
210 °C 

additive none 6% 
Ph4PBr 86% 

Difluorination takes place with 4-chloro-3-nitrobenzonitrile by combination 
of phthaloyl dichloride and Ph4PBr to give 3,4-difluorobenzonitrile. The phos¬ 

phonium salt may be immobilized in a polystyrene resin [160]. 
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(2.68) 

Calcium fluoride (CaF2), when used in combination with KF, is an equally 
effective reagent for nucleophilic fluorination [161,162]. An example is fluorine 
substitution of benzyl bromide. Use of KF or CaF2 alone is much less effective. 
The combined reagent is more active than spray-dried KF alone or a combined 
reagent of KF and 18-crown-6. 

KF 0.6' 
CaF 2 0.3' 
KF - CaF2 89% 
spray-dried KF 68% 
KF - 18-Crown-6 50% 

At high temperatures, five chlorines in pentachlorobenzonitrile are fully 
fluorinated by KF to give pentafluorobenzonitrile, a synthetic intermediate of 
color film materials and artificial antibiotics [163]. 

Potassium hydrogen fluoride (potassium difluoride, KHF2) also serves as a 
fluoride ion reagent and reacts with epoxides to give fluorohydrins. This re¬ 
action, when applied to epoxy sugars, gives such fluoro sugars [164] as fluoro- 
D-arabinofuranoside [165]. 

KHF2 

hoch2ch2oh 

reflux 

BnO. 

O- 

OMe 
OH 

(2.70) 

43% ''13% 



2.2 Nucleophilic Fluorinating Reagents 51 

Likewise, fluoro hydroxy vitamin D3 is prepared starting from an epoxy 
steroid as shown below [166]. 

Tetraalkylammonium fluorides are highly nucleophilic fluoride ion reagents 
soluble in organic solvents. In particular, Bu4N+F', prepared by halogen 
exchange of Bu4N+Br~ or by neutralization of Bu4N+OH" with hydrofluoric 
acid, is very often used. This reagent is normally called TBAF. Its trihydrate form 
is stable and commercially available. However, dehydration under vacuum 
induces its decomposition via E2-elimination. To prevent this elimination re¬ 
action, a fluoride reagent is often employed that has a counterion like Me4N+, 
PhCH2(Me3)N+, Me3(t-BuCH2)N+ or 1,1,3,3,5,5-hexamethylpiperidinium. These 

fluorides appear less nucleophilic than TBAF. Anhydrous Me4N+F is prepared 
by neutralization of its hydroxide with hydrofluoric acid, followed by azeotropic 
removal of water with isopropyl alcohol and recrystallization from the same 

solvent. This salt decomposes slowly at 170 °C [167]. 
Treatment of TBAF with active halides like benzyl bromide or benzoyl 

chloride without a solvent gives the corresponding fluorides [168]. Primary 
alkyl bromides, e.g. octyl bromide, are fluorinated in moderate yields; secon¬ 
dary bromides undergo dehydrobromination to give olefins as major products. 

Use of tosylates in these cases improves the yields remarkably. 

40% 
trace 

A substrate having both primary and secondary hydroxyl groups is selec¬ 

tively fluorinated to give a primary alkyl fluoride by reaction with TBAF and 
tosyl fluoride [169]. A mechanism involving selective tosylation followed by 

nucleophilic substitution is suggested. 
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TBAF 

TsF 

THF 

reflux 62% 

(2.73) 

Because a triflate leaving group is much more reactive than a bromide group, 
bromoethyl triflate or iodopropyl triflate give the corresponding bromo- or 
iodofluoroalkane, respectively, in high yields [170]. 

A sulfonate ester moiety of various alcohols is replaced by fluorine with 
TBAF [171-173]. 

TBAF 

THF 
reflux 

KF -18-Crown-6 2% 
CsF 16% 

(2.74) 

TBAF 

MeCN 
reflux 

Denitrofluorination of nitrobenzenes is carried out with TBAF [174]. 
o-Dinitrobenzene is converted quantitatively into 2-fluoronitrobenzene, and 
2-chloro-6-nitrobenzonitrile to 2-chloro-6-fluorobenzonitrile and 2,6-difluoro- 
benzonitrile. 

Tetrabutylammonium hydrogen fluoride (Bu4N+HF2; TBA-HF2) is prepared 
by exchange of a counter anion of Bu4N+HS03 with KHCO, and then with 
KHF2. 

Like TBAF, TBA • HF2 fluorinates alkyl halides and sulfonates in a 1:1 mixture 
of THF and HMPA at 95 °C, a temperature slightly higher than the reaction 
temperature of TBAF, to give fluorine-substituted products with much less 
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olefin formation [175, 176]. Nucleophilic fluorination of p-chloronitrobenzene 
also takes place, but a longer reaction time is necessary. 

TBA*HF2 
n-Ci2H25-X - n-C12H25-F + n-C10FI21-CH=CH2 (2.77) 

THF:HMPA(1 : 1) 2 2 
95 °C 

X = Cl 22 h 83% 
OTs 14 h 96% 
OMs 6 h -100% 

Use of an equimolar amount of pyridine with TBA-HF2 suppresses an elimi¬ 
nation reaction to give the desired fluorine-substituted products in higher 
yields [177]. This modification is also effective for secondary bromides. 

TBA»HF2/pyridine (1:1) 

1,4-dioxane 
80 °C, 24 h 

25% 

(2.78) 

Tetrabutylammonium dihydrogen trifluoride (Bu4N+H2F3; TBA-H2F3) is 
readily prepared by treatment of TBAF with hydrofluoric acid and excess KHF2 
in 1,2-dichloroethane. The resulting TBA-H2F3 is dissolved in an organic 
solvent and is easily concentrated in vacuo by azeotropy to give the very nucleo¬ 
philic fluoride reagent. Alternatively, the salt may be prepared using an ion- 
exchange resin like Amberlyst A26 or Amberlite IRA 900. 

The reagent allows HF to add across an electron-deficient carbon-carbon 
triple bond [178, 179]. The stereochemistry of the addition is trans with di¬ 
methyl acetylenedicarboxylates and methyl phenylacetylenecarboxylate, 
whereas cis addition is not negligible with 2-alkynoates and 2-alkynenitriles. 

TBA*H2F3 

60°C 9 h 
(2.79) 

,CN TBA*HF2 

110-120 °C 
7 h 

AJ-C7H15' 

95% 

CN 

n"C/Hi5 

+ PA^CN (2.80) 

70 : 30 

Ring-opening fluorination of oxiranes is readily carried out with TBA-H2F3 
[180]. Although KHF2 is barely soluble in organic solvents, use of 10 mol% of 
TBA-H2F3 and solid KHF2 at 120 °C gives fluorohydrins in high yields. The 



54 Chapter 2 Reagents for Fluorination 

coproduced reagent TBA-HF2 is assumed to be readily converted back to 
TBA-H2F3 by KHF2. Thus, TBA-H2F3 is considered to be a highly nucelophilic 

fluoride ion supplier. 

KHF2 (solid) 

TBA»H2F3 (10mol%) • 

F 

+ rA/OH 

120 °C 

Ph 8 h 74% 61 : 39 
n-Ci0H2i 48 h 84% 74 : 26 
PhOCH2 6 h 90% 100: 0 

<J + tba*h2f3 

OH 

l^F + TBA*HF2 

KHF2 (solid) 

(2.81) 

Recently, reagents which provide a fluoride ion by an equilibrium in 
organic media have been prepared [181]. Examples are (R2N)3S+ Me3SiF2 
(R = Me, Et), Bu4N+ Ph3SiF2, and Bu4N+ Ph3SnF2. These are readily prepared, 
much less hygroscopic and undergo nucleophilic reactions efficiently in 
aprotic organic solvent. In particular, tris(dimethylamino)sulfonium difluoro- 
trimethylsilicate (TASF) is prepared from Me3SiNMe2 and SF4 and is com¬ 
mercially available. Its ethyl analog is also called TASF, and thus there is 
often confusion. Here we discriminate them by noting TASF (Me) and TASF 
(Et), respectively. 

3 Me3SiNMe2 + SF4 
Et20 

25 °C 
[(Me2N)3S]+(F2SiMe3)‘+ 2 FSiMe3 

TASF (Me) 

(2.82) 

2 Me3SiNEt2 + Et2NSF3 
Et20 

25 °C 
[(Et2N)3S]+(F2SiMe3)' + FSiMe3 

TASF (Et) 

(2.83) 

TASF (Et) generates a fluoride ion under strictly anhydrous conditions and 
thus is used for an aldol reaction of enol silyl ethers with aldehydes [182,183]. 

OSiMeo 

+ PhCHO 

(E:Z = 0:100) 

TASF (Et) 

THF 

78 °C 

O OH 

65% erythro: threo = 86:14 

(2.84) 

TASF undergoes nucleophilic fluorination of triflates. This reaction is a 
highly efficient alternative of the fluorination of mesylates with TBAF or of 
alcohols with DAST (Scheme 2.11). Analogous reagents, Bu4N+ Ph3SiF2 [184, 
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Scheme 2.11 

185] and Bu4N+ Ph3SnF2 [186], are readily prepared from TBAF and triphenyl- 
silyl fluoride and triphenylstannyl fluoride, respectively. 

CH2 Cl2 
Bu4NF + Ph3SiF -- 

r.t. 
[Bu4N]+[Ph3SiF2f (2.85) 

Bu4NF 
ch2 ci2 

+ Ph3SnF -*- [Bu4N]+[Ph3SnF2]‘ (2.86) 
r.t. 

Bu4N+ Ph3SiF2 undergoes nucleophilic substitution in a manner similar to 
TBAF but in a longer reaction time. Formation of olefin by-products is not so 
prevalent. 

OTs [Bu4N]+[Ph3SiF2] 

MeCN 

reflux 24 h 98% 

(2.87) 

The order of nucleophilicity of a fluoride ion is compared in a bro¬ 
mine-fluorine exhange reaction: anhydrous TBAF > TBAHF2 > TBAPh3, 
SnF2-TBAPh3SiF2; selectivity order: TBAPh3SiF2~TBAHF2> anhydrous TBAF. 

Phosphonium analogs of the quaternary ammonium fluoride salts can be 
prepared with the exception of Me4P+F" [187]; the reactivities are disclosed to 
be parallel to the corresponding ammonium salts. Unique reagents are tetra- 
arylphosphonium salts Ar4P+F~, Ar4P+HF2, and Ar4P+H2F3. These, when pre¬ 
pared by a standard procedure, give hydrates like Ph4P+F~-4H20 and 
Ph4P+HF2 -H20. Ph4P+HF2-2H20 loses a crystal of water at O.lmmHg, 50°C. 
The nucleophilicity order of these fluoride reagents is: Ph4P+ HF2>Ph4P+ 
H2F3 >Ph4P+F~. For nucleophilic substitution with Ph4P+HF2,two moles of the 
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well-dried reagent are required. Some of these HF equivalents may allow the use 

of conventional glassware but great care must still be exercised. 
The phosphonium salts undergo nucleophilic substitution at sp3 carbons 

[188-190], ring-opening fluorination of oxiranes [188], and nucleophilic fluorine 
substitution of aromatic compounds with an electron-withdrawing group [191]. 

2.3 
Combination of an Electrophile and a Fluoride Reagent 

Since electrophilic fluorinating reagents are in general expensive and often too 
reactive to be selective, it is advantageous to replace them with fluoride ion 
reagents. To facilitate a nucleophilic attack of a fluoride ion towards a substrate, 
a substrate needs to be electrophilic enough or to be mildly oxidized to generate 
an elelctrophilic species. Based on this concept, a combination of an oxidant 
and a fluoride ion reagent has been examined. Depending on the substrate, both 
the oxidant and the fluoride ion reagent can be optimized to give the desired 
product in high yields. 

2.3.1 

Halofluorination of Olefins and Acetylenes 

Originally, halofluorination of olefins was carried out with a halogen fluoride 
that had been prepared from molecular halogen and fluorine gas [192]. A more 
convenient reagent system is made by combining a positive halogen oxidant like 
N-haloimide and a fluoride ion reagent. Some examples are listed in Table 2.4 
[101a, 193-200]. Every reagent system affords halofluorination products in 
good yields. The reaction is considered to proceed through a halonium ion 
intermediate and thus to give trans-adducts. 

Table 2.4. Halofluorination of olefins 

R1 R3 X+, F Rkfi ,,R3 
1 \ 4 

R2 R4 R2*^ f'R4 
A 

(HF)nF 
F” X+ References 

r’,: ,r3 

70% HF/py NBS, DBH, NIS [101a] R20']~>R4 
60% HF/PVP NIS [193] /''N8‘-Br5+ 

\_i \ , V 33% HF/EtjN NBS [194] 
Bu4NF-3H20 NBS [195] oH_ ~F 
Bu4NH2F3 DBH, NIS [196] 

Transition state nh4hf2-aif3 NIS [197] 
SiF4 DBH [198] 
HFP/DA DBH, NIS [199] 
Mtlm(HF)n DBH, NIS [200] 

---- 

HFP/DA; hexafluoropropene-diethylamine complex. 
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Some reagents deserve comment. TBA-H2F3 allows the use of conventional 
glassware. 60% HF/PVP is readily removed after the reaction simply by filtra¬ 
tion. The Olah reagent, 70% HF/pyridine, is very reactive to give adducts of 
electron-deficient olefins such as a,(3-unsaturated esters and fluoroolefins. By 
tuning the ratio of HF and pyridine, labile olefins like styrene also undergo 
halofluorination. The product can be further converted into a difluorination 
product with the aid of silver fluoride [101a]. 

_ i) 70% HF/py, NBS 
Ph^^Ph - 

rn ii) AgF 95% 
(2.88) 

The reaction may be carried out in a two-phase system, using NIS, TBAF, 
KHF2, and 1M hydrofluoric acid in dichloromethane. Hereby TBA-H2F3 is 
considered to be generated and to move through two phases as a phase- 
transfer catalyst. Some examples are shown in Table 2.5 [201]. As dilute hy¬ 
drofluoric acid is readily accessible, the phase-transfer reaction may find wide 
applications. 

Alkynes also undergo the halofluorination reaction to give halofluoroalkenes 
[202]. 

Ph 
70% HF/py, DBH 

sulfolane, 20 min, 20 °C 
93% 

(2.89) 

Table 2.5. Iodofluorination of olefins with NIS and TBAF/KHF2 

Ri r3 NIS (1.5 mol) 
y_/R Bu4NF (0.1 mol), KHF2 (1.5 mol) 

r2 p4 i M HF aq. (1.5 mol), CH2CI2 

._ i OH 
rSj 

rR4 

Product X = F X = OH Product X = F X = OH 

X X 

^-CioH^ 
82% 0.2% 78% 5% 

X O 

77% 5% Ct, 75% trace 

X X 

59% 6% 70% trace 

i 
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2.3.2 

Thiofluorination and Selenofluorination of Olefins 

Using a reagent that generates an electrophilic sulfur species in lieu of an N- 
haloimide, thiofluorination readily takes place selectively with Markovnikov 
selectivity and anti stereochemistry. An olefin is considered to first react with 
dimethyl(methylthio)sulfonium fluoroborate then with 3HF/NEt3 [203]. 

(Me2S+-SMe)BF4 

3HF/NEt3 

CH2CI2, rt 

(2.90) 

N-Phenylthiophthalimide [204] or phenylsulfenyl chloride [205] in combina¬ 
tion with 70% HF/pyridine can also achieve thiofluorination of olefins and 
acetylenes with trans stereochemistry. 

In a similar manner, selenofluorination of olefins and acetylenes proceeds in 
good yields using N-phenylselenylphthalimide and 33% HF/NEt3 [206]. It is 
possible to selenofluorinate an olefin using PhSeBr and AgF under sonication 
[207]. O PhSeBr (1 mol), AgF (1.1 mol) 

M. W„ CH2CI2, 57% 

2.3.3 

Nitrofluorination 

Addition of F and N02 groups to an olefin in a trans manner proceeds using 
nitronium tetrafluoroborate and 70% HF/pyridine. The resulting P-fluoro- 
(nitro)alkanes are reduced to p-fluoro amines [208]. 

ON02+BF4- (2 mol) 

70% HF/py neat 

-70 to 0 (20) °C 

In contrast, reaction of diarylacetylenes with nitrosonium tetrafluoroborate 
and 60% HF/pyridine gives 1,2-diaryl-substituted 1,1,2,2-tetrafluoroethanes 
[209], products equivalent to double fluorination of the acetylenes. The mecha¬ 
nism in Scheme 2.12 is suggested for this reaction. 

SePh 

(2.91) 

C6H5C=CC6H5 
NO+BF4‘ (3 mol), 60% HF/py 

2^F 2^6^15 (2.93) 
CH2CI2, 0 °C to rt 

75% 
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no+bf4- 
Ar—— Ar - 

HF/py 

HO 

Ar, 

F 

N 

Ar J 

HF/py 

HO + N-OH 
N •" 

Ar—CF2-|—Ar 

HF/py 
--» Ar—CF2CF2—Ar + HON=NOH 

Scheme 2.12. Suggested mechanism of tetrafluorination of diarylacetylenes 

2.3.4 

Oxidative Fluorination 

Since oxidation of organosulfur compounds easily affords electrophilic species, 
the reaction carried out in the presence of a fluoride ion induces fluorination of 
organosulfur compounds. Although this type of reaction has been achieved 
with HF/CFjOF and HF/F2, a facile method employs NBS and 70% HF/pyridine 
or NBS and DAST [210]. The reaction is particularly convenient for the syn¬ 
thesis of fluoro sugars, precursors of O-glycosidation. 

(2.94) 

AcO 

AcO 

DAST (1.2 mol), NBS (1.1 mol) AcO''' 
CH2CI2, -15 °C, 70% yield AcQ 

CX ,vF 

(2.95) 

Very recently, ArIF2 has been shown to be the reagent of choice for this 
transformation [211]. Hereby the stereochemistry of fluorination is mostly re¬ 
tention of configuration probably through an SNi mechanism [212]. 

A combination of NOBF4 and 60% HF/pyridine induces substitution of a 
phenylthio group with fluorine. An alternative reagent system of methyl fluoro- 
sulfate and CsF is also known [213]. 

When sulfides are treated with 3,3-dimethyl-1,3-dibromohydantoin (DBH) 
and Bu4NH2F3, fluoro-Pummerer-type products are obtained [214]. 
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SCH3 
TBA*H2F3(1.4 mol) 

DBH (1.4 mol) 
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Cl CH2CI2, rt 
90% 

(2.96) 

An application of the fluoro-Pummerer reaction to (3-fluoro sulfides, fol¬ 
lowed by oxidation and [2,3]-sigmatropic elimination, gives vzc-difluoroolefins 
(Scheme 2.13) [215]. Anodic oxidation is also effective to convert organosulfur 

R/k/SPh 
i) TBA«H2F3, DBH 

ii) m-CPBA 

Scheme 2.13. Synthesis of vzc-difluoroolefins 

A 
F 

substrates into electrophilic species, and thus the fluoro-Pummerer reaction is 
easily achieved [216]. The reaction takes place with particular ease when 
organosulfur compounds have an electron-withdrawing group at an a-carbon. 
For this reaction 3HF/Et3N is shown to be nucleophilic enough and tolerant of 
the oxidation conditions owing to its high oxidation potential. Substrates 
containing a lactam [217] or heteroaromatic ring [218] are also applicable. 
Organic selenides also undergo a similar fluorination reaction [219]. 

- 2e, - H+ 
ArS. ,EWG - 

3HF/Et3N 

ArS^/EWG ArS^EWG 
and/or A 

F F F 
(2.97) 

EWG: F, CF3, COOR, C(0)R, CN, etc. 

Although a diastereoselective oxidative fluorination with an organic oxidant 
is yet to be studied [220], anodic fluorination has been partially successful 
[221]. An example is shown in Eq. (2.98), wherein a phenyl group in a chiral 
auxiliary is said to protect an Re face of an electrophilic reaction center, thus 
allowing a nucleophilic attack of a fluoride ion from an Si face. 

- 2e, - H+ 

3HF/Et3N, CH3CN 
(2.98) 

Ar= Ph; 54%, 20% de 

Ar= 4-MeOC6H4-; 65%, 60% de 
•V 
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As already discussed in Chap. 2.1.4, an asymmetric fluorination with an 
electrophilic reagent proceeds with relatively high diastereoselectivity. In con¬ 
trast, nucleophilic fluorination lacks such high selectivity, probably because a 
fluoride ion is too small to be affected by a steric bulk and/or an electron trans¬ 

fer mechanism may be involved. 

2.3.5 

Oxidative Desulfurization-Fluorination 

Compounds containing a gem-difluoromethylene functionality at a specific 
position have been prepared by treatment of carbonyl substrates with the 
highly toxic reagent SF4 at 100 °C [222]. However, protected forms, 1,3-dithiola- 
nes or 1,3-dithianes, have proved to be much more convenient substrates. This 
transformation was first achieved with CF3OF [223]. Later, the functional trans¬ 
formation was carried out with a combined reagent system of HF/pyridine and 
an oxidant like DBH [224], S02C1F [225], or NOBF4 [212]. In particular, a re¬ 
action using HF/pyridine and a positive halogen oxidant is often accompanied 
by halogenation of an aromatic part of the substrates and/or side reactions 

caused by the acidic reagent. 
Such side reactions can be avoided by use of TBA-H2F3 as a fluoride ion 

reagent. Even an acid-labile oxirane ring tolerates the reaction conditions [226]. 

(2.99) 

Iodosotoluene difluoride in combination with trifluoromethanesulfonic acid 
is useful for the difluorination of 1,3-dithianes [227]. A similar reagent can be 
generated in a catalytic amount in situ by electrochemical reaction of l-iodo-4- 
methoxybenzene in the presence of 3HF/NEt3 and attains the same transfor¬ 

mation in high yields [228]. 

When the reaction is applied to dithioacetals of aryl perfluoroalkyl ketones, 
perfluoroalkyl-substituted aromatics are produced conveniently. Because a 

perfluoroalkanoyl group is attached to an aromatic moiety by the reaction of an 
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arylmagnesium halide with a perfluoroalkanoate ester, an electrophilic per- 
fluoroalkylation of an aromatic substrate is thus achieved [229]. For the fluori- 
nating agent, 70% HF/pyridine or 80% HF/melamine is particularly effective. 

% rx 
I s\/s 

HF/py (80 mol of HF) Cl 
rii cp3 

NIS (2.2 mol) rir 
CH2CI2, -78 °C to rt 

(2.101) 

98% 

Orthothioesters, ArC(SR)3, are converted into trifluoromethyl-substituted 
products, ArCF3, under similar conditions [230]. 

OOc(se,)3 

i) DBH or NBS 

ii) 70% HF/py (2,io2) 

59% 

In contrast, orthothioesters of alkanoic acids are not fully fluorinated. In 
general, difluorination accompanied by p-bromination takes place. The pro¬ 
ducts, after oxidation to sulfoxides and thermolysis, give 2-bromo-l,l-difluoro- 
1-alkenes. 

H H 
V 

'>C11H23"X(SMe)3 
TBA*H2F3 (3 mol), DBH (3 mol) 

CH2CI2, 0 °C to rt 
n-CuH 

H Br 

^3'XXSMe 
F F 

84% 

(2.103) 

H Br 

F F 

mCPBA 

R = Ph(CH2)4 

R = n-C-11H23 

H Br O Br 

hX .SMe xy|ene’A 
- R^X 

F F F 

99% 85% 

78% 75% 

(2.104) 

An oxidative desulfurization-fluorination reaction of 1-substituted 2,2,2- 
tri(methylthio)ethanols is accompanied by oxidation of the alcoholic functional 
group to give difluoro(methylthio)methyl ketones [231]. 

OH 

C(SMe)3 
TBA«H2F3 (5 mol), DBH (4 mol) 

CH2CI2> rt 

O x 
R CFjSMe 

R = 1-napth, 80% 
R = 4-Ph-C6H4, 61% 
R = cyclohexyl, 51% 

(2.105) 
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Oxidative desulfurization-fluorination of dithioesters is a convenient and 
straightforward method for the synthesis of trifluoromethyl-substituted com¬ 
pounds, Ar-CF3, from arenedithiocarboxylates, ArCS2Me. By tuning the oxidant 
and the fluoride ion reagent, either trifluorination or difluorination is achieved. 
For example, a combination of DBH and TBA-H2F3 or NIS and HF/pyridine 
gives a trifluorination product, whereas difluorination results with NIS and 
TBA-H2F3 (Scheme 2.14) [232]. 

cf3 CS2Me CF2SMe 

70% HF/py (80 mol) TBA»H2F3 (5 mol) 

L JJ J DBH (4 mol) A. 
CH2CI2, 0 °C to rt 

79% 

11 J NIS (3 mol) 
CH2CI2, 0 °C to rt 

61% 

Scheme 2.14. Di- and trifluorination of dithiocarboxylates 

Trifluoromethylation is achieved with a,(3-unsaturated dithiocarboxylates, 

which give 1-substituted 3,3,3-trifluoropropenes [233]. 

TBA*H2F3 (6 mol), NIS (12 mol) 

CH2CI2, 0 °C to rt 

Ar = 2-naph; 65% Ar = 4-MeOC6H4; 50% 

Ar = 1 -naph; 40% Ar = 4-N02C6H4; 50% 

(2.106) 

In contrast, dithioalkanoates are difluorinated to convert a -CS2Me group 
into a -F2SMe moiety. The resulting products, after oxidation and thermolysis, 

give 1,1-difluoro-l-alkenes (Scheme 2.15) [234]. 

Scheme 2.15. gem-Difluoroolefin synthesis 

Thione esters and thione carbonates are also difluorinated readily. The 
resulting difluoro ethers and difluoromethylenedioxy compounds, respec¬ 
tively, can be isolated except for those having an electron-donating group 

[235]. 

S TBA»H2F3 (3 mol) 

Ph O 

F F 

piv^ccPh (2.107) 
NBS (2.2 mol) 

76% 
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TBA*H2F3 (3 mol) 

NBS (2 mol) 

CH2CI2, rt, 0.5 h 
°^\°XF (2-108) 

'0 F 
78% 

The characteristic features of the oxidative desulfurization-fluorination re¬ 
action are demonstrated by use of xanthates or dithiocarbonates, ROCS2Me. 
The reaction applied to these substrates gives trifluoromethyl ethers, ROCF3, 
that are only accessible under harsh conditions using HF [236]. Thus, phenols 
and primary alcohols are readily converted into the corresponding trifluoro¬ 
methyl ethers in two steps through xanthate synthesis and oxidative desul- 
furization-fluorination using DBH and HF/pyridine (Scheme 2.16) [237]. 

TBA»H2F3 (4 mol) 

Scheme 2.16. Di- and trifluorination of xanthates 

Xanthates of secondary alcohols are converted into fluorination products 
under the original oxidative fluorination conditions, namely use of 70% HF/ 
pyridine and NIS. However, use of NBS and 50% HF/pyridine allows the isola¬ 
tion of trifluoromethyl ethers of secondary alcohols [238]. This reaction con¬ 
trasts sharply with the one with TolIF2 which gives fluorination products only 
[239]. The reaction of xanthates of tertiary alcohols affords fluorination pro¬ 
ducts (Scheme 2.17) [238]. 

Dithiocarbamates, readily available from amines, carbon disulfide and methyl 
iodide, are readily converted into trifluoromethyl amines under oxidative de¬ 
sulfurization-fluorination conditions [240]. Although the synthesis of trifluoro- 

50% HF/py (40 mol) 

NBS (3 mol) 

70% HF/py (20 mol) 

NIS (3 mol) 

OCF3 
21% 

70% 

Scheme 2.17. Oxidative desulfurization-fluorination of xanthates of secondary alcohols 
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methylamines has precedents [241], the present method is applicable to (hetero)- 
aromatic and aliphatic amines. Under forcing conditions, the (hetero)aromatic 
ring may be halogenated, but the halogen substituent may be removed or func¬ 
tionalized by metalation followed by a reaction with an electrophile. 

no2 

i 

CS2Me 

TBA*H2F3 (5 mol) 
DBH (4 mol) 

CH2CI2, rt, 1 h 
(2.109) 

When thioamides of perfluoroalkanoic acids are applied to oxidative desul- 
furization-fluorination, perfluoroalkylamines are produced [242]. 

Cl 

N.. /7-C3F7 

TBA*H2F3 (3 mol) 
NBS (2.2 mo!) 

S CH2CI2, 0 °C to rt, 0.5 h 
Cl 

V C4F9 (2.110) 

80% 

2.3.6 

Oxidative Fluorination of Amines 

Amino acids are converted into oc-fluorocarboxylic acids by diazoniation fol¬ 
lowed by substitution by a fluoride ion [243] with retention of configuration 
probably via an a-lactone intermediate. Esters of amino acids are also fluori- 

nated similarly. 

R^COOH 

NH2 

NaN02 (1.5 mol) 
70% HF/py (2.5 mL/mol) 

rt, 1 h 

R^COOH 
(2.111) 

R = H, 38% R = Et, 80% 
R = Me, 96% R = 4-HO-C6H4CH2, 90% 

Aliphatic diazo compounds decompose in the presence of HF/pyridine to 
give monofluoro compounds. When the reaction is carried out in the presence 
of a positive halogen oxidant and HF/pyridine, fluorine and halogen atoms are 

connected to the diazo carbon (Scheme 2.18) [244]. 
Under oxidative fluorination conditions, oximes are converted into gem- 

difluoromethylene compounds. Although similar transformations have been 

achieved with IF [245] and BrF3 [246], combination of HF/pyridine and the oxi¬ 
dant NOBF4 allows the easy implementation of the gera-difluorination in stan¬ 

dard laboratories [247]. 

NOH 60% HF/py (excess) 

NO+BF4‘ (1.2 mol) F 
(2.112) 
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V+ )—N=N 
Ft' 

X+ 
R'- -N=N 

~N2 

NXS (1.5 mol), 70% HF/py, 0 °C, 20 min, Et20 

substrate NXS product yield (%) 

Ph—CO-CHN2 — Ph—CO-CH2F 32 

Ph—CO-CHN2 NBS Ph—CO-CHBrF 63 

/^/^co-chn2 NIS ^C^^CO-CHIF 80 

PhCHN2 .... PhCH2F 70 

Scheme 2.18. Fluorination of diazo compounds 

2.4 
Electrochemical Fluorination 

The electrochemical reaction of organic substrates in HF or in a solvent con¬ 
taining HF or its equivalent gives fluorinated products. This process is called 
electrochemical fluorination. In particular, the one in HF is called the Simons 
method [248] and is still used today for the manufacture of various perfluoro 
compounds [249]. Although no special reagent is used in this process, some 
examples will be discussed in the following sections. Readers are advised to 
consult reference books and review articles [250-254]. 

The Simons method involves electrolysis of a solution of an organic sub¬ 
strate in HF using a nickel electrode for an anode to produce perfluoro pro¬ 
ducts. At the cathode, molecular hydrogen is evolved. Since HF is com¬ 
mercially available and the reaction takes place in a single step, the reaction 
is of great industrial significance. Limitations of the reaction are: (1) fluorina¬ 
tion of compounds barely soluble in HF is not satisfactory; (2) by-products 
due to ring opening, ring formation, and/or isomerization often accompany the 
reaction; and (3) control of the stereo- and regioselectivity of the fluorination 
is not easy. 

Because hydrocarbons are not very soluble in HF, they are not good 
substrates for electrochemical fluorination. However, partly fluorinated 
substrates like 2,2-dlifluorohexane gives perfluorohexane and its lower homo- 
logues [255]. 

H+ 
-  n-C6F14 + CnF 2n+2 (2.113) 

62% (n = 1 —5) 
v 

Electrochemical fluorination of 1,1-difluorocylcohexane gives a ring-con¬ 
traction product in addition to perfluorocyclohexane. 
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Use of NaF as a conductivity enhancer allows the fluorination of 
adamantane, which is insoluble in HF, to give perfluoroadamantane in 

31% yield [256]. 

-e, -H+ 

HF, NaF 

F 

"2?cf2 
'CF, 

F C4 p^CF 
P r%c5r/ 
F2Cf K 31% 

(2.115) 

Electrochemical fluorination of carboxylic acids, acid halides, and esters 
gives perfluoroalkanoyl fluorides along with perfluoro cyclic ethers, which 

sometimes predominate [257]. 

-e, -H+ 

HF 
(2.116) 

& fyCF3 
F,C C COF 

F2 

7% 

,0. /CF3 

F2c 

CFo 

CF2 

F2C' £ i 
FoC. 

yT3 
.cf2 

20% 6% 

F2C^°"CF2 

+ F2CvJtCF3 
F F h 2 

10% 

In a similar manner, alkanesulfonic acids and derivatives are fluorinated to 
give perfluoroalkanesulfonyl fluorides that are used for the synthesis of per- 
fluorinated surfactants and superacids [258, 259]. Although methane- and 
ethanesulfonyl chlorides give the corresponding perfluorosulfonyl fluorides, 

higher homologs are obtained in inferior yields. 

H(CH2)nS02CI ---► F(CF2)nS02F (2.117) 

HF 

n = 1 87% n = 5 45% 
2 79% 6 36% 
3 68% 7 31% 
4 58% 8 25% 

Perfluorination of ethers [260] and tertiary amines [261] has been well 
studied. Again ring-opened and/or rearranged products are produced in ad- 
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dition to the expected perfluoro products with retention of the original 
structure. 

F2C' £ i 
f2c. 

F2p F2 
-CU/C. 

■c^Tcr 
F2F f2 

cf2 

N 
CF3 

F2C 

FoC 

F2F 

"C = 
F? F 

CF2 

-CP, 

(2.119) 

24% 22% 

'CF, 

F2C * 1 
f2c. 

2F F2 

31% 

"CF3 

cf3 

6% 

Electrochemical fluorination using an HF/amine complex in lieu of HF gives 
partially fluorinated products under milder conditions. For example, the re¬ 
action of ethylbenzene in 3HF/Et3N gives 1-fluoroethylbenzene in 42% yield 
[262]. The same reaction when applied to styrene gives 1,2-difluoroethylben- 
zene in 51% yield [263]. 

(2.120) 

Organic solvents, such as acetonitrile, DMF and THF, can be used to control 
the reaction. An example is the electrochemical fluorination of the enol acetate 
of deoxybenzoin using 3HF/Et3N in acetonitrile. The initial product is assumed 
to be a difluorination product as above, but this is converted into fluorodeoxy- 
benzoin under the reaction conditions [264]. 

OAc -e, -H+ 9 9 9 
Ph'^^Ph 3HF/Et3N Pf'Y'Ph + Ptr'Y$Ph + Ph^yPh (2.121) 

MeCN F OAc NHAc 

63% 12% 3% 
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An optically active enol ester of a-tetralone allows isolation of diastereo- 
meric difluorinated products, which upon hydrolysis give (3-fluoro tetralones of 
high enantiomeric excess (Scheme 2.19) [265]. 

Scheme 2.19. Electrochemical asymmetric fluorination 

Electrochemical fluorination of sulfides gives a-fluoro sulfides [266, 267]. 
Scheme 2.20 indicates that the degree of fluorination can be controlled by ap¬ 

plied voltage and electric current. 
Electrochemical fluorination conditions can be successfully applied to the 

synthesis of fluorine-containing (3-lactams [268]. 

-e, -H+ 

3HF/Et3N 
MeCN 

(2.122) 

O 



70 Chapter 2 Reagents for Fluorination 

Future studies on various substrates will demonstrate that electrochemical 
fluorination is one of the most promising and reliable methods for highly clean 

and selective fluorination. 
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CHAPTER 3 

Organofluorine Building Blocks 

The synthetic methodology for organofluorine compounds is generally clas¬ 
sified into two approaches: one involves C-F bond formation via transforma¬ 
tion of a suitable functional group by a fluorinating reagent, as described in 
Chap. 2, and the other includes C-C bond formation starting from a relatively 
small fluorine-substituted molecule which is readily available and can be easily 
handled. This approach is called the building block approach and is familiar to 
synthetic chemists, because hazardous and toxic reagents and special equip¬ 
ment are not necessary. This chapter focuses on the synthetic transformation of 
fluorine-containing building blocks in the order of the type of reagent. 

3.1 
Fluorine-Substituted Nucleophilic Reagents 

3.1.1 

Alkylmetals 

Perfluoroalkyllithiums are, in general, thermally unstable due to their rapid 
a- or (3-elimination. In particular, trifluoromethyllithium is yet unknown. 
However, except for a trifluoromethyl group, a halogen-metal exchange of a 
perfluoroalkyl iodide with an organolithium reagent at low temperatures con¬ 
veniently generates the corresponding perfluoroalkyllithium reagent which 
reacts with such a co-existing electrophile as an aldehyde, ketone, or ester to 
give a perfluoroalkylated product [ 1 ]. For example, pentafluoroethyl iodide 
undergoes a rapid exchange with methyllithium in the presence of benzal- 
dehyde to produce 1-phenylpentafluoro-l-propanol. For the reaction with an 

imine, the use of BF3-OEt2 is essential to obtain a perfluoroalkylated amine. 

(3.1) 

MeLi-LiBr HN 
Et 

(3.2) 

88% 
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Perfluoroalkylmagnesium reagents are prepared by a conventional pro¬ 
cedure from perfluoroalkyl iodides with magnesium metal, in contrast to labile 
perfluoroalkyllithium reagents [2]. Alternatively, an iodine-magnesium ex¬ 
change reaction of a perfluoroalkyl iodide with a Grignard reagent gives the 
corresponding perfluoroalkylmagnesium reagent [3]. An example is the 
reaction of heptafluoro-l-iodopropane with cyclohexanone shown below. 

O 

n_C3F7l Et20 

+ - 

PhMgBr -78 °C 

n-C3F7MgBr (3.3) 

Perfluoroalkylcopper reagents, easily prepared from perfluoroalkyl iodides 
and copper metal, are more stable than the corresponding lithium or magne¬ 
sium reagents [4]. Thus, pentadecafluoroheptyl iodide and iodobenzene are 
smoothly coupled by means of copper metal. 

n-C7F15l + 
Cu 

DMSO 

110-120 °C 

n-C7F 7r15 

70% 

(3.4) 

Trifluoromethylation is effectively achieved with trifluoromethylcopper 
produced by heating trifluoromethyl iodide and copper metal in an aprotic 
solvent. Thus, m-iodotoluene and alkenyl dibromide are converted into the cor¬ 
responding trifluoromethylated products [5]. 

Me 

Cu/DMF 

130-140 °C 

68% 

CF3I + Cu 

HMPaJ 120 °C 

CF3Cul 

rt - 50 °C 81% 

(3.5) 

(3.6) 

Alternatively, trifluoromethylcopper is prepared by heating bis(trifluoro- 
methyl)mercury with copper powder and is allowed to undergo 
trifluoromethylation of p-iodonitrobenzene in good yields [6]. The same 
transformation is accomplished with a reagent system consisting of JV-tri- 

fluoromethyl-N-nitrosotrifluoromethanesulfonamide (TNS-Tf) and coDner 
(Scheme 3.1) [7]. 
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Scheme 3.1 

Hg(CF3)2/Cu 

68% 

The reaction of difluorodihalomethanes with cadmium or zinc produces 
thermally stable trifluoromethylcadmium or -zinc reagents, respectively, and 
both transfer a trifluoromethyl group to copper to generate a trifluoromethyl- 

copper reagent in excellent yields [8]. 

CF2X2 DMF 

X = Br, Cl 
M = Cd, Zn 

[CF3MX + (CF3)2M] 

80-95% 

CuX 

-80 °C 
to rt 

[CF3Cu] 

90-100% 

(3.7) 

This protocol is the most convenient in view of the cheap and readily avail¬ 
able precursors and mild conditions. Trifluoromethylcopper prepared in this 
manner reacts with substituted iodobenzenes smoothly irrespective of the 

nature of the substituent. 

/—\ [CF3Cu] 

R—(C))—I -► R—cf3 (3-8) 

R = H (100%); R = N02 (81%); R = OMe (78%); R = Br (95%) 

A trifluoromethylzinc reagent, generated by treatment of a difluorodihalo- 
methane with zinc, also gives a trifluoromethyl anionic reagent, as illustrated in 
Scheme 3.2 [9]. A mechanism is proposed that involves a difluorocarbene inter¬ 

mediate. Pathways are illustrated in Scheme 3.3. 
Under ultrasonic irradiation, perfluoroalkyl iodides are converted into the 

corresponding zinc reagents which then undergo perfluoroalkylation of various 

halides, as summarized in Scheme 3.4 [10]. 
A fluorine-containing zinc carbenoid, l,l-dichloro-2,2,2-trifluoroethylzinc 

chloride [ 11 ], is prepared simply by reduction of CFC-113a (CF3CC13) with zinc 
and is thermally stable enough to react with aldehydes (Scheme 3.5). Use of a 
large excess of zinc in the presence of acetic anhydride or aluminum chloride 
leads to the stereoselective in situ formation of 2-chloro-l,l,l-trifluoro-2- 



80 Chapter 3 Organofluorine Building Blocks 

Scheme 3.2 

Scheme 3.3 

cf3i 

Zn + CF2X2 -► M+[CF2X2]_* -[CF2X]“+ x~ + M2+ 

[Me2N+=CFH]F ~ 1 

W Me2NCH=0 
Me2NCF2H + CO - [:CF2] + X“ 

r + [:CF2]-[CF3-]-CF3MX + (CF3)2M 

n-C3F7l 

+ 

Zn 

))) 

DMF 

OH 58% 

A7-C3F7 Ph 
ph^^'/1‘C3F7 

(Z=f=70:30) Scheme 3.4 57% 
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Scheme 3.5 

CF3CCI3 + PhCHO 

Zn (1 mol) 

Zn (>2 mol) 

DMF Ac20 

Zn (>2 mol) 

AICI3 

OH 

Ph^CCI2CF3 

86% 

PIT 
CFq 

Cl 
78% 

OH 

Ph XCI=CF2 

86% 

alkenes or 2-chloro-l,l-difluoro-l-alken-3-ols, respectively. This approach has 
been applied to a one-step synthesis of an artificial pyrethroid, bifenthrin [12]. 

CF3CGI3, Zn, AC2O 

DMF 54% 
(3.9) 

Trifluoromethyl(trimethyl)silane, upon activation by a fluoride ion, reacts 
with aldehydes, ketones, or esters to give, respectively, trifluoromethylated 

alcohols or trifluoromethyl ketones (Scheme 3.6) [13]. 

Scheme 3.6 

O 
y 

PIT H 

CF3SiMe3 

OH 

Ph-^CFg 

O 
u 

Ph"XFo 

In the presence of copper(I) iodide, the silane reagent undergoes a cross¬ 

coupling reaction with aryl and alkenyl iodides [14]. 

KF, Cul 
CF3SiEt3 + RX -- RCF3 (3.10) 

DMF/NMP, 80 °C 

RX: (3-naphthyl iodide (94%); (Z)-C8H17CH=CH-I (90%) 
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In contrast to perfluoroalkylmetal reagents, monofluoroalkyl- and difluoro- 
alkylmetal reagents remain unexplored, probably because the preparation of 
fluoroalkylmetal reagents needs to be carried out by bromine-lithium exchange 
at very low temperatures. For example, dibromofluoromethyllithium is generated 
only at -130 °C by treatment of CFBr3 with butyllithium and allowed to react with 
a co-existing aldehyde or ketone to give an adduct, as shown in Scheme 3.7 [15]. 
As long as the reaction temperatures are low enough, yields of the adducts are 
moderate to excellent. The product alcohols serve as versatile precursors for the 
stereoselective synthesis of fluoroolefms and 2-bromo-2-fluoro-l,3-diols [16]. 

BuLi 
LiCFBr2 

RR'C=0 R,^ ?H 

THF-Et20 
-130 °C 

56-96% f/' 

(R‘ = H) 

^CFBr2 

(R = Ar) 

Scheme 3.7 

F 

Bu4NOH 

OAc 

R"^CFBr2 

EtMgBr/ 
(APr)2NH 

H 

Br 

OMEM 

CFBr2 

1) BuLi 
2) Pr2C=0 

An alternative zinc carbenoid reagent is prepared by the reduction of CFBr3 
with diethylzinc and reacts chemoselectively with aldehydes in preference to 
ketones [17]. 

CFBr3, Et2Zn 
-►- 
DMF, -60 °C 

69% 

Introduction of an anion-stabilizing group, such as R3Si-, ArSO-, ArS02- or 
(R0)2P(0)-, at an anionic carbon allows a thermally labile fluoroalkylmetal 
reagent to be handled at slightly higher temperatures of -98 to -70°C [18]. 
Substituents introduced can be utilized for their further transformations. Some 
examples are presented in Schemes 3.8 and 3.9 and in Eq. (3.12). 

F\ 1) BuLi, THF, -78 °C F 

(EtO)2OP C02H 2) PhCHO ^^J^V'C02H (3.12) 

91% 
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Scheme 3.8 

Ph02S 
^X/SiMePh^ 

Ph.X>SiMePh2 

Scheme 3.9 78% 

Difluoroalkylmetals substituted by a (R0)2P(0)- group are prepared by 
deprotonation of diethyl difluoromethylphosphonate with LDA (Scheme 3.10) 
[19]. The resulting reagent, (Et0)2P(0)CF2Li, undergoes alkylation as well as 
carbonyl addition. Reaction with esters and nitroalkenes is facilitated in the 

presence of CeCl3 (Scheme 3.10) [20]. 

EtBr 

HCF2P(0)(OEt)2 

LDA THF 
-78 °C 

LiCF2P(0)(0Et)2 

PhCHO 

O x 
Et^OEt 

CeCI3 

Et"-^'V"N02 

EtCF2P(0)(0Et)2 

82% 
OH 

Ph'/^CF2P(0)(OEt)2 

83% 

O 

x 
Et^CF2PO(OEt)2 

Et 

CeCI3 

Scheme 3.10 

88% 

~no2 

CF2PO(OEt)2 
62% 

Reduction of (Et0)2P(0)CF2Br with zinc also produces a similar zinc 
reagent, (Et0)2P(0)CF2ZnBr, which reacts with electrophiles such as acyl chlo- 
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rides, alkyl bromides, and aryl iodides using a copper(I) catalyst. For example, 
1-hexenyl iodide and iodobenzene react with the zinc reagent in the presence of 
CuBr to give coupling products (Scheme 3.11) [21]. 

BrCF2P(0)(0Et)2 

Zn 

BrZnCF2P(0)(0Et)2 

Phl/CuBr Bu^\|./CuBr 

Scheme 3.11 

PhCF2PO(OEt)2 

60% 

6u^\| 
CF2PO(OEt)2 

81% 

In a manner similar to trifluoromethylsilane, PhMe2SiCF2H reacts with benz- 
aldehyde in the presence of a catalytic amount of KF to give PhCH(OH)CF2H 
[22]. 

KF (5 mol%) OH 
PhMe2SiCF2H + PhCHO -- I (3 13) 

DMF, 100 °C PITXF2H 

82% 
3.1.2 

Alkenylmetals 

Fluoroalkenyllithiums are conveniently prepared by a hydrogen-lithium and/or 
halogen-lithium exchange of fluoro(halo)alkenes with butyllithium [23]. For 
example, trifluorovinyllithium is generated from trifluoroethene or bromotri- 
fluoroethene with butyllithium via proton abstraction or bromine-lithium 
exchange, respectively, or from chlorotrifluoroethene with s- or f-butyllithium 
via a chlorine-lithium exchange reaction. The latter procedure in particular 
provides an inexpensive and highly effective method. 

RLi 

Et20 
(3.14) 

X R Temp (°C) Yield (%) 

H Bu -100 to -78 >79 
Br Bu -78 >73 
Cl s-Bu or f-Bu -60 >95 

Similarly, 2,2-difluorovinyllithium, 1,2-difluoroalkenyllithiums, and per- 
fluoroalkenyllithiums are obtained by a deprotohation or halogen-lithium 
exchange of the corresponding fluoro(halo)alkenes. The stability of 1,2-di- 
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fluoroalkenyllithiums depends on the olefinic geometry: (£)-RCF=CFLi is 
stable below -5°C and above -5°C cleanly undergoes dimerization and elimi¬ 
nation to give an enyne, whereas (Z)-RCF=CFLi decomposes to give an in¬ 
tractable complex mixture of products even below -80°C, as shown in 
Scheme 3.12. 

Scheme 3.12 

(E): -30 °C 

(Z): -110 °C 

__ complex 
>-80 °C mixture 

Per fluoroalkenyllithiums react with carbonyl compounds in the normal 
fashion. In the presence of BF3 • OEt2, the reagents add to oxiranes and oxetanes 
smoothly to give fluorinated homo- and bishomoallylic alcohols [24]. 

OH 

X = F, R = n-C5H11, 88% ; X = H, R = Ph, 90% 

(3.15) 

C02 

60% 
(3.17) 

(3.18) 

F Li 

BF3*OEt2 

F (CH2)3OH 
(3.19) 

68% 
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An iodine-lithium exchange reaction is applied to the generation of N-aryl- 
trifluoroacetimidoyllithiums, synthons of a trifluoroacetyl anion, which react 
with various electrophiles to give imines of trifluoromethyl ketones [25]. 

A BuLi 

FoC NAr 
J Et; O 

Li 

FoC^NAr 

E+ E 

F3C^NAr 
(3.20) 

Ar = 2,6-xylyl 

E+ : PhCOCI (62%); PhCHO (89%); PhCOMe (39%); Me3SiCI (84%) 

Upon treatment with LDA, 2,2,2-trifluoroethyl tosylate undergoes sequential 
dehydrofluorination and deprotonation to give 2,2-difhioro-l-tosyloxyvinyl- 

lithium, a versatile and useful reagent for a building block of a CF2=C< moiety. 
For example, its reaction with aldehydes and ketones provides the cor¬ 
responding adducts (Scheme 3.13) [26]. Furthermore, trapping the lithium 
reagent with trialkylboranes affords 1-substituted 2,2-difluoroethenylboranes, 
which can then be converted into various types of gem-difluoroolefins by mi¬ 
gration or a coupling reaction [27]. 

CF3CH2OTs 
2 LDA 

f2c=^ 

THF 

-78 °C 

AcOH 

F2C^ 
OTs 

Li 

br3 

RR'C=0 
FpC 

quant. 
HO 

OTs 

R 

R' 

H 81% 

R = Ph(CH2)4- 

f2c=< 
BR, 

1) NaOMe 
2) Br2 

1) NaOMe O 

2) NaOH, H202 HF2C^R 

81% R = Ph(CH2)4- 

1) Cul 
2) Phi/ 

Pd2(dba)3 

F2C=^ 
R 

R = Ph(CH2)4- 65% 

Scheme 3.13 

F2C=<( 
Ph 

R = Bu 90% 

1) Cul 

2) PhCOCI 

F2C= 
=0 

Ph' 

R = Bu 78% 

In a similar manner, 2,2-difluoro-l-methoxyethoxymethoxyvinyllithium is 
also prepared. The reagent reacts with electrophiles such as aldehydes, ketones, 
chlorosilanes, and chlorostannanes (Scheme 3.14) [28]. 

It is worth noting that l-N,N-diethylcarbamo^l-2,2-difluorovinyllithium, 
generated as above, reacts with carbonyl compounds to give difluoromethyl 
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CF3CH2OMEM 
2 LDA 

F,C 

Scheme 3.14 

F2C=( 
OMEM 

Li 

Me3SiCI OMEM 
——-f2c=( 

SiMe3 79% 

Et2C=0 
Bu3SnCI 

FpC 
OMEM 

HO tX 

79% 

f2c=<^ 
OMEM 

SnBu3 

70% 

ketones derived from 1,4-migration of a carbamoyl group (Scheme 3.15). The 
intermediary difluoroenolates then react with benzaldehyde to give three com¬ 
ponent coupled products. 

CF3CH2OCONEt2 
2 LDA 

THF 
-78 °C 

F2C^ 
OCONEt2 

OCONEt2 

F2Ci<R 
LiO R' 

PhCHO 

OH 

Ph' 
O 

Scheme 3.15 

F 
Et2NOCO 

69% 

R 

R' 

Li 

RR'C=0 

OLi 

FzC=k. 
Et2NOCO M 

R = Et, R' = H (68%) 
R = R' = Et (72%) 

Since fluoroalkenyllithiums are generally unstable and their applications are 
limited, stable fluoroalkenylmetals are prepared by transmetalation. In this way, 
fluoroalkenylzinc reagents are prepared at very low temperatures. Thus, 1,1,2- 
trifluorovinyl-, 1,2-difluoroalkenyl-, 2,2-difluorovinyl-, and l-chloro-2-fluoro- 

alkenylzinc chlorides are prepared [29]. 

ZnCI2 

-100 °C (X = F or H) 

or 

-110°C (X = CI) 

F Li F ZnCI 
(3.21) 



88 Chapter 3 Organofluorine Building Blocks 

ZnCI2 

(£) :-30 °C 

(Z): -110 °C 

(3.22) 

In sharp contrast to fluoroalkenyllithium reagents, the zinc reagents are 
stable for several days even at room temperature. Thus, it is possible to achieve 
cross-coupling reactions of these fluoroalkenylzinc reagents with aryl iodides, 

alkenyl iodides, and acid chlorides, as shown in Scheme 3.16 [30]. 

An alternative method for the preparation of the reagents is direct metala- 
tion using zinc metal and fluoro(halo)alkenes. In this way, many fluoroalkenyl¬ 
zinc reagents can be prepared, some of which are listed in Fig. 3.1 [31]. 

(F)n (F)n 

=V\ -—-- =V\ (3.23) 
x DMF, THF, ortriglyme ZnX 

X = Br, I 

Solvent such as DMF, THF, or triglyme are conveniently used, whereas THF 
containing a small amount of tetramethylethylenediamine (TMEDA) is shown 
to be effective for the formation of a 2-trifluoromethylethenylzinc reagent. 

F ZnX F ZnX « ZnX»TMEDA 

Fig. 3.1. Typical fluoroalkenylzinc reagents 
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These zinc reagents also undergo cross-coupling reactions with aryl iodides 
in the presence of a palladium (Pd) catalyst to give fluorinated styrene 
derivatives. 

(3.24) 

Fluoroalkenylcopper reagents are another example of thermally stable 
fluoroalkenylmetals. The reagent is prepared by transmetalation of the cor¬ 
responding fluoroalkenylzinc or -cadmium with a copper(I) halide [32]. The 
resulting vinylcopper reagent, (Z)-CF3CF=CFCu, for example, participates in 
alkylation, acylation, and a coupling reaction in good yields, as shown in 
Scheme 3.17. 

O 

PhCOCI 80% 

f3c f 

Mel 87% 

Scheme 3.17 F Me 

ZnorCd CuBrorCul 
RfFC=CFX FIfFC=CFCu 

DMF (3.25) 

F Cu 

99% 

F Cu 

92% 

F3C Cu 

83% 

Fluorovinylsilanes and -stannanes are stable, readily available, and thus 
extremely versatile. Trifluorovinylsilanes are prepared by silylation of a tri- 
fluorovinyllithium or -magnesium reagent [33]. In particular, a procedure 
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involving addition of butyllithium to a mixture of chlorosilanes and chloro- 

trifluoroethylene is highly effective [34]. 

F, F BuLi F. F 
\=< + CISiR3 -- )={ (3-26) 

F Cl -130 °C F SiR3 

R3Si : Et3Si (85%); Pr3Si (93%); PhMe2Si (88%) 

Trialkyl(trifluorovinyl)silanes serve as precursors of poly(difluoroacetylene). 
Thus, heating triethyl(trifluorovinyl)silane in the presence of a fluoride catalyst 

gives a black metallic polymer with exhibits conductivity (Scheme 3.18). 

Scheme 3.18 

-FSiEt3 
CsF or 

(Et2N)3S+F2SrMe3N 

FC=CF [~(-CFg-CF-^- ] 

Treatment of a trialkyl(trifluorovinyl)silane with butyllithium results in 
formation of 2-butyl- l,2-difluorovinyl(triethyl)silane via an addition- 
elimination process, as shown in Scheme 3.19 [35]. The resulting 1,2-difluoro- 
1-hexenylsilane is easily protodesilylated with KF or acetylated to give 
3,4-difluoro-3-hexen-2-one with an AlCl3 catalyst. Starting from various or- 
ganolithium reagents and acid chlorides, a variety of a,(3-difluoro-a,(3-enones 
are readily available according to the present method. 

Scheme 3.19 92% 
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Whereas trifluorovinylstannanes are available by treatment of trifluorovinyl- 
lithium or -magnesium with trialkylstannyl halides [36], 1,2-difluoro-l-alkenyl - 
stannanes are prepared from the corresponding vinylsilanes by transmetalation 
using KF [37]. The transformation takes place with retention of configuration. 

KF 
R'CF=CFSiR3 + CISnBu3 -► R'CF=CFSnBu3 (3.27) 

DMF 

R = Me, Et; R' = F, I, H, Bu, Ph 72 - 92% 

The resulting tin reagent couples with aryl or alkenyl halides in the pre¬ 
sence of a Pd catalyst to provide fluorinated styrene or conjugated dienes 
(Scheme 3.20) [38]. 

3.1.3 

Alkynylmetals 

Although perfluoroalkynylmetals are assumed to be more stable than perfluoro- 
alkyl- or -alkenylmetals because of the lack of the (3-fluorine responsible for a 13- 
elimination, synthetic studies on perfluoroalkynylmetals have been limited [39]. 

Due to the strong electron-withdrawing effect of a perfluoroalkyl group, 
metalation of perfluoroalkylethynes is easily achieved by treatment with an organo- 
lithium or -magnesium reagent. For example, reaction of 1,1,1-trifluoropropyne 
with butyllithium at - 78 °C produces 3,3,3-trifluoropropynyllithium that is stable 
up to 0°C and undergoes silylation and a carbonyl addition (Scheme 3.21) [40]. 

Trifluoropropynylmagnesium bromide is prepared by treatment of trifluoro- 
propyne with ethylmagnesium bromide and reacts with acetone, giving rise to 

a trifluoromethylated propargyl alcohol [41]. 

H z=-CF3 

+ BrMg—=—CF3 

EtMgBr Et20 
(3.28) 
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Scheme 3.21 

H = CF3 

BuLi 
Et20 

-78 °C 

CF3 

Et3SiCI 

81% 

EtCHO 

54% 

MeCOCF3 

55% 

MeC(0)CI 

54% 

Reduction of l,l,2-trichloro-3,3>3-trifluoropropene with zinc dust provides a 
trifluoropropynylzinc reagent (Scheme 3.22), which upon quenching with water 
gives 3,3,3-trifluoropropyne [42]. The fluorinated zinc reagent dimerizes by 
oxidation with CuCl2 to give hexafluoro-2,4-hexadiyne [43]. 

CF3CC1=CCI2 
2 Zn 

DMF 

F3C-CsCH 

(CF3C=C)2Zn or CF3C=CZnCI 

CuCI2 46% 

CF3C=C-C=CCF3 
Scheme 3.22 

Perfluoroalkynylzinc reagents are alternatively prepared by transmetalation 
of perfluoroalkynyllithiums with zinc chloride. Subsequent cross coupling with 
an aryl or alkenyl halide proceeds efficiently in the presence of Pd(PPh3)4. 
Scheme 3.23 illustrates some examples [44]. 

BuLi 
Rf -H Rf- = Li 

THF, -78 °C 

Arl, Pd(PPh3)4 

ZnCL 

Rf-= ZnCl 

CFq—^=- 

Rf -Ar 
50 °C 

CrF 6r13 

no2 

Scheme 3.23 96% 94% 
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3.1.4 

Metal Etiolates 

Because metal enolates are the most basic species for carbon-carbon bond 
forming reactions in organic synthesis, metal enolates of fluorinated carbonyl 
compounds play a significant role in the synthesis of organofluorine com¬ 
pounds. This section describes such metal enolates in the order fluoro-, di- 
fluoro-, trifluoromethyl-substituted enolates, and perfluoroalkyl- and fluoro- 

substituted enolates, as summarized in Fig. 3.2. 

OM OM OM 

F^R F3C-^R 

F 

Fig. 3.2. Metal enolates containing fluorine 

Precursors of a-fluorinated enolates are naturally a-fluorinated ketones, 
esters, amides, and thioesters. For example, l-fluoro-3,3-dimethylbutan-2-one 
is deprotonated by treatment with lithium hexamethyldisilazide (LHMDS) in 
the presence of HMPA to generate a (Z)-enolate predominantly, which under¬ 
goes an aldol reaction with aldehydes, giving rise to a-fluoro p-hydroxy ketones 

stereoselectively [45]. 

OM 

F 

syn: anti =7:1-49:1 

(3.29) 

Esters and amides of fluoroacetic acid are similarly deprotonated with 
LHMDS or LDA to give the corresponding mixture of enolates (a 1:1 mixture of 
E- and Z-isomers) [46]. Thus, the diastereoselectivity of the subsequent aldol 

reaction is not necessarily high. 

LHMDS 
or LDA 

X 

X = OR,NR"2 E/Z= 1 : 1 

RR'CO 

42-99% 

diastereomeric ratio 
1 : 1 - 4 : 1 

(3.30) 

Stereoselective synthesis of a-fluoro (3-substituted a,p-unsaturated esters is 

achieved using an enolate generated from 2,4,6-trimethylphenyl fluoro(tri- 
methylsilyl)acetate, via an aldol reaction and subsequent Peterson olefination 
[47]. An open transition state is proposed to account for the highly selective 
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aldol reaction, because both (£)- and (Z)-enolates are confirmed to be gen¬ 
erated. 

1) LDA 

2) RCHO 
(3.31) 

R = Ph (49%, Z1E = 29:1); R = 4-MeOC6H4 (90%, Z1E= 32 : 1) 
R = f-Bu (55%, Z/E= 24 : 1); R = 2-furyl (40%, 27E= 50:1) 

In sharp contrast to ester and amide enolates, those of fluorine-containing 
thiol esters are generated stereoselectively, as demonstrated in Scheme 3.24 
[48]. Thus, phenyl 2-fluoropropanethioate is treated with to LDA to afford pre¬ 
dominantly a (Z)-enolate, which reacts with aldehydes or imines to give the cor¬ 
responding aldols or lactams, respectively, in moderate to good yields with high 
stereoselectivity. The reaction with aromatic aldehydes prefers anti-isomers, 
whereas trans-isomers of lactams are predominantly produced. In addition, 
a titanium enolate, generated by treatment of the lithium enolate with 
(/-PrO)3TiCl, undergoes the anti-selective aldol reaction with both aromatic 
and aliphatic aldehydes. 

O LDA or 

SPh LDA then 
(/-PrO)3TiCI 

THF 
-78 °C 

Scheme 3.24 

RCHO 

51-94% 

OH O 

anti 
M = Li, R = aryl 

91 : 9 ~ 96 : 4 
M = Ti, R = aryl and alkyl 

88:12- >97 : <3 

RHC=NPh 

44-76% 

trans 

>97 : <3 

Reduction of ethyl bromofluoroacetates with zinc gives the corresponding 
zinc enolates which react with aldehydes and ketones to yield a-fluoro 
(3-hydroxy esters [49]. 

1) Zn 

2) RR'CO 

PHCHO (68%), n-C6H13CHO (50%), CH3CH=CHCHO (58%) 
BuCOEt (56%), Me2C=CHCOMe (44%) 

(3.32) 



3.1 Fluorine-Substituted Nucleophilic Reagents 95 

The reaction of ethyl dibromofluoroacetate with two molar amounts of zinc 
and benzaldehyde in the presence of Et2AlCl results in a double coupling re¬ 
action, giving rise to 2-fluoro-2-ethoxycarbonyl-l,3-diphenylpropane-l,3-diol 

[50]. 
O 
X 

Br2FC"t5Et 2 Zn/Et2AICI 

+ THF, -20 °C 

2 PhCHO 79% 
dl: meso = 64 : 36 

OH OH 

Ph X Ph 
F C02Et 

(3.33) 

Enolates of difluorohalomethyl ketones and difluorohaloacetates are com¬ 
monly prepared by a Reformatsky-type reaction [51]. Reduction of chloro- 
difluoromethyl ketones with zinc in the presence of aldehydes and ketones gives 
a,oc-difluoro (3-hydroxy carbonyl compounds in good yields. Addition of a 
metal salt is essential to assist the addition reaction depending on the kind of 
substituent R and the electrophile, as summarized in Scheme 3.25. 

O x 
CIF2C R 

Scheme 3.25 

R’CHO, Zn-CuCI 
OH O 

(R = alkyl, aryl) 

60-100% 

R’CHO, Zn-CuCI, BF3*OEt2 

(R = 1 -alkynyl) 

74-86% 

R^CO, Zn, AgOAc 

64-84% 

F F 

OH O 

Difluoro(halo)acetates are also reduced with zinc to give the corresponding 
enolates that react with aldehydes and imines to produce a,a-difluorinated 
P-hydroxy esters and p-lactams, as shown in Scheme 3.26 [52]. On the other 
hand, difluoroiodoacetate can be metalated with copper to give a copper enolate 

which is alkylated by various organic halides [53]. 
The zinc enolates of difluoromethyl ketones and difluoroacetates are easily 

trapped with chlorosilanes to give the corresponding difluorovinyl silyl ethers 

and ketene silyl acetals, respectively [54]. These silyl ethers undergo Lewis acid 
mediated 1,2-addition to aldehydes, ketones, and imines, and 1,4-addition to 

a,P-unsaturated carbonyl compounds effectively (Scheme 3.27). 
Enolates of a-trifluoromethyl-substituted carbonyl compounds serve as 

versatile building blocks for a variety of trifluoromethyl-containing com¬ 
pounds. These compounds have received much interest because of their potent 

biological activities. 
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Scheme 3.26 DMSO or HMPA 

O 
I 

R1F2C OR 

NR O 

F F 

R'CH=NR 
Lewis acid 

OZn R3SiCI 

X = OR, R 

FoC 

OSiR3 

A. RR'CO 

Lewis acid 

Scheme 3.27 

R R’ O 

F F 

A procedure for the generation of lithium enolates by deprotonation with LDA 
is not applicable to trifluoromethyl-substituted carbonyl compounds, because 
such lithium enolates, once generated, easily lose P-fluorine. To suppress such 
a side reaction, the enolate formation is carried out in the presence of an elec¬ 
trophile [55]. Thus, treatment of ethyl tetrafluoropropanoate with LDA in the 
presence of a carbonyl electrophile gives the corresponding adduct. The fact that 
no homo-aldol products are formed even in the reaction with cyclohexanone im¬ 
plies that ethyl tetrafluoropropanoate is deprotonated faster than cyclohexanone. 

+ RR'CO 
LDA 

THF 

-90 to -70 °C 
x-F CF3 

(3.34) 

PhCHO (80%), EtCHO (73%), cyclohexanone (69%) 
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In addition to lithium enolates, boron and aluminum enolates of the type 
CF3CF=CX(OM) have been reported. Treatment of CF3CHFCONEt2 with 
Bu2BOTf and then with z-Pr2NEt produces the corresponding boron enolate so¬ 
lely an (E)-isomer. This enolate undergoes an aldol reaction with aldehydes in 
good yields with high anfz'-selectivities [56]. 

1) Bu2BOTf 

2) (/-Pr)2NEt 

3) RCHO 

OH O 

R'^N(^'NEt2 
F CF3 

74-88% anti: syn = 

85:15 ~100:0 

(3.35) 

On the other hand, aluminum enolates of perfluoroalkyl ketones are 
generated by DIBAL-H reduction of perfluorinated 1-alkenyl phosphates, 
prepared easily from perfluoroalkyl ketones and sodium diethyl phosphite. 
Although the aluminum enolates react with aldehydes [57], the stereoselectivity 
is not generally high because of the modest E/Z selectivity of the aluminum 
enolate formation. 

0P(0)(0Et)2 

RfFCT'R 

1) DIBAL 

2) R'CHO 

56-88% 

OH O 

r,^VB'r 
F R, 

diastereomeric ratio 
77 : 23 ~ 51 : 49 

(3.36) 

A Reformatsky-type reaction of methyl 2-bromo-3,3,3-trifluoropropanoate 
also provides a facile method for an a-trifluoromethyl-substituted ester enolate 
[58]. Use of 1,4-dioxane as the solvent and iodine as an activator is essential for 
the reaction. The resulting zinc enolate reacts with aldehydes in good yields but 

with low diastereoselectivity. 

1) Zn (l2), dioxane 

2) RCHO 

55-79% 

OH O 

diastereomeric ratio 
57 : 43 ~ 77 : 23 

(3.37) 

Trifluoromethyl-substituted ketene silyl acetals are also useful building 
blocks for various trifluoromethyl-substituted targets. Such a ketene silyl acetal 
is prepared, for example, by treating methyl 3,3,3-trifluoropropanoate with 
trimethylsilyl triflate and triethylamine. The resulting ketene silyl acetal under¬ 

goes a trimethylsilyl triflate catalyzed aldol-type reaction with dimethyl acetals 
to give a-trifluoromethyl p-methoxy esters [59]. This procedure, when applied 
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to 2-alkenyl trifluoropropionate, induces an ester enolate Claisen rearrange¬ 
ment to produce 2-trifluoromethyl-4-hexenoic acid conveniently. 

(3.38) 

Me3SiOTf 

NEt3 
CH2CI2 

O 

OH 

CF3 

100%, 95% E 

(3.39) 

A facile method has been developed for the generation of perfluoro ketone 
enolates that react with both electrophiles and nucleophiles [60]. Treatment of 
CF3CH(OH)CF3 with two moles of butyllithium generates CF3C(OLi)=CF2 
quantitatively that is stable even at room temperature (Scheme 3.28). The 
lithium enolate reacts as an ambient nucleophile with chlorotrimethylsilane at 
oxygen and with benzaldehyde at carbon, respectively. Noteworthy is that the 
enolate reacts also with a nucleophilic organometallic reagent: one of the 
fluorines on the enolate carbon is replaced by an alkyl group via an addition- 
elimination process. For example, treatment of the enolate with butyllithium 
followed by acetylation with acetyl chloride gives the corresponding butyl- 
substituted enol acetate. 

OH 2 BuLi OLi 

F3C^CF3 thf " F3C^CF 

PhCHO HO OH OH 

2 72% F3C' X 'Ph 
F F 

BuLi 

OLi 

F3C 
Bu 

MeCOCI 

67% 
F3C 

OCOMe 

Bu 

Scheme 3.28 E/Z= 92 : 8 

The same procedure has been applied to higher homologs [61]. Thus, treat¬ 
ment of RfCH(OH)CF2CF3 with BuLi (Rf=CF2CF3)^or KH (Rf = CF3) produces 
only (Z)-enolates in both cases. The (Z)-enolate (Rf=CF3) reacts with MEMC1 
to give an alkenyl MEM ether. 



3.2 Fluorine-Substituted Electrophilic Reagents 99 

OH 

F F 

2 BuLi or 2 KH 

Et20 

OM 

CF3 
(3.40) 

Rf = CF3CF2, M = Li, 100% Z 
Rf = CF3, M = K, 100% Z 

Reaction with BuLi and then with PhCOCl affords a butyl-substituted enol 
ester. In contrast, the reaction with aldehydes in lieu of PhCOCl does not take 
place even with CF3CHO (Scheme 3.29). 

Scheme 3.29 

MEMCI 

OLi 68% 

f,c\F - 

cf3 
1) BuLi, 2) PhCOCl 

55% 

OMEM 

CF3 

OCOPh 

f3c'\Bu 

cf3 

3.2 
Fluorine-Substituted Electrophilic Reagents 

Fluorinated aldehydes, ketones, esters, a,(3-unsaturated carbonyl compounds, and 
oxiranes behave as electrophiles in a manner similar to their non-fluorinated 
counterparts. This section focuses on characteristic examples of their reactions. 

Due to the electron-withdrawing nature of its three fluorines, trifluoroacetal- 
dehyde is a highly reactive electrophile which serves as a building block providing 
a CF3CH(OH) moiety. For example, CF3CHO reacts with a chiral imide enolate to 
give (S,R,R)- and (S,R,S)-aldols only [62]. It is noteworthy that the carbonyl ad¬ 
dition occurs from an Si face of the enolate carbon in contrast to a Re face attack 

by acetaldehyde. 

Bu2BOTf, Et3N 

CH2CI2 
-78 °C to 0 °C 

Bu Bu \ / 

0"B'0 

A 
K. 

/- Pr 

CF3CHO 

62% 
(3.41) 

O O OH 

o^Yo, 
S- Pr 

O 

A 
H 

OH 

OF, 

/-Pr 

(S, R, R) 

15 

(S, R, S) 

85 
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Aldol reaction of CF3CHO with a ketene silyl acetal derived from a thiol ester 

proceeds in the presence of (i?)-BINOL-TiCl2 with good enantiomeric excess [63]. 

OSiMe3 

f-BuS"^ 
+ 

CF3CHO 

(ft)-BINOL-TiCI2 

(20 mol%) 

toluene, 0 °C 

O OH 

f-BuS^^"CF3 

56% (90% ee) 

(3.42) 

Using the same catalyst, CF3CHO undergoes an ene reaction with 2-ethyl- 
idenecyclohexane to give a CF3-containing homoallylic alcohol with high en- 
antio- and diastereoselectivity. 

+ 

CF3CHO 

(R)-BINOL-TiCI2 

(10 mol%) 

CH2CI2, 0 °C 

94% 
98% syn 

96% ee 

(3.43) 

Optically active hemiacetal are produced in high yields and enantiomeric 
excess by the reaction of CF3CHO with an alcohol in the presence of (R)- 
BIN0L-Ti(0-z-Pr)2 [64]. It is disclosed that the configuration of the hemiacetal 
is stable only at low temperatures. 

(F?)-BINOL-Ti(0-/-Pr)2 

CF3CHO (20 mol%) PhCOCI 
+ --- 

PhCH2OH toluene, -78 °C 

9F3 

PhCH2O^OCOPh (3.44) 

54% (91% ee) 

O OH 

HF2C^Ph 

70% 

OH O 

HF2C^^Ph 

Scheme 3.30 

75% 

75% 

78% 
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Difluoroacetaldedyde ethyl hemiacetal is prepared from ethyl di- 
fluoroacetate and LiAlH4 and is used for the synthesis of difluoromethy- 
lated compounds. Upon treatment with Grignard reagents, enol silyl ethers, 
dienes, or amines, the hemiacetal undergoes carbonyl additions, a hetero- 
Diels-Alder reaction, or a condensation to form an imine, respectively 
(Scheme 3.30) [65]. 

Reduction of perfluoro alkanoates with DIBAL-H also gives hemiacetals, 
which react with allylstannanes in the presence of ZnBr2 to give perfluorinated 
homoallylic alcohols [66]. 

O (/-Bu)2AIH 

X - 
Rf OEt ch2ci2 

(Rf = CF3> cf2h, CF3CF2) 

OH R 

RfX^^ 

R' 

50-71% 

ZnBr2 

(R, R' = H, Me, Ph) 

OAI(/-Bu)2 

R,X0Et (3.45) 

Reaction of ethyl trifluoroacetate with an organolithium or -magnesium 
reagent gives trifluoromethyl ketones (Scheme 3.31) [67]. Remarkably, 
no tertiary alcohols are formed, because the tetrahedral intermediates, 
CF3(R)C(OEt)(OM), are stable enough to be trapped by acetyl chloride under 

the reaction conditions. 

O 

OEt 

RLi 
or 

RMgX 

Et20 

MO OEt 

f3cXr 

h2o o 

R 

AcCI 88% (PhLi) 
40-47% 70% (BnMgCI) 

Scheme 3.31 

AcO OEt 

f3cXr 

Michael addition of lithium enolates to ethyl (£)-3-(trifluoromethyl)acry- 
late is facilitated by a trifluoromethyl group and gives (3-trifluoromethyl- 
substituted 6-keto esters [68]. The smooth reaction even with ketone enolates 
is ascribed to an interaction between a fluorine atom and a lithium ion in the 
initial Michael adducts. Such a fluorine-metal interaction is discussed in 

Chap. 4.3. 
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OLi 

R' 

F,C'^V-C°2Et 
THF, -78 °C 

O CFa 

X 
C02Et (3.46) 

R R' 

R R' X yield (%) syn anti 

Me H Ph 98 <2 >98 

H Me Et 97 <2 >98 

Me Me OEt 98 - - 

H Me NMe2 89 70 30 

Conjugate addition of organolithium reagents with a,(3-unsaturated ketones 
containing a trifluoromethyl group proceeds cleanly in the presence of alu¬ 
minum tris(2,6-diphenylphenoxide) (ATPH) [69]. The CF3 groups reduce the 
electron density of the enone system to accelerate the conjugate addition. 

(3.47) 

RLi/ATPH 

Ph 

O R 

AA CFo 

R = Me (82%); R = Ph (97%) 

(3.48) 

BrF2C /VC°2R 

OLi 

f-BuO 

THF, -78 °C 

Et3B-02 

THF-DMI 
-20 °C 

Scheme 3.32 
71% 
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gera-Difluorocyclopropanes are prepared by Michael addition of lithium 
enolates with 4-bromo-4,4-difluorocrotonate followed by a radical initiated 
intramolecular substitution reaction (Scheme 3.32) [70]. 

Optically active 3,3,3-trifluoropropene oxide is readily available by microbial 
oxidation of trifluoropropene or asymmetric reduction of bromomethyl tri- 
fluoromethyl ketone with B-chlorodiisopinocamphenylborane followed by 
cyclization. The chiral epoxide also serves as a versatile building block for the 
asymmetric synthesis of trifluoromethylated compounds [71]. Some transfor¬ 
mations are summarized in Scheme 3.33. 

OH 

FaC' 

Scheme 3.33 

3.3 
Fluorine-Substituted Radicals 

Perfluoroalkyl radicals show quite different behavior from their hydrocarbon 
counterparts [72]. For example, the 7-fluoro-7-norcaryl radical is configurational¬ 
ly stable and its bromine abstraction proceeds with retention of configuration in 
sharp contrast to the corresponding non-fluorinated cyclopropyl radical which 
undergoes rapid configurational interconversion under the conditions [73]. 

F 

co2h 
1) Ag+ 2) Br2 

75% 

Br (3.49) 

F 
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A number of methods for generating perfluoroalkyl radicals and their re¬ 
actions have been studied. Common precursors are perfluoroalkyl iodides, per- 
fluoroalkanoic acids, and perfluorodiacyl peroxides. Perfluoroalkyl iodides are 
the one most frequently used. Homolytic cleavage of a carbon-iodine bond is 
induced by heat, light, or a radical initiator and has been widely applied to ad¬ 
dition reactions of perfluoroalkyl iodides into olefins since the discovery by 
Haszeldine, who treated trifluoromethyl iodide with ethylene with heating or 
irradiation to obtain 3,3,3-trifluoro-l-iodopropane in good yields along with 
telomers [74]. Because perfluoroalkyl radicals are electrophilic, olefins are 
limited mainly to electron-rich ones. Recently, low intensity light of 254 nm has 
been shown to allow addition reactions of perfluoroalkyl radicals even to 
electron-deficient olefins [75]. 

CF3I + H2C=CH2 -- CF3CH2CH2I + CF3(CH2CH2)nl (3.50) 

250 °C, 48 h 75% 

hv, 108 h 82% (based on conversion) 

hv (254 nm) 
n-C3F7l + H2C=CHC02Et -U- n-C3F7CH2CHC02Et (3 51) 

24 h, 83% 

Thermal and photochemical processes for radical generation often require 
high temperatures and/or long reaction times and thus are accompanied by 
undesired side reactions. An alternative method is a reductive initiation using a 
low valent metal, which generates perfluoroalkyl radicals effectively under mild 
conditions and effects their clean reaction with olefins. Various reductants are 
used such as Fe, Zn, Cu, Raney-Ni, Sn, Ti, Pd(PPh3)4, RhCl(PPh3), Fe3(CO)12, 
Ru3(CO)12, Et3B, and Me3 Al [72]. For example, Fe3(CO)12 catalyzes an addition 
reaction of heptafluoropropyl iodide to trimethylsilylacetylene are trimethyl- 
vinylsilane to give the respective adducts (Scheme 3.34) [76]. 

n"C3F7l 

Scheme 3.34 

=—SiMe3 

Fe3(CO)i2 (1 -3 mol%) 
pyridine (4 mol%) 

60 °C 

SiMe3 

Fe3(CO)12 (1.3 mol%) 

pyridine (4 mol%) 
60 °C 

n-^3^7 x' 
>=< 

H SiMe3 

78% (E/Z= 3:1) 

n-C3F7CH2CHSiMe3 

75% 

Treatment of nonafluoropropyl iodide with 1-octene and phenylacetylene in 
the presence of a catalytic amount of Pd(PPh3)4 gives the corresponding per- 
fluorinated iodoalkane and -alkene in good yields,'respectively (Scheme 3 35) 
[77]. 



3.3 Fluorine-Substituted Radicals 105 

Scheme 3.35 

n-C4F9l 

13 

Pd(PPh3)4 (5 mol%) 
hexane, rt 

—Ph 

Pd(PPh3)4 (10 mol%) 

hexane, 60-67 °C 

I 

n-C4F9CH2CH(n-C6H13) 

78% 

n-C4F 9 I 
>=< 

H Ph 

67% (E/Z = 96 : 4) 

A three-component coupling reaction of C8H17I, 1-hexene, and carbon 
monoxide is achieved in the presence of a palladium catalyst and ethanol as 
solvent to give ethyl 2-butylheptadecafluoroundecanoate [78]. 

n-CsF 17I + + CO (30 atm) + EtOH 

PdCI2(PPh3)2 (1-2 mol%) 

K2C03, 80 °C 

67% 

C02Et 
I 

n-CgFiyCh^CHBu (3.52) 

For a radical addition of perfluoroalkyl iodide to carbon-carbon multiple 
bonds, BEt3 is an effective catalyst [79]. The reaction proceeds at ambient 
temperatures or below with high regio- and stereoselectivity even when inter¬ 
nal alkynes and alkenes are employed. Trifluoromethylation of terminal olefins 
with CF3I and Me3Al as initiator is performed at low temperature [80]. 

Et3B 
Rfl + R1 - R2 - 

hexane 

(£) only 

Rf R1 R2 Temp (°C) Yield (%) 

C-6F13 n-Ci0H2i H 25 94 

^*£5^11 n-C5hu 25 60 

CO 
L

L
 

O
 n-Ci0H2i H -24 76 

Et3B R1 Rf 
Rfl + R1HC= 

tl3D 

y~( 2 
1 R2 

■Unri 
hexane 

Rf R1 R2 Temp (°C) Yield (%) 

QF13 n-C10H2i H 25 93 

tt'CsH-if n'C5Hn 25 67a 

cf3 n-CsHfi t>C5H-n -24 61a 

(3.53) 

(3.54) 

a) erythro/threo = 1:1 
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Me3AI 

CH2CI2 

-25 °C 

R = n-C10H21 (74%) 
R = PhCH2 (76%) 

Treatment of perfluoroalkanoic acids with XeF2 gives xenon carboxylates 
which decompose to produce perfluoroalkyl radicals (Scheme 3.36) [81]. A tri- 
fluoromethyl radical generated in this manner undergoes trifluoromethylation 
of aromatic compounds substituted by electron-withdrawing groups [82]. 

CFol + =j 

CF3C02H 

+ 

XeF2 

-HF 
CF3C02XeF - 

-Xe, -F* 

CF3C02H 

-HF 

CF3C02* 

-co2 

Scheme 3.36 (CF3C02)2Xe *CF 3 

cf3co2h 

XeF2 

CH2CI2, rt 

72% 

(3.56) 

An alternative method for a trifluoromethyl radical generation is performed 
by electrochemical oxidation of trifluoroacetic acid (Eq. 3.57) [83]. For instance, 
this method, as applied to fumaronitrile, gives 2-(trifluoromethyl)succinonitrile 
(Eq. 3.58). 

CF3C02H -—^-- *CF3 (3.57) 

nc^cn 
CF3C02H-MeCN-H20 

-e 

65% 

(3.58) 

Perfluorodiacyl peroxides decompose at 20-40°C to produce perfluoroalkyl 
radicals [84]. A thermal decomposition of (n-C3F7C02)2 in an electron-rich 
aromatic solvent such as anisole, furan, thiophene, or pyrrole gives the cor¬ 
responding n-C3F7-substituted aromatic product [85], 

(C3F7C02)2 + ArH -- ArC3F7 + C3F7C02H + C02 

(3.59) 

93% 98% 98% 76% 
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3.4 
Fluorine-Substituted Carbenes 

Since fluorine on a carbene carbon makes the labile divalent species stable and 
highly electrophilic, the reaction of fluorinated carbenes with alkenes and 
alkynes constitutes a facile method for the synthesis of fluorinated cyclo¬ 
propanes and cyclopropenes [86]. 

A halogen-lithium exchange reaction of dibromofluoromethane with an 
organolithium reagent gives a lithium carbenoid, which undergoes a-elimina- 
tion to give a fluorocarbene. The carbene reacts with alkenes to produce fluoro- 
cyclopropanes, but generally in low yields [87]. 

F H 
Me X Me 
Y\ (3.60) 

Me Me 

10% 

On the other hand, reduction of fluorodiiodomethane with diethylzinc in the 
presence of cyclohexene affords 7-fluoronorcarane in a high yield as a dia- 
stereomeric mixture [88]. 

endo/exo = 5.1 : 1 

A diastereoselective fluorocyclopropanation of N-vinylcarbamate has been 
successfully applied to the synthesis of a key component of a new generation of 

quinolonecarboxylic acid, DU-6859 [89]. 

CHFBr2 
n-BuLi 

15 °C 
:CHF 

Me Me 

Me Me 

Ph 

phAN.C02Bn 

chfi2 

Et2Zn 

CH2CI2 

-40 °C 

90% 

Ph 

Ph 

A302Bn 
N 

L> 

Ph 

AK1.C02Bn 
Ph N 

93 

A,- 
(3.62) 
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Dehydrohalogenation of chlorodifluoromethane or bromodifluoromethane 
with an alkoxide or alkyllithium also produces difluorocarbene via an a-elimi- 
nation [90] but in low yields due to a competitive reaction with the base. To 
prevent the side reaction, the concentration of the base is kept low [91] or 
generated on demand. For example, heating a mixture of chlorodifluoro¬ 
methane, ethylene oxide, and tetraethylammonium bromide generates an alk¬ 
oxide base and then difluorocarbene which further reacts with a co-existing 
acceptor 2,3-dimethyl-2-butene to quantitatively give a difluorocyclopropane 
product (Scheme 3.37). 

+ Et4N+Br " - 
120 °C 

Scheme 3.37 100% 

BrCH2CH20' 
CHF2CI 

Br(CH2)2OH 

Reduction of CBr2F2 with zinc metal also generates difluorocarbene that re¬ 
acts with electron-rich olefins [92]. 

CF 2Br2 + 
Zn (l2) 

THF, rt 
84% 

(3.63) 

An alternative report of the generation of difluorocarbene involves in situ 
formation of [BrF2CPPh3] + Br~ from CBr2F2 and PPh3 and treatment with KF. In 
this way, difluorocarbene is produced and stereospecifically reacts with elec¬ 
tron-rich olefins [93]. 

Ph3P+CF2BrBr“ 

KF, 18-crown-6 (cat) 

MeO OMe 

25 °C, 82% 

(3.64) 

Pyrolysis of CClF2C02Na or CClF2C02K is a classical method for generating 
difluorocarbene [94]. The reaction proceeds by loss of carbon dioxide and a 
chloride ion to give, upon reaction with an olefin, a cyclized product. 

cif2cco2 ‘ 
A 

-C02 
cif2c~ :CF2 

-cr (3.65) 

cif2cco2k 
triglyme 

165 °C, 0.2 h 

(3.66) 
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Another thermal procedure effective for the generation of difluorocarbene 
starts with commercially available hexafluoropropene oxide [95] which de¬ 
composes easily above 150°C [96]. For example, heating a mixture of hexa¬ 
fluoropropene oxide and 1,1,2-trifluoroethene produces pentafluorocyclo- 
propane conveniently. 

q 170-200 °c 

F3CFC-CF2 *■ 

CF3COF 
F F 

65% 

(3.67) 

A CF3 -substituted organometallic reagent of Hg, Sn, or Si is a versatile source 
of difluorocarbene. Heating CF3HgPh [97] or CF3SnMe3 [98] in the presence of 
Nal generates difluorocarbene that reacts with cyclohexene to give 7,7-di- 
fluoronorcarane. 

RnMCF3 + Nal + 

RnMCF3 conditions yield (%) 

PhHgCF3 benzene, reflux 83 

Me3SnCF3 DME, reflux 89 

(3.68) 

Trifluoro(trifluoromethyl)silane liberates difluorocarbene at 100 °C whose 
half-life time is estimated to be 7 min. This procedure has been applied 
to the synthesis of difluoromethylsilanes which otherwise are difficult to be 

prepared [99]. 

1 no °r 9 h 
F3SiCF3 + CIS1H3 ClH2Si(CF2H) (3.69) 

60% 

In addition to cyclopropanation, difluorocarbene undergoes an apparent 
alkylation of a carbanion species. For example, a lithium acetylide, upon re¬ 
action with CBr2ClF, gives rise to a bromodifluoromethylation product. 

THPO CF2CIBr 
x—=—Li - 

THF, -80 °C 

52% 

THPO 
N——CF2Br (3.70) 

The alkylation is understood in terms of an anion chain mechanism 

(Scheme 3.38) [100]. 
Chlorofluorocarbene is conveniently produced by dehydrochlorination of 

CHFC12 with NaOH or KOH in the presence of a phase-transfer catalyst such as 
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trimethyl- or triethylbenzylammonium chloride and effects chlorofluorocyclo- 
propanation of electron-rich olefins [101]. 

CHFCI2 + 

NaOH 
Et4N+Br“ 

CH2CI2/H20 

5 °C 
79% 

(3.71) 

Generation of chlorofluorocarbene from CFC13 is an alternative method and 
is carried out with various organometallic reagents. Treatment of CFC13 with 
BuLi in the presence of 2,3-dimethyl-2-butene affords an adduct in 49 % yield 
[102] . The yield is improved with a reagent system consisting of Mg and LiCl 
[103] or of TiCl4 and LiAlH4 [104], 

conditions Yield (%) 

BuLi, THF-hexane, -116 °C 49 
Mg/LiCI, THF, -15 °C 85 

TiCI4/LiAIH4, THF, 0 °C 90 

Thermolysis of Cl2FCHgPh also gives chlorofluorocarbene, which reacts 
with various olefins including moderately nucleophilic cyclohexene and elec¬ 
tron-deficient acrylonitrile (Scheme 3.39) [105], 
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F Cl 

o 
benzene, reflux 

85% 

PhHgCFCI2 

F r.i 
CN 

Scheme 3.39 

benzene, reflux 
40% CN 

Bromofluorocarbene is generated from CHFBr2, CFBr3, and Br3CHgPh by a 
dehydrobromination, bromine-lithium exchange, or thermolysis, respectively, 

in exactly the same way as for chlorofluorocarbene [106]. 

3.5 
Electrophilic Perfluoroalkylating Reagents 

In sharp contrast to normal alkyl halides, perfluoroalkyl halides cannot undergo 
nucleophilic alkylation, because the electronegativities of perfluoroalkyl groups 
are higher than those of halogen atoms and thus nucleophiles attack at halogen 
instead of at the halogen-substituted carbon. To overcome this problem, perfluoro- 
alkyl-group-containing hypervalent reagents involving (perfluoroalkyl)aryliodo- 
nium, (polyfluoroalkyl)aryliodonium, and (perfluoroalkyl)chalcogen salts, have 

been developed, some of which are now commercially available [107]. 

3.5.1 
(Perfluoroalkyl)aryliodonium Salts 

(Perfluoroalkyl)aryliodonium salts are generally prepared starting from per¬ 
fluoroalkyl iodides (RfI) via RfI(OCOCF3)2,as summarized in Scheme 3.40. For 
example, (perfluoroalkyl)-p-tolyliodonium chlorides are generated by treat- 

R,—I—Cl 

80% H202 

(CF3C0)20 Me 

Rf—l(OCOCF3)2 

Rf—I—OTf 

CCI2FCCIF2 R 

R = H, F 
Scheme 3.40 
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ment of RfI with toluene in trifluoroacetic acid followed by counter anion 
exchange with sodium chloride. These reagents react with thiolates, selenolates, 
nitrates, thiocyanates, selenocyanates, and N-methylanilines to give the cor¬ 
responding perfluoroalkylated products, although available nucleophiles are 
limited to such hetero nucleophiles due to the low stability and reactivity of the 
reagents [108]. 

DMF 

81% 

(3.73) 

On the other hand, (perfluoroalkyl)phenyl(or p-fluorophenyl)iodonium tri- 
flates are more stable and more reactive. Various types of such (perfluoro- 
alkyl)aryliodonium triflates can be prepared according to Scheme 3.40, except 
for the (trifluoromethyl)aryliodonium salt, which is not accessible due to the 
low stability of the synthetic intermediate, CF3I(OCOCF3)2. 

(Perfluoroalkyl)aryliodonium triflates react with thiols, carbanions, alkenes, 
alkynes, silyl enol ethers, and aromatics to afford various types of perfluoro¬ 
alkylated compounds [107]. Examples are summarized in Scheme 3.41. 

n-c8Hi7^-C8F17 C3F7S/^C02Bu 

Scheme 3.41 

3.5.2 

(Polyfluoroalkyl)aryliodonium Salts 

(Polyfluoroalkyl)aryliodonium salts are prepared in a manner similar to (per- 
fluoroalkyl)aryliodonium salts and undergo electrophilic perfluoroalkyl- 
methylation that is hardly achieved using RfCH2I as an electrophile [109]. 
Nucleophiles such as amines, lithium alkoxides, metal carboxylates, carbanions, 
enol silyl ethers, and electron-rich aromatics can he applied to this reaction 
(Scheme 3.42). 
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PhHN R PhO R 

3.5.3 

(Trifluoromethyl)chalcogenium Salts 

Electrophilic trifluoromethylation is efficiently effected by the use of S-, Se-, or 
7e-(trifluoromethyl)dibenzochalcogenophenium salts that are prepared from 
2-[(trifluoromethyl)thio-, seleno-, or telluro)biphenyls, respectively, as illus¬ 

trated in Eq. (3.74). 

R1 R1 

XCF3 

X = S, Se, Te 

R1 = H, Me 

R2 = H, f-Bu 

10% F2/N2 

TfOH 
(3.74) 

The reactivity of electrophilic trifluoromethylation with these reagents de¬ 
pends on the combination of both chalcogen and substituents on the biphenyl 
ring and, hence, a variety of nucleophiles such as carbanions, electron-rich 
aromatics, silyl enol ethers, phosphines, and thiolate anions are trifluoro- 

methylated by judicious choice of the reagents (Scheme 3.43) [110]. 
As described above, the building block approach allows the attachment of a 

variety of fluorine-containing structural units to diverse kinds of substrates in 
a regio-, stereo-, and enantioselective manner. Therefore, exploration of novel 
versatile organofluorine building blocks is still an important subject for facile, 
efficient, and environmentally benign syntheses of fluorine-containing target 

molecules. 
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H 

Scheme 3.43 
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CHAPTER 4 

Reactions of C-F Bonds 

Due to the fact that it has the highest electronegativity, fluorine forms a bond to 
carbon with an energy higher than the other halides, and the reactions of C-F 
bonds exhibit a unique chemistry that is totally different from the chemistry of 
C-Cl, C-Br, and C-I bonds. This chapter describes the reactions of C-F bonds 
from the following viewpoints; reactions where fluorine acts as a leaving group, 
C-F bond activation by metal complexes, and interaction of fluorine with a pro¬ 
ton or metal. 

4.1 
Fluorine Leaving Group 

4.1.1 

1-Fluoro Sugars 

Among halides, fluorine has been recognized as the poorest leaving group and 
thus is rarely used for nucleophilic substitution of aliphatic substrates. In 1981, 
however, Mukaiyama showed that O-glycosidation [1] of a glycopyranosyl 
fluoride with an alcohol in the presence of SnCl2 and AgC104 proceeded in good 
yields with high stereoselectivity (Eq. 4.1) [2]. 

ROH 
SnCI2-AgCI04 

Et20 

-15 °C 

ROH Yield (%) a P 

MeOH 82 86 14 

cyclohexanol 88 83 17 

f-butyl alcohol 87 81 19 

3(3-cholestanol 96 92 8 

OBn OBn 

(4.1) 

Since then, glycosyl fluorides have been widely utilized as glycosyl donors for 
glycosidation because of their enhanced stability, ease of handling, and higher 
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stereoselectivity compared with other glycosyl halides. Due to the poor 
reactivity of fluorine as a leaving group, the presence of a Lewis acid as an 
activator is generally essential, and various Lewis acids, such as SnCl2-AgCl04 
[3], SiF4 [4], Me3SiOTf [4], BF3-OEt2 [5], TiF4 [6], Cp2MCl2-AgX (M=Ti, Zr, Hf; 
X=Cl04,0Tf) [7],Me2GaX (X=Cl,OTf) [8],Tf20 [9],LnX3(Ln=Y,La,Yb;X=Cl, 
OTf, C104) [10], and LiCl04 [11], have been employed to promote the glyco- 

sidation of glycosyl fluorides. 
A representative example is the N-glycosidation of a ribofuranosyl fluoride 

catalyzed by SiF4 to give the p-isomer exclusively. Trimethylsilyl triflate pro¬ 
motes the condensation of methyl trimethylsilyl ether with a glycosyl fluoride. 
The diastereoselectivity of the reaction depends on the solvent irrespective of 
the anomeric configuration of the starting fluorides. Stereoselective allylation 
with allylsilane is accomplished using BF3 • OEt2 as activator. The reagent system 
involving a Group 4 metallocene and AgC104 is effective for the O-glycosidation 
even with f-butyl alcohol. Gallium and rare earth metal salts can be employed 
for the O-glycosidation. A ytterbium counterion reverses the stereoselectivity. 

With organomagnesium and -aluminum reagents, glycosyl fluorides under¬ 
go C-glycosidation without a Lewis acid catalyst. Dimethylaluminum cyanide 

BzO OBz 

OSiMe3 

SiF4 (20 mol%) 

MeCN 

0°C 

90% 

O 

(P only) 

(4.2) 

(4.3) 

Me2GaCI, CH2CI2, r.t. 

Yb(OTf)3, K2C03, MeCN, -15 °C 
YbCI3, CaC03, Et20, r.t. 

quant (a: P = 17 : 83) 

63% (ar p = 6 : 94) 

98% (a : p = 97 : 3) 
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[12] and 2-thienylmagnesium bromide [13] give the corresponding C-glycosi- 
dation products with good stereoselectivities. 

OBn OBn 

Me2AICN 

toluene, 0 °C 

96% 

(4.5) 

4.1.2 

Aromatic Nucleophilic Substitution 

Nucleophilic substitution is not common in aromatic compounds [14]. How¬ 
ever, aromatic compounds substituted by electron-withdrawing groups (EWGs) 
at positions ortho and para to a leaving group undergo nucleophilic substitu¬ 
tion (SNAr) smoothly (Eq. 4.6) [15]. 

ROH Temp. (°C) Yield (%) 

HOx - r.t. 85 

HO 
N- = Si(/-Pr)3 r.t. 48 

HO— 
60 67 

HO—^ 
80 91 

HO /^—\ 

hD 110 97 

HO 
X—(TjV-OMe 

105 72 

(4.6) 

A leaving group for SNAr is N02, OR, or SR, in addition to halide, sulfate, 
sulfonate, and NR3 that are common in aliphatic nucleophilic substitution. The 
most remarkable feature is that fluorine is the best leaving group. An ap¬ 
proximate order of the leaving ability is F > N02 > OTs > Cl, Br, I > N3 > R3 N+ > OR. 
Providing that the SNAr reaction occurs via an addition-elimination mecha¬ 
nism, it is most likely that the addition of a nucleophile is a rate-determining 
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step and is accelerated by the strong inductive effect of an electron-with¬ 

drawing group as well as a fluorine substituent. 
An alkoxide ion readily replaces a fluorine atom activated by an EWG. For ex¬ 

ample, 2-fluoronitrobenzene undergoes an SNAr reaction with propargyl, allyl, 
or benzyl alcohol in the presence of K2C03 in DMF [16]. The reactivity of the 
alcohol decreases in the order: propargylic>allylic>benzylic. 

vancomycin aglycone (R = Cl) 
orienticin aglycone (R = H) 

OH 

Fig. 4.1. Examples of macrocyclic biaryl ether compounds 

Displacement of fluorine by a phenoxide ion constitutes a convenient way for 
the synthesis of diaryl ethers. An intramolecular SNAr reaction of o-nitro- 
(fluoro)benzene with a phenoxide nucleophile is highlighted from the synthetic 
viewpoint of macrocyclic biaryl ether type natural products such as vancomycin, 
orienticin, and K-13 (Fig. 4.1) [17]. For example, treatment of a phenol derivative 
having an orf/zo-nitro(fluoro)benzene moiety with anhydrous potassium carbo¬ 
nate in DMF at 45-50°C forms a 14-membered ring to give a diphenyl ether as 
the sole product [18]. It is worth noting that a high dilution is not necessary. 

(4.7) 



4.1 Fluorine Leaving Group 123 

Both aliphatic and aromatic amines replace a fluorine atom in an aromatic 
ring when activated by ortho- and para-EWGs. For example, 2-cyanoaniline 
reacts with 4-nitro(fluoro)benzene with the aid of f-BuOK to give a diaryl 
amine [19], while l-bromo-5-fluoro-2,3-dinitrobenzene gives an aniline deriva¬ 
tive upon reaction with an allylic amine in the presence of NaHC03 at ambient 
temperatures [20]. 

(4.8) 

(4.9) 

The substitution reaction is often accelerated by high pressure, as evidenced 
by the reactions shown in Scheme 4.1 [21]. 

An SNAr reaction of 2,4-dinitrofluorobenzene is very useful for determining 
an N-terminal amino acid residue of polypeptides; the so-called Sanger method 

02N 

HN(/-Pr)2 OoN 

MeCN 

MeCN 

N(/-Pr)2 

0% (MeCN-reflux) 
68% (10 kbar, 62 °C) 

02N 

N 
H 

Scheme 4.1. SNAR reaction under high pressure 

80% (100 °C) 

100% (10 kbar, 100 °C) 
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[22]. Thus, substitution with a free amino group of a polypeptide followed by 
hydrolysis gives a 2,4-dinitrophenyl-substituted amino acid which can be easily 
discriminated from other free amino acids. 

02N 

no2 

F 
SNAr reaction 

hydrolysis 
+ mixture of 

amino acids 

(4.10) 

A carbon nucleophile can also undergo an SNAr reaction [23]. For example, 
hexafluorobenzene reacts with an alkyllithium to give pentafluorotoluene in 
good yield. In addition, a cyanide ion and stabilized ester enolates are also 
capable of the substitution reaction. Cyanotrimethylsilane reacts with picryl 
fluoride to afford picryl cyanide. 

(4.11) 

(4.12) 

Fluorine-substituted aromatic substrates lacking an EWG can be activated 
towards an SNAr reaction by complexation with chromium tricarbonyl. 
(Fluorobenzene)chromium tricarbonyl reacts with diethyl sodiomalonate 
smoothly to produce a substitution product [24]. An intramolecular version of 
this reaction gives a chromane structure [25]. 

Et02C^C02Et 

Na® 

QC 
Cr(CO)3 

HMPA 
50 °C 
>95% Cr(CO)3 

(4.13) 
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4.2 
C-F Bond Activation by Metal Complexes 

Due to the large bond energy of a carbon-fluorine bond, and to the high 
electronegativity of fluorine, perfluorinated hydrocarbons or fluorocarbons are 
inert, thermally stable, and useful in materials science. Very recently, growing in¬ 
terest has been focused on C-F bond activation by means of a metal complex, be¬ 
cause the modification and functionalization of fluorocarbons via C-F bond ac¬ 
tivation should provide an efficient route to variously functionalized compounds 
useful for chemicals of industrial use [26]. In addition, activation of C-F bonds 
may lead to an effective destruction of chlorofluorocarbons that are responsible 
for global warming and ozone depletion. Thus, C-F bond activation is now studied 
extensively and is described here, excluding the reactions introduced in Chap. 4.1. 

4.2.1 

Activation of an Aliphatic C-F Bond 

Activation of saturated fluorocarbons is relatively rare; in the past, the reaction 
was carried out under drastic conditions with little selectivity. Alkali metals 
react with fluorocarbons at 400-500 °C to give alkali metal fluorides and 
elemental carbon; perfluorodecalin upon treatment with iron at 450-500 °C 
gives perfluoronaphthalene [27]. Above 600°C, the reaction of C2F6 with silica 
results in C-F bond cleavage to afford CO, C02, and SiF4 [28]. 

Since a C-F bond possesses a low-lying a*-orbital, a rational approach for 
the activation of a C-F bond is an electron-transfer process from a reducing 
reagent to fluorocarbons. In the past decade, therefore, several methods for C-F 
bond activation based on an electron-transfer reaction have been developed: 
the reactions are carried out under milder conditions with higher selectivity. 

Treatment of polytetrafluoroethylene (PTFE) with lithium in liquid am¬ 
monia produces polyethylene (PE) in good yields [29]. Aromatization of a 
perfluorocarbon is seen in the reduction of perfluorodecalin with sodium 
benzophenone radical anion in THF to give perfluoronaphthalene [30]. The 
same transformation can be carried out with an excess amount of a reagent 
system consisting of cobaltocene and LiOTf (1:1) [31]. Use of cobaltocene alone 
yields cobaltocenium fluoride (Cp2CoF), a very nucleophilic fluoride ion 
reagent. A catalytic version of the defluorination is a reaction carried out in 
THF solution at room temperature with a catalytic amount of Cp2TiF2 in the 
presence of Al/HgCl2 as a terminal reductant [32]. The metallocene complex in 
this reaction serves as an electron shuttle, transporting electrons from the 

terminal reductant to the substrate. 

(4.14) 

Na[Ph2CO], THF, -78 °C to rt, 62% 
10 Cp2Co/10 LiOTf, Et20, rt, 53% 
Cp2TiF2/AI/HgCI2, THF, rt, 52% 
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In a manner similar to the activation by a titanocene complex, bisfcyclo- 
pentadienyl)titanacyclobutane also activates a C(sp3)-F bond of tetrakis(tri- 
fluoromethyl)cyclopentadienone; the reagent and substrates are converted into 
1,1-dimethylcyclopropane and a titanium fluoride complex [33]. 

CP2Ti()<( + 

tx ♦ 

80% 

(4.15) 

A convenient process for the dehalogenation of chlorofluorocarbons and 
perfluorocycloalkanes employs inexpensive and non-corrosive sodium oxalate 
as a reducing reagent [34]. By passing a stream of an inert gas saturated with a 
polyhalogenated substrate through a packed bed of powdered sodium oxalate 
at 270 °C, solid aromatic compounds are collected in an air-cooled condenser. 

4.2.2 

Activation of an Aromatic C-F Bond 

Although aromatic C-F bonds are stronger in energy than aliphatic ones, more suc¬ 
cessful examples have been observed of C-F bond activation. The cross-coupling re¬ 
action of Grignard reagents with fluorobenzene is catalyzed by nickel-phosphine 
complexes. Thus, oxidative addition of a carbon-fluorine bond into nickel occurs. In 
this system, it is noteworthy that the reactivity of fluorobenzene is comparable with 
other halobenzenes [35a, b]. Hexafluorobenzene reacts with a Ni(PEt3)2(cod) com¬ 
plex to give in very low yield a thermally unstable square-planar fra«s-Ni(PEt3)2- 
(C6F5)(F) complex which gradually decomposes on standing at 30 °C [35c]. 

Intramolecular activation of a C-F bond through a chelation-assisted oxidative 
addition is observed in the reaction of the tungsten(O) complex W(C03)(NCEt)3 

with a (pentafluorophenyl)methyhdene aniline to afford a stable tungsten(II) 
metallacycle with a fluorine atom bound to tungsten metal [36]. 
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Intermolecular aromatic C-F bond activation is observed in the reaction of 
hexafluorobenzene with (if-CH3C5H4)3U(f-Bu) to give (tf-CH3C5H4)3UF along 
withC6F5 (t-Bu) (25%),isobutane (40%),isobutene (20%),andC6F5H (50%) [37]. 
Formation of such organic products suggests a radical mechanism. Similarly, 
hexafluorobenzene, upon reaction with a ruthenium dihydride complex, produces 
L2Ru(C6F5)H and HF, while a low-valent zirconium complex undergoes selective 
hydrogenolysis of aromatic fluorocarbons in good yields [38]. 

(^-CHaCsH^UCMea (tl5-CH3C5H4)3UF (4.17) 

Homogeneous catalytic C-F bond activation is achieved with a rhodium 
catalyst. For example, regioselective reduction of fluorine is attained by the 
reaction of C6F6 with (EtO)3SiH in the presence of a (PMe3)3Rh(C6F5) catalyst, 

giving pentafluorobenzene and (EtO)3SiF [39]. 

Rh(C6F5)(PMe)3 

+ (EtO)3SiH - 

+ (EtO)3SiF 

(4.18) 

A mechanism proposed for this reaction is illustrated in Scheme 4.2. The 
hydrosilane may be replaced by a combination of molecular hydrogen and a 

base [40]. 
An silicon-fluorine exchange reaction of pentafluoroacetophenones is 

achieved with hexamethyldisilane and a [Rh(cod)2]BF4 catalyst to induce 
selectively an ortho C-F bond cleavage [41]. Chelation assistance of a ketone 

carbonyl group is essential for the ortho C-F bond activation. 

+ (Me3Si)2 
[Rh(cod)2]BF4 

toluene 
(4.19) 
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FSiR3 

(EtO)3SiH 

Scheme4.2. Catalytic C-F bond activation with a rhodium complex 

4.3 
Interaction of Fluorine with a Proton or Metal 

4.3.1 

Fluorine-Hydrogen Interaction 

Several efforts have been made to observe the possibility of a C-F---H-0 
bonding especially in 2-fluoroethanol [42,43]. An electron diffraction study has 
shown that 2-fluoroethanol exists almost entirely (>90%) in a gauche con¬ 
formation regarding fluorine and a hydroxyl group. In many cases, such intra¬ 
molecular hydrogen bonding is proposed to explain the conformational pre¬ 
ference of the gauche form. However, incompatible results are also available. For 
example, 2-fluoroethyl acetate that cannot form an intramolecular hydrogen 
bonding has also been shown to adapt a gauche conformation predominantly 
(>95%). 

The relative energies of 2-fluoroethanol and an enol form of 2-fluoroacetal- 
dehyde have been calculated (Figs. 4.2 and 4.3) [44]. The most stable structures 
for each are hydrogen-bonded conformers, GG and cis-syn, respectively. An 
energy difference of GG and GT conformers of 2-fluoroethanol is 1.93 kcal/mol, 
comparable to an average energy of a hydrogen bond. On the other hand, the 
energy gap of 0.12 kcal/mol between GT and TT conformers corresponds to a 
gauche effect. These results show that the predominance of a gauche form is due 

.H 
F' 0 

H"C-C.,h 

H h 

X
 1 

X
 

X
 o

 

A
 

X
 

conformers GG GT TT 

AH (MP-2) 0.00 1.93 w 2.05 

Fig. 4.2. Relative energies (kcal/mol) of 2-fluoroethanol 
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F\” 
'0 
/ F O-H 

\ / 
c=c c=c 

H H H H 

conformers cis-syn cis-anti 

AH (MP-2) 0.00 3.21 

F. H E H 
\ / \ / 

/ \ 
H 0 / 

H 
H O-H 

conformers trans-syn trans-anti 
AH (MP-2) 4.08 4.40 

Fig. 4.3. Relative energies (kcal/mol) of 2-fluoroacetaldehyde enol 

entirely to a hydrogen bonding. Of the enol forms of 2-fluoroacetaldehyde, a cis- 
syn conformer is 3.2 kcal/mol more stable than a cis-anti isomer. The energy 
difference between the cis-syn and cis-anti conformers is larger than that 
between GG and GT conformers. This may be attributed to the planar geo¬ 
metry of an enol of 2-fluoroacetaldehyde. Bond lengths between fluorine 
and hydrogen in the most stable conformers are 2.37 A in the cis-syn con¬ 
formers and 2.52 A in the GG conformers; both are less than the sum of the van 
der Waals radii of H and F, indicating that a fluorine-hydrogen interaction 

clearly exists. 

4.3.2 

Fluorine-Metal Interaction 

Interaction of fluorine with metal has also been assumed in order to under¬ 
stand the unique reactions and biological behavior of organofluorine com¬ 
pounds, and experimental and extensive theoretical studies on such an inter¬ 

action have been made. 
A survey of the X-ray database of the Cambridge Crystallographic Data 

Center has suggested possible interaction between fluorine and alkali metal 
[45]. There are seven compounds containing a C-F bond and alkali metal with¬ 
in a molecule; all are shown to have one or more contact(s) M(metal)---F with 
a length similar to an ionic M+---F" interaction. Recently, 2,4,6-tris(trifluoro- 
methyl)phenyllithium has been prepared and characterized by a low-tempera¬ 
ture single-crystal X-ray analysis (Fig. 4.4) [46], which revealed that the lithium 
compound exists as a dimer. The two lithiums are coordinated by two fluorine 
atoms of ortho-CF3 groups with the atomic distance being 2.227-2.293 A. 

Interaction between an alkali earth metal and fluorine is found in a 
fluorinated macrocyclic crown ether. X-ray analysis of the complex, 21-fluoro- 
2,5,8,ll,14-pentaoxa[15]metacyclophane-Ba(C104)2, shows that a barium 

atom is coordinated to a fluorine atom with an atomic distance of 2.799(8) A 

(Fig. 4.5) [47]. 
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Fig. 4.4. Structure of 2,4,6-tris(trifluoromethyl)phenyllithium 

O 

2.799(8) A 

Fig.4.5. Structure of the 21-fluoro-2)5,8,ll,14-pentaoxa[15]metacyclophane-Ba(Cl04)2 
complex 

Interaction between fluorine and a transition metal is also observed in me¬ 

tal complexes such as Ru(ri2-SC6F5)(ri1-SC6F5)(PMe2Ph) and IrH2(Me2CO)2- 
(8-FC9H6N)2. The respective atomic distances between the metal and fluorine 
are Ru-F = 2.489(6) A and Ir-F = 2.514(8) A, both shorter than the sum of the 
van der Waals radii [48]. 

Relevant to the calculation of the fluorine-substituted enol described in 
Chap. 4.3.1, the energies of the alkali metal enolates of 2-fluoroacetaldehyde 
have been computed (Table 4.1) [49], At an MP-2 level, an alkali metal such as 
lithium, sodium, or potassium is suggested to stabilize the ris-enolate by 

Table 4.1. Relative energies (kcal/mol) and bond lengths (A) of 2-fluoroacetaldehyde enolate 

F1 P 
c=c 

H H 

cis 

F\ 
C- / 

H 

1 

H / 
=C 

O-M 

'cans 

AE (trans-cis) r(M-F) r(M-O) 
M MP-2 cis cis 

- 1.8 _ 

Li 13.2 1.86 1.75 
Na 13.6 2.21 2.10 
K 10.8 2.62 2.47 
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11-14 kcal/mol. This suggests a strong interaction between fluorine and an 
alkali metal. Such interaction is also demonstrated by the small difference in 
M-F and M-0 bond lengths: 0.11 A for M = Li and Na, and 0.15 A for M = K. 

Interaction of a lithium ion with a trifluoromethyl group in a substrate often 
induces stereoselective reactions [50]. For example, oxidation of an enolate of 
ethyl 3-methyl-4,4,4-trifluorobutyrate with an MoOs-pyridine-HMPA complex 
gives an anfz-a-hydroxyl ester with high stereoselectivity and is reasonably 
explained by chelation between a lithium ion and fluorine(s) of a trifluoro¬ 
methyl group [50 a]. 

1) (APr)2NLi 

CF3 2) Mo05-py-HMPA 

75% 

OH 

'Y^'C02Et 
CF3 

97 

(4.20) 

Me 
Hi. 

FpC 
F- 

.0 
Li 

.OEt 

Similar intramolecular fluorine-lithium interaction has been estimated by ab 
initio calculations of a lithium enolate model in order to explain the fact that 
ethyl 3-trifluoromethylacrylate is a good Michael acceptor even towards ketone 
enolates (Fig. 4.6) [51]. Four conformers of a (Z)-enolate are shown in Fig. 4.6; 
two of them involve an interaction between fluorine and lithium and are several 
kcal/mol more stable than the other two which lack such an interaction. In 
particular, the most stable one is a structure in which two fluorine atoms chelate 

a lithium atom connected to the enol oxygen. 
Furthermore, ab initio molecular orbital (MO) calculations on a complete set 

of diastereomeric transition structures for the addition of lithium hydride to 

16.47 25.57 

Fig. 4.6. Relative energies (kcal/mol) of a lithium enolate model (6-31G*/3-21G) 
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fluorine-/ns/cfe fluorine-oi/fs/Gte 
0.00 6.64 

Fig. 4.7. Transition state structure and the relative energies (kj/mol) for lithium hydride addi¬ 

tion to 2-fluoroacetaldehyde 

2-fluoroacetaldehyde demonstrate the possibility of an intermolecular fluorine- 
lithium interaction (Fig. 4.7) [52]. A transition state with fluorine inside is sug¬ 
gested to be the most stable one in which the distance between F and Li is only 
2.27 A. This transition state is 6.64 kj/mol more stable than the one with 
fluorine outside. This conclusion contrasts sharply with the Anh-Eisenstein 
model that suggests that an antiperiplanar fluorine transition structure should 
be the most stable. These results demonstrate that the intermolecular electro¬ 
static interaction between fluorine and lithium atoms dominates the 
Anh-Eisenstein electronic effect in determining the diastereoselectivity of the 
carbonyl addition reactions. 

Dehydrobromination of 2-aryl-substituted l,l-dibromo-l,2-difluoroethane 
with a base proceeds stereoselectively giving rise to difluoroolefms [53]. Thus, 
with a metal-containing base such as lithium 2,2,6,6-tetramethylpiperidide, (£)- 
olefins are produced exclusively, while (Z)-olefins are selectively formed with a 
metal-free base such as Bu4NOFI. 

base 

LiN[(CMe2CH2)2CH2], THF, -98 °C, 82% (E: Z = >99 : <1) 
Bu4NOH, CH2CI2/H20, -78 °C, 42%, (E: Z= 13 : 87) 

(4.21) 

These results are reasonably explained by an intermolecular lithium-fluorine 
interaction, as suggested in Scheme 4.3. 

Deprotonation of fluorobenezene with an organolithium occurs regioselec- 
tively at an ortho position [54]. Examples are shown below. This phenomenon 
is explained in terms of a F-Li interaction, and ab initio calculations of a model 
reaction involving fluorobenzene and lithium hydride have been carried out 
(Fig. 4.8) [55]. 

A coordinated complex is computed to be 12.4 kcal/mol more stable than a 
separated species. The activation energy for ortho lithiation is estimated to be 
18.9 kcal/mol relative to the coordination complex* while the corresponding 
value for para lithiation is 30.7 kcal/mol. It is noteworthy that the atomic 
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T E 

F 

Br 

(E)-isomer 

Scheme 4.3. Transition states of dehydrobromination 

F 

F 

(Z)-isomer 

F-Li 1.860 A 

Fig. 4.8. Calculated structures for the lithiation of fluorobenzene with lithium hydride 

distance of 1.860 A between fluorine and lithium in a transition structure is 
shorter than those of the coordinated complex (1.862 A) and ortho-lithiofluoro- 
benzene (1.901 A). These results suggest that the regioselectivity in the lithia- 
tion of fluoroaromatics is controlled by a fluorine-lithium interaction. 

(4.22) 

BuLi, -60 °C (60%); s-BuLi, -78 °C (81%); BuLi/t-BuOK, -75 °C (98%) 
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CHAPTER 5 

Biologically Active Organofluorine Compounds 

5.1 
Fluorine Effect in Biological Activity 

One of the important applications of fluorinated organic compounds is in 
medicinal chemistry. Recent progress in organofluorine chemistry has con¬ 
tributed significantly to the great advances in modern medical treatments. With 
the aid of the known influence of a fluorine atom on physical, chemical, and 
biological phenomena therapeutic efficacy has been increased and pharma¬ 
cological properties improved [1-3]. 

Resources of naturally occurring fluorinated organic compounds are limited 
to a small number of tropical and subtropical plants and microorganisms. They 
are monofluoroacetic acid, oo-fluoro fatty acids, nucleocidin, and 4-fluoro- 
threonine, etc. (Fig. 5.1). In 1944, Marais identified fluoroacetate in the leaves of 
the South African shrub Dichapetalum cymosum, and its biomedical mecha¬ 
nism of toxicity in mammals was elucidated by the research of Peters [4]. 

In 1953, Fried published a pioneering work on the preparation of 9a-fluoro- 
hydrocortisone acetate (Fig. 5.2) [5]. Utilization of fluorination as a tool to en- 

NH2 

monofluoroacetic acid 

OH OH 4-fluorothreonine 

Fig. 5.1 nucleocidin 

,ococh3 

o 

H 
O' 

Fig. 5.2 9a-Fluorohydrocortisone acetate 5-Fluorouracil (5-FU) 
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hance biological activity and to improve the versatility of a biologically active 
substance was thus clearly demonstrated. The report by Fried stimulated phar¬ 
maceutical researchers to routinely introduce fluorine as a substituent to mo¬ 
dify original biological activity. 

Another significant finding in the late 1950s was that 5-fluorouracil (5-FU, 
Fig. 5.2) exhibits significant tumor-inhibiting activity [6], a discovery made 
through the synthesis of novel nucleic acids by substituting fluorine for hydro¬ 
gen in naturally occurring pyrimidines and purines. 5-FU and its nucleoside, 
5-fluoro-2'-deoxy-p-uridine (FdUR),are anabolized to 5-fluoro-2'-deoxyuridy- 
late (FdUMP), and the FdUMP competitively inhibits thymidylate synthetase, 
an enzyme which normally converts 2,-deoxyuridylic acid into thymidylic acid 
(dTMP), an essential component of DNA (Scheme 5.1). 5-FU has been employed 
with success for the treatment of human breast cancer and several other types 
of malignancies [ le]. 

In the 1960s and 1970s, the development of novel fluorine-containing drugs 
and biomedical applications became a steady stream thanks to new reagents 
and techniques for site-selective introduction of fluorine into organic mole¬ 
cules. The development of new fluorinating agents and modifications to fluori- 

o 

H 

5-FU 

o 

FdUMP 

False RNA 

F O 

Schemes.!. Biological mechanism of 5-FU 
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nation procedures using conventional agents contributed greatly to the present 
rapid progress in this field. 

An understanding of the fundamental biochemical mechanisms, coupled 
with knowledge of the physicochemical properties affected by fluorine sub¬ 
stitution, has aided the rational design of many pharmaceutical drugs and 
pharmacological agents. Fluorinated analogs also serve as excellent probes for 
biochemical mechanisms. For example, many 19F-NMR studies have demon¬ 
strated the utility of fluorine-labeled proteins as mechanistic tools [7]. A 
positron-emitting isotope of 18F is also used to label a variety of organic 
molecules for studying biochemical transformations and distribution in the 
mammalian body. 

A wide variety of effective fluoromedicines have been developed and put into 
the pharmaceutical marketplace, including steroidal and non-steroidal 
(NSAIDs) anti-inflammatory agents, anticancer and antiviral agents, anti¬ 
hypertensive agents, and central nervous system drugs for the management of 
mental illnesses such as depression and psychoses. 

Fluorine has a small van der Waals radius of 1.35 A (Pauling), close to that of 
hydrogen (1.20 A), and thus mimics hydrogen at an enzyme receptor site with 
respect to steric requirement. On the other hand, the van der Waals radius 
estimated by Bondi is 1.47 A, only 20% larger than that (1.20 A) of hydrogen [8]. 
The C-F bond length, 1.38 A, is comparable to that of the C-H, 1.10 A, and C-0 
bond lengths, 1.43 A. This means that such substitution will have little effect on 
the steric bulk of a molecule. However, the steric effect (Es) of a CF3 group, 
according to an estimation based on the hydrolysis constant of a-substituted 
(R)-acetic acid ester, is -2.40, closer to -1.78 of an isopropyl group and larger 
than -1.24 of a methyl group (Table 5.1) [9,10]. 

Table 5.1. Substituent constants of aliphatic and aromatic compounds 

Substituent 

(R) 

Steric effect 

(Es)* 

Aliphatic compound 

hydrophobicity (nR)b 

Aromatic compound 

hydrophobicity (nR)b 

H 0.00 0.00 0.00 

F -0.46 -0.16 0.14 

Cl -0.97 -0.17 0.71 

Br -1.16 -0.03 0.86 

OH -0.55 -1.87 -0.49 

no2 -1.01 -1.39 -0.28 

cf3 -2.40 0.06 0.88 

ch3 -1.24 0.54 0.56 

c2h5 -1.31 1.08 1.02 

(CH3)2CH -1.78 

(ch3)3c -2.78 1.98 

CN -0.51 -1.50 -0.57 

a Es: Steric effect, estimated based on the hydrolysis constant of a-substituted (R)-acetic acid 

ester. 
b ttr: Hydrophobicity; tir= logPR-logPH, P = partition coefficient between 1-octanol and 

water. 
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Fluorine is the most electronegative element: the Pauling electronegativity is 
4.0; cf. 3.5 for oxygen, 3.0 for chlorine and 2.8 for bromine. The high electrone¬ 
gativity of fluorine influences the electron distribution in a molecule, affecting 
the acidity or basicity of the neighboring group, the dipole moment within the 
molecule, and the overall reactivity and stability and, consequently, changes the 
chemical and physical properties drastically. 

A C-F bond is the strongest among halogen-carbon bonds: heat of forma¬ 
tion of a C-F bond is 456-486kJ/mol; that of a C-Cl bond is roughly 
350kJ/mol, comparable to a C-H bond of 356-435 kj/mol. The strong bond 
energy of C-F bonds contributes to the high thermal and oxidative stabilities of 
organofluorine compounds. 

Introduction of a fluorine atom usually increases lipid solubility, enhancing 
rates of absorption and transport of drugs in vivo. As shown in Table 5.1, the 
substitution of fluorine for hydrogen slightly increases the lipophilicity. In 
contrast, a polyfluorinated substituent, such as a trifluoromethyl group, induces 
lipophilicity much more than a methyl group or a chlorine substituent [3 b]. 
This fact often contributes to the improvement in pharmacological activity. 

The electronic properties of a F-C bond and its biological effects are under¬ 
stood in the way discussed in Chap. 1.1.3. A fluorine atom on an sp3 carbon 
causes a pronounced electron-withdrawing effect through a relay of induced 
dipoles along a chain of bonded atoms. This effect is called the sigma with¬ 
drawing effect, -I0. The electron-withdrawing effect may also be induced by a 
through space electrostatic interaction. This is known as a field effect. Thus, a 
fluorine atom in a monofluorinated molecule often acts as an acceptor of a 
hydrogen bond [3b] (see Fig. 1.1, Chap 1). 

The electronic effect of fluorine attached directly to an sp2 carbon in a 
Ti-system is especially complex, because unshared electrons on fluorine may 
be donated back to the n-system. This resonance effect is called a +1^ repul¬ 
sive interaction. Thus, the electron-withdrawing -Ia effect of a fluorine substi¬ 
tuent on an aromatic ring is canceled by the electron-donating -h 1^ effect par¬ 
ticularly in an ortho or para position. Consequently, monofluorination of an 
aromatic compound brings little steric and electronic effect. However, since a 
C-F bond is stable and able to form preferentially an intramolecular hydrogen 
bond, fluorine substitution is considered a tool for drug design. In contrast, a 
trifluoromethyl group on an sp3 or sp2 carbon shows a strong electron-with- 
drawing effect. 

It is well recognized that fluorine stabilizes an a-cationic center by the inter¬ 
action of a vacant p-orbital of a carbocation with the filled orbitals of fluorine. 
However, a CF3 group strongly destabilizes an a-cationic center in sharp con¬ 
trast to a methyl group. 

In general, a carbocation at a (3-position of a fluorine atom is destabilized by the 
-I effect. Thus, it is difficult to generate a (3-fluoro carbocation. This distinct sub¬ 
stitution effect has been successfully applied to the stabilization of biomolecules 
otherwise unstable under neutral or physiological pH circumstances. Some ex¬ 
amples are seen in prostaglandins and thromboxanes (see Fig. 1.4, Chap. 1). 

In contrast, a carbanionic center substituted by fluorine is generally destabi¬ 
lized through In repulsive interactions, but the one that has a fluorine atom 
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Fig. 5.3 a-Carbanion (3-Carbanion 

at a (3-position is stabilized by an electron-withdrawing effect (Fig. 5.3); some¬ 
times an elimination reaction may be induced and vice versa. An example 
accounted for by these characteristics is a suicide inhibitor such as a-fluoro- 
methylglycine. 

5.2 
Strategies for Design and Synthesis 

5.2.1 

Structure-Activity Relationship 

Of all the elements, fluorine is the most electronegative and forms the strongest 
single bond with carbon, a bond of an extremely large dissociation energy, 
whereas the presence of fluorine in a molecule has minor steric but potentially 

drastic electronic consequences. 
Fatty acids having fluorine at a co-carbon, FCFl2(CH2CH2)nCOOH, are 

metabolized and degraded to fluoroacetic acid by p-oxidation in a way 
similar to normal fatty acids [4] (see Scheme 1.2, Chap. 1). The resulting 
fluoroacetic acid is incorporated into the metabolic system of mammals 
in a similar way to acetic acid, because the bulkiness of a fluorine atom is not 
discriminated. Fluoroacetic acid is first activated to fluoroacetyl-CoA by 
citrate synthase into (2f?,3R)-2-fluorocitric acid, a common co-metabolite 
of fluoroacetic acid, arising from the condensation of fluoroacetyl-CoA with 
oxaloacetic acid. The biosynthetic pathway is illustrated in Scheme 1.1 in 

Chap. 1. 
The stereochemical course of the citrate synthase reaction with fluoroacetyl- 

CoA is stereospecific and the 2-pro-S hydrogen of fluoroacetyl-CoA is ab¬ 
stracted exclusively. This observation demonstrates restricted rotation around 
the C-C bond of the fluoroacetyl moiety when bound to the enzyme. Thus, 
stereoelectronic control is operating during the reaction. The condensation 
reaction proceeds with inversion of configuration at C-2 to generate (2R,3R)-2- 
fluorocitric acid as the only stereoisomer as shown below. The enzyme of 
mammals distinguishes between the hydrogen and fluorine atoms and, more¬ 

over, recognizes the pro-S and pro-R hydrogen atoms. 
The toxicity of fluoroacetic acid against mammals is attributed to the lethal 

synthesis of (2£,3£)-2-fluorocitric acid by citrate synthase; the other three 
stereoisomers are nontoxic [11]. (2R,3£)-2-Fluorocitric acid is a competitive 
inhibitor of aconitase, an enzyme that follows the citrate synthase in the citric 
acid cycle and interconverts citric and isocitric acids. Consequently, fluoro¬ 
acetic acid blocks the citric acid cycle as a poison. More recently, the inhibition 
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of the citrate transformation has been demonstrated to be a decisive factor in 
the toxicity of fluoroacetic acid [12]. 

SCoA Citrate synthase 

inversion at C-2 

HOOC OH 

HOOC^ ^COOH (5.1) 

(2R,3R)-Fluorocitric acid 

On the other hand, an enzyme that mediates the conversion of fluoroacetic 
acid to glycolic acid has been isolated from a number of microorganisms using 
fluoroacetic acid as the sole carbon source, e.g. Pseudomonas spp. and Fusarium 
solani [4]. A mechanism for this transformation is proposed as follows: a thiol 
group of the enzyme attacks fluoroacetic acid, displacing fluorine to form an 
a-thioacetic acid, which is subsequently attacked by a water molecule to release 
glycolic acid, as illustrated in Scheme 5.2. 

Scheme 5.2. Metabolic transformation of fluoroacetic acid 

Scheme 5.3. Synthesis of paclitaxel 
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Replacement of hydrogen in an agent by fluorine can alter the reactivity 
and thus change the biological efficiency. Structural modifications in relation 
to biological activities, i.e. structure-activity relationships (SARs), have been 
studied extensively on the basis of molecular modeling and molecular me¬ 
chanics calculations. There are numerous data on SARs of fluorinated agents 
such as quinolone carboxylic acid antibacterials [13], (3-lactam antibiotics [14], 
vitamin D3 analogs [15], HIV protease inhibitors [16], prostacyclins [17], 
angiotensin converting enzyme (ACE) inhibitors [18], and taxoids [19], etc. In 
particular, a series of fluorine-containing taxoids, extremely potent new thera¬ 
peutic agents in the treatment of metastatic breast and ovarian cancers, have 
been synthesized, and the activities studied in relation to the conformation 

in solution (Scheme 5.3). 
With respect to a central nervous system agent, a fluorine substituent in a 

drug may increase the lipophilicity to facilitate its transport across a blood- 
brain barrier, a principal diffusion barrier separating brain and blood [20] and, 

as a result, enhance the absorption rate. 

5.2.2 

Commercially Available Fluorinated Materials 

Thanks to the remarkable growth in the fluorochemical industry, many 
fluorinated organic compounds of relatively low molecular weights are now 
available. Examples are HCFCs (hydrochlorofluorocarbons), HFCs (hydro¬ 
fluorocarbons), alternatives of CFCs (chlorofluorocarbons), and key inter¬ 
mediates of fluoropolymers, which are used as building blocks for the con¬ 
struction of a variety of desired fluorine-containing molecules [21]. Chloro- 
difluoromethane, for example, is employed for the synthesis of difluoromethyl 

sulfides and difluoromethyl ethers [22]. 

H NHCOCH3 

NaOH 

h2o 

chf2ci 

base 

F2HCS H COONa 

NHCOCH3 

(5.2) 

Tetrafluoroethylene (TFE, CF2=CF2) and chlorotrifluoroethylene (CTFE, 
CF2=CFC1) are transformed to tetrafluoroethyl ethers and chlorotrifluoroethyl 
ethers [23], respectively. An application to glycosidation is illustrated in 
Eq. (5.3). Hexafluoropropene and hexafluoropropene oxide (HFPO) are ver¬ 

satile building blocks for the synthesis of fluorinated nucleoside analogs. 

AcO .0. 
AcO 

AcO ̂“^AcO OH 

.0. HO 

CF2=CFCI deprotection 

base HO-^HO OCF0CHFCI 
(5.3) 

Fluorosulfonyldifluoroacetates (FS02CF2C02R) are some of the most im¬ 

portant intermediates for the preparation of perfluorinated ion-exchange 
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membranes. The ester undergoes a trifluoromethylation reaction of aromatic 
halides in the presence of a copper catalyst at 80-120°C (Chap. 3.1.1) [24, 25]. 
The reagent CF3-Cu is considered to be responsible for the reaction. 
Difluorohaloacetates (XCF2COOR; X=C1, Br, I) are widely employed for the 
synthesis of difluorinated sugars [26], nucleosides [27], prostanoids [28], and 
peptide mimetics [29], etc. 

Numerous fluorinated aromatic compounds are commercially available and 
can be converted into many biologically active compounds [30]. Recently, a 
3,5-bis(trifluoromethyl)benzyl unit has been widely used for potent pharma¬ 
ceutical drugs. A typical example is the morpholine-based human NK-1 anta¬ 
gonist exemplified in Fig. 5.4 [31]. 

5.3 
Fluorinated Amino Acids and Carbohydrates 

5.3.1 

Amino Acids 

Elucidation of the physiological roles of a specific enzyme has led to the design 
of highly selective enzyme inhibitors useful for practical applications. Ir¬ 
reversible inactivation of an enzyme is caused by the incorporation of an in¬ 
activator into an enzyme-active site and by a normal catalysis through proton 
abstraction, isomerization, elimination, or oxidation leading to a reactive 
species which is capable of reacting irreversibly with the active site. Since the 
enzyme becomes inactivated by its own action mechanism, such inhibitors are 
referred to as suicide inhibitors [1-3]. Many fluorinated amino acids are potent 
enzyme inactivators [32,33]. 

Fluoromethyl-substituted amino acids are known to inhibit an enzymatic 
decarboxylation reaction. Loss of carbon dioxide and elimination of a fluoride 
ion from an intermediate Schiff base, formed from pyridoxal phosphate and a 
fluoromethyl amino acid, are thought to induce an enzymatic inactivation 
(Scheme 5.4). Elimination of a fluoride ion generates a reactive Michael-type 
acceptor, which is then attacked by a nucleophilic functional group in the 
enzyme. The covalently bound enzyme is no longer free to bind an additional 
substrate. 
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Amino acids substituted by a difluoromethyl group at an a-position are also 
effective inhibitors of decarboxylases. Difluoromethyl ornithine [34] was found 
to inhibit ornithine decarboxylase and intrude polyamine synthesis, a step 
needed for growth and development, and was implied to be an effective anti- 
gestinal, antitrypanosomal, anticoccidal, and antitumor agent. In general, the 
introduction of a fluoromethyl group at an a-carbon enhances the potency and 
efficiency of a-amino acids. a-Monofluoromethyl-dopa, for example, has selec¬ 

tive peripheral activity (Fig. 5.5) [2]. 
Syntheses of fluorinated amino acids are carried out mainly by two methods. 

One is based on an amino acid synthesis using fluorinated building blocks, the 
other is the fluorination of non-fluorinated precursors. A straightforward route 
is an amine substitution of an a-halo acid or ester with ammonia or an equiva¬ 
lent such as sodium azide or potassium phthalimide (Scheme 5.5). 

Fig. 5.5 

H?N 

CHF2 
COOH 

difluoromethyl ornithine fluoromethyl dopa 

1. H2/Pd 
-► 

2. H30+ 

Scheme 5.5 
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When a substrate has a strongly electronegative CF3 or CF2 group at a 
^-position, the halogenated ester may be converted into an a-azido derivative 
without elimination or formation of an isomeric P-amino acid. 

f3c- 
.(CH2)n^C02H NHq 

Br 
F3C' 

- (CH2)n—/<-'02H 

NH? 
(5.4) 

It is well known that a-keto acids are transformed to the corresponding 
a-amino acids by reductive amination [35]. The key intermediates [33] are 
imines, oximes, or phenylhydrazones. The reaction may be carried out by an 
enzymatic reaction using a transaminase to give optically active amino acids [36]. 

NaBH4/NH3 

or NaBH3CN/NH4Br 
(5.5) 

Fluorinated amino acids can also be prepared by the Strecker or hydantoin 
synthesis from aldehydes. The Erlenmeyer azlactone synthesis can also be 
applied to the synthesis of aromatic and aliphatic fluorinated amino acids 
under two-carbon elongation (Scheme 5.6) [33]. Enantioselective hydrogena¬ 
tion of dehydro amino acids in the presence of an asymmetric catalyst is now a 
powerful tool for the asymmetric synthesis [32,37]. 

Strecker Synthesis 

Scheme 5.6. Chemical synthesis of amino acids 

Ba(OH)2 

Alkylation of acetamidomalonates with a fluorinated electrophile is con¬ 
venient for the synthesis of a-amino acids. For example, oo-fluoroalkyl 
bromides are converted into the corresponding co-fluoro amino acids under 
two-carbon elongation. Conjugate addition of acetamidomalonates to a tri- 

fluoromethyl-substituted Michael acceptor, phenyl 3,3,3-trifluoro-l-propenyl 
sulfone, gives, after reduction, 4,4,4-trifluorovaline (Scheme 5.7) [38]. 

PhC^S.^^ 

i 

AcHN—<( 

CF, 

C02Et 

C°2Et PhQoS 

NaH 

CF3 

COOEt 
COOEt 

NHACx' 

1. Na-Hg 

2. H30+ ’ 

Scheme 5.7. Synthesis of trifluorovaline 
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Introduction of fluorine or a fluorine-containing group into a synthetic 
intermediate and a natural amino acid is an alternative approach to a diversity 
of unnatural fluorinated amino acids. For example, alkylation of a-amino acids 
with fluorinated alkyl halides, such as CF2CHC1, gives a-fluoroalkyl a-amino 
acids. Using an electrophilic fluorinating reagent, a-fluoro a-amino acids are 
easily prepared. Starting with this amino acid as a component, fluorinated 

oligopeptides are prepared [39]. 
Fluorination of tyrosine with F2/N2 gives 3'-fluorotyrosine exclusively [40,41 ]. 

Treatment of a 4-hydroxyproline derivative with DAST gives a 4-fluoro 
derivative with inversion of configuration. This process has been applied to the 
synthesis of all four stereoisomers of 4-fluoroglutamic acid (Scheme 5.8) [42]. 

HO, 

CO2M6 
I 
Ac 

Scheme 5.8. Synthesis of 4-fluoroglutamic acid 

The amidocarbonylation reaction (Wakamatsu reaction) of 2-(trifluoro- 
methyl)propanal and 3-(trifluoromethyl)propanal gives 4,4,4-trifluorovaline 

and 5,5,5-trifluoronorvaline, respectively. The starting aldehydes are derived 
from regioselective hydroformylation of 3,3,3-trifluoropropene catalyzed by 
Co2(CO)8 or Co2(CO)8-Rh6(CO)16 (Scheme 5.9) [43]. Asymmetric syntheses of 

Rhe(CO)i6 
CO, H2 

CF3CH=CH2 

CO, 

Co2(CO)g 

cf3 

h3c^xho 

ch3conh2 
co?h2 

Co2(CO)g 

cf3 

h3c 
nhcoch3 

co2h 
CF, 

h3c 
NH, 

co2h 

cf3ch2ch2cho 

ch3conh2 
co h2 

Co2(CO)g 

NHCOCH 3 

Scheme 5.9. Synthesis of trifluoromethyl-containing amino acids from trifluoropropene 
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fluorinated amino acid derivatives by an aldol reaction of isocyanoacetate 
esters and further transformation to fluorine-containing peptides have also 
been achieved [32,37,44]. 

5.3.2 

Protease Inhibitors 

The search for a specific, orally active protease inhibitor has become an im¬ 
portant strategy for the effective treatment of such diseases as metastatic 
cancer, malaria, arthritis, sleeping sickness, AIDS, etc. Introduction of fluorine 
is now the key to the discovery of clinical candidates, as demonstrated by 
several examples. 

A trifluoromethyl ketone is highly electrophilic when connected to an 
enzyme via a hydrate form, a tetrahedral structure that mimics the transition 
state of an enzymatic hydrolysis. The tetrahedral intermediate is a potent 
reversible inhibitor. A typical example is an inhibitor of human leukocyte 
elastase (HLE). Serine protease, produced by neutrophiles, is closely related to 
the body’s inflammatory defense mechanism. Imbalance of extracellular 
elastase levels induces many diseases such as rheumatoid arthritis, smoking- 
induced emphysema, and cystic fibrosis. A selective HLE inhibitor has been 
found that consists of a trifluoromethyl ketone moiety in addition to a tri¬ 
peptide backbone containing an N-substituted glycine residue (Fig. 5.6) [45]. 

Fig. 5.6 

Its key component, an a-amino trifluoromethyl ketone or its precursor tri¬ 
fluoromethyl a-amino alcohol, is prepared by condensation of a nitroalkane 
with trifluoroacetaldehyde [46], by trifluoromethylation of an a-amino alde¬ 
hyde with CF3SiMe3 catalyzed by TBAF, or by trifluoroacetylation of oxazolidi- 
none followed by hydrolysis (Scheme 5.10) [47,48], A nitro aldol condensation 
(Henry reaction) is also effective in the synthesis of a-amino monofluoro- 
methyl carbonyl derivatives [49]. A hydrochloride salt of valine penta- 
fluoroethyl ketone is prepared by alkylation of IV-Boc valine methyl ester 
with pentafluoroethyllithium prepared in situ from ICF2CF3 and MeLi-LiBr 
at -78C [50]. 

Aspartyl protease, called renin, cleaves the protein substrate angiotensinogen 
into decapeptide angiotensin I which, in turn, is cleaved into octapeptide 
angiotensinogen II. Highly potent inhibitors of renin are revealed to com¬ 
monly contain statine, a novel amino acid present in a naturally occurring 
pepsin inhibitor called pepstatin. A difluorostatine-containing peptide is also 
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a potent renin inhibitor, more potent than the non-fluorinated analog. Due to 
fluorine functionality, the carbonyl group in difluorostatone becomes much 
more electrophilic than statine to facilitate addition of water to form a tetra¬ 
hedral species, a transition state analog, akin to the one formed during the 
enzyme-catalyzed hydrolysis of a peptide bond. A typical example is shown in 
Fig. 5.7 [51]. 

Fig. 5.7 

A human immunosuppressive virus (HlV)-encoded protease, required for 
the post-translational processing of polyprotein gag and gag/pol gene products, 
has attracted enormous attention as a potential chemotherapeutic target for 
the treatment of HIV infection. Cellular penetration is required in the design of 
effective HIV protease inhibitors. New inhibitors, small and lipophilic mole¬ 
cules based on the difluorostatone-type transition state mimic, have been 

suggested [52]. 
A peptidomimetic having a difluoro ketone moiety has been demonstrated 

recently in the study of amyloid plaque formation and the pathogenesis 
of Alzheimer’s disease. The difluoromethylene unit is prepared by a 
Reformatsky reaction of ethyl bromodifluoroacetate with an N-protected 
amino aldehyde followed by oxidation. The peptide analog of a,a-difluoro 
P-keto amide (see below) enhances the permeability and localization to the 
membrane in a cell-based assay through the retained N- and C-terminal pro¬ 
tecting groups and selectively inhibits the production of a (3-amyloid precursor 

protein (Scheme 5.11) [53]. 
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Scheme 5.11. Synthesis of fluorine-containing oligopeptides 

5.3.3 

Carbohydrates 

Selectively fluorinated carbohydrates [54] serve as proof of biochemical 
mechanisms and for the modification of the glycoside activities and thus have 
many applications in biochemistry, medicinal chemistry, and pharmacology. 
The first synthesis of fluorinated carbohydrates was carried out by Moissan, the 
discoverer of elemental fluorine, who recorded a reaction between F2 and 
glucose in his monograph in 1890 [55]. Due to the biological potency of fluoro 
sugars, growing interest has been focused expeditiously on fluoro sugar 
chemistry over the last 30 years. The activity of fluoro sugars is mostly at¬ 
tributed to the size (or the bond length plus van der Waals radius) 2.74 A of a 
C-F bond, similar to the size of the C-0 moiety of a C-OH group, 2.83 A, and 
also to the capability of a C-F bond to participate in hydrogen bonding owing 
to the large electronegativity of fluorine. In other words, replacement of a 
hydroxyl group by fluorine in a carbohydrate residue causes a profound 
electronic effect to neighboring groups with a very minor steric perturbation of 
the original structure or conformation. 

Fluorinated carbohydrates are synthesized by a sophisticated combination 
of modern chemical and enzymatic techniques, because requirements are 
strict for the stereochemical control at multiply continuing asymmetric 
centers. Numerous methods have been invented for the preparation of 
fluorinated neutral sugars, amino sugars, and branched sugars. Typical 
fluorination methods are a fluoride displacement reaction of sulfonate esters 
(reagent: KF, CsF, R4NF), a fluorinating dehydroxylation with diethylamino- 
sulfur trifluoride (DAST) or reagents of a similar type, epoxide or aziridine 
ring opening by a fluoride ion (reagent: HF, (HF)X • pyridine, R4NF, KHF2), an 
addition reaction of fluorine to a C=C bond (reagent: F2, XeF2, CF3OF, 
CHjCOOF), and a fluorination reaction of >C=0 groups (reagent: DAST) 
[54, 55]. In particular, a profound effect of neighboring group participation 
at a cationic center and a 1,3-diaxial or 1,2-steric effect should be considered in 
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these transformations. A typical example is the reaction of methyl a-D-gluco- 

pyranoside with neat DAST to give 4,6-dideoxy-4,6-difluoro-a-ga/ac£o-pyrano- 
side [55]. 

(5.7) 

Recently, a stereoselective synthesis of 2-deoxy-2-fluoro sugars was ac¬ 
complished by the reaction of the corresponding glycals with a commercially 
available electrophilic fluorination reagent, l-chloromethyl-4-fluoro-l,4-diazo- 
niabicyclo[2.2.2]octane bis(tetrafluoroborate) (Selectfluor) [56]. 

(5.8) 

5.3.4 

Nucleosides 

The adenine-containing antibiotic nucleocidin (Fig. 5.1), the sole naturally oc¬ 
curring fluorinated nucleoside [57], displays a broad spectrum of antibiotic 
activities and is a particularly effective antitrypanosomal agent [58]. 

It is well known that substitution of a 3- or 5-hydroxyl group of a nucleoside 
with fluorine inhibits its transformation to a phosphonate ester, and fluorine at 
C-2, namely next to a glycosyl bond, generally enhances the stability of the 
glycosyl bond through an electron-withdrawing effect. 

Anticancer Agents. For the treatment of leukemia and solid tumors, many 
fluorinated pyrimidine and purine nucleosides (and their nucleotides) have 
been synthesized that are less toxic and more effective than 5-fluorouracil. 
Presently, 5-fluorouracil is prepared by direct fluorination of uracil in acetic 
acid (Scheme 5.12). 2,-Deoxy-5-fluorouridine (FdUR) exhibits superior anti¬ 

tumor activities to its mother compound [ 1 c]. 

O 

OH 

Scheme 5.12 FdUR 
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The reaction of uridine with (CF3)2Hg is effective for the introduction of a 
trifluoromethyl group to give 5-trifluoromethyluridine [59]. This is prepared 
conveniently by the coupling reaction of 5-iodouridine with trifluoromethyl 
iodide in the presence of copper powder in hexamethylphosphoramide [60]. 
5-Trifluoromethyluridine exhibits antitumor and antiviral activities by irre¬ 
versible amide formation with a nucleophilic site of an enzyme. A fluoroolefin 
is generated by the reaction with an enzyme and behaves as a Michael acceptor, 

as shown in Scheme 5.13 [61]. 

Scheme 5.13 

Gemcitabine, a gem-difluorinated analog of deoxycytidine, was initially 
developed as an antiviral agent, but later was shown to exhibit a narrow 
therapeutic index as a drug for the treatment of human solid tumors, especially 
non-small cell lung and pancreatic cancer [27b]. A Reformatsky reaction of 
ethyl bromodifluoroacetate with (R)-2,3-0-isopropylideneglyceraldehyde af¬ 
fords a 3:1 mixture of a,a-difluoro p-hydroxy ester. Separation and ring closure 
to a lactone followed by synthetic manipulations give a mesylate which is con¬ 
densed with trimethylsilylated cytosine. Subsequent deprotection and separa¬ 
tion give the desired gemcitabine, as illustrated in Scheme 5.14. 
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A fluoroolefin analog of a cytidine nucleoside inhibits a ribonucleotide 
diphosphate reductase targeted for the treatment of tumors. This is synthesized 
by the introduction of a fluoroolefin using a fluorinated Horner-Emmons 
reagent [62]. The resulting fluorovinyl sulfone was transformed to the final (£)- 
fluoroolefin by stannylation and deprotection (Scheme 5.15). 

Antiviral Agents. Many fluorinated pyrimidine and purine nucleosides have 
been prepared (Fig. 5.8) in order to find an alternative to 3'-azidothymidine 
(AZT), an inhibitor of HIV-1 that is the putative cause of acquired immune 
deficiency syndrome (AIDS) [63]. Of these, 2',3'-dideoxy-3'-fluorouridine 
and 3'-deoxy-3'-fluorothymidine (FLT) have been pursued extensively [64]. 
Another potent therapeutic agent against HIV is (-)-2',3'-dideoxy-5-fluoro- 
3'-thiacytidine (FTC) that serves as an extremely potent and selective in¬ 
hibitor of HIV replication in vitro and in vivo [65]. 

O 

F 

R = H: 2',3'-dideoxy-3'-fluorouridine 
R = CH3: FLT 

Fig. 5.8 
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5.4 
Fluorine-Containing Pharmaceuticals 

Recently, it has been demonstrated that the selective substitution of fluorine for 
hydrogen or a hydroxyl group in a biologically active compound and the intro¬ 
duction of a trifluoromethyl, difluoromethyl, fluoromethyl, or fluorovinyl sub¬ 
stituent are highly effective for the discovery of effective drugs, diagnostic 
agents, and biochemical probes. Accordingly, introduction of fluorine into bio¬ 
logically active molecules is a very powerful and versatile tool for the design of 
new drugs on the basis of the rational elucidation of molecular recognition pro¬ 

cesses. 

5.4.1 
Prostanoids 

Prostanoids, namely prostaglandins (PGs) and thromboxanes (TXs), exhibit a 
wide variety of biological activities at extremely low concentrations and 
are metabolized rapidly into inactive forms. The biosynthetic pathway of 
prostanoids begins with arachidonic acid which is metabolized in organs to 
PGH2, PGF2a, PGI2 and TXA2 (Scheme 5.16). The chemical and physiological 
instability of prostanoids has stimulated studies on the chemical modification 
to improve the stability and selectivity. Selective fluorination of prostanoids has 
been effected at the cyclopentane ring as well as at both the a and oo side chains. 
Target fluorinated molecules have been prepared by means of a variety of syn¬ 
thetic technologies, including fluorination of synthetic intermediates and use of 
fluorinated building blocks [lc, 2, 66]. 

Prostaglandin I2 (PGI2), a potent inhibitor of platelet aggregation, has a 
half-life time tm of less than 10 min under physiological conditions and 
its vinyl ether moiety is easily hydrolyzed to give inactive 6-oxo-prostaglandin 

Scheme 5.16 
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HO 

2. K(sec-Bu)3BH 

1. FCI03 

KHCO3 

COOH 

Scheme 5.17 

OH 

10,10-difluoro-13,14-dehydro PGI2 

Fla. Introduction of fluorine near an acid-labile vinyl ethereal moiety results 
in the stabilization of the structure of PGI2. The antiplatelet aggregatory 
and hypotensive effects of 10,10-difluoro-13,14-dehydro-PGI2 are preserved 
with a remarkably long half-life time (f1/2 = ca. 24h) [67]. A key interme¬ 
diate difluoro lactone is synthesized by fluorination of 5-allylcyclopentane- 
1,3-dione with perchloryl fluoride. The difluorinated lactone is converted into 
an epoxy lactone by iodolactonization followed by treatment with a base 
(Scheme 5.17). 

A remarkable stabilization effect by two fluorine atoms introduced at C-7 of 
PGI2 is seen in 7,7-difluoro-PGI2, which retains an extremely high inhibitory 
activity on platelet aggregation even in an oral administration [68]. Amazingly, 
its tm is more than 90 days! 7,7-Difluoro-18,19-dehydro-16,20-dimethyl-PGI2 
has been prepared by a manganese salt catalyzed electrophilic fluorination of 
the Corey lactone and a subsequent stereoselective Wittig reaction of the re¬ 
sulting difluoro lactone (Scheme 5.18). 

In contrast to PGI2, thromboxane A2 (TXA2) contracts the aorta and 
induces platelet aggregation with tm = 32 s at 37 °C under physiological con¬ 
ditions [69]. The short half-life time is attributed to its 2,6-dioxabicyclo- 
[3.1.1]heptane skeleton. However, 10,10-difluoro-TXA2 is hydrolytically stable 
with four to five times more potency than natural TXA2 with respect to stimu¬ 
lation of platelet aggregation. Moreover, difluorinated TXA2 shows differential 
effects on platelet aggregation and aorta. The difluoro part is introduced by the 
reaction of a starting aldehyde with BrZnCF2COOEt. Following transforma¬ 
tions lead to a protected form of a dioxabicyclo[3.1.1] heptane intermediate 

(Scheme 5.19). 
PGs are generally metabolized to form biologically inactive 15-oxo analogs 

by 15-dehydrogenase in the lung. Similarly, introduction of two fluorines at 
C-16 enhances the resistance to such metabolism and at the same time im¬ 
proves the biological selectivity. Indeed, the 15-hydroxyl group of 16,16-di- 
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7,7-difluoro-18,19-dehydro- 
Scheme 5.18 16,20-dimethyl PGI2 

BrCFgCOOEt 

Zn 

1. MsCI, Pyr 
2. Red-AI 

3. deprotection 

OMs 

LiN(SiMe3)2 

Scheme 5.19 

Ph 

Ph 
COOH 

fluoro-PGE! (Fig. 5.9) is not metabolized by 15-dehydrogenase. Worthy of note 
is that the antifertility activity of 16,16-difluoro-PGF2a is enhanced with a side 
effect being suppressed against smooth muscle contraction. The difluoro-PGF2ci 
is prepared by the reaction of a difluorinated Horner-Emmons reagent with the 
Corey lactone (Scheme 5.20) [70]. 

Fig. 5.9 
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HO OH 

Scheme 5.20 16,16-difluoro-PGF2a 

5.4.2 
Vitamin D3 

Since the early work of Fried [5] it has been known that fluorinated steroids 
exhibit significant biological activities. Studies on vitamin D3 have proved that 
a novel fluorination technique leads to improvement in the selectivity and 
utility of biologically active agents. Introduction of fluorine at the position 
where metabolic hydroxylation takes place is effective to prevent such meta¬ 
bolism owing to a minimal steric alternation (mimic effect) and the strong C-F 
bond. Vitamin D3 is metabolized in the liver to give an activated form by 
hydroxylation at C-25 (25-OH D3). Further hydroxylation at C-l (la) in the 
kidney gives active steroid hormone l,25-(OH)2 D3. 25-OH D3 is alternatively 
hydroxylated at C-23, C-24, or C-26. Among the polyhydroxy derivatives of 
vitamin D3, l,25-(OH)2 D3 is the most active; the hydroxylation at the side chain 

is a deactivation process leading to excretion. 

A fluorinated derivative of l,25-(OH)2 D3 with fluorine at C-25 and C-l 
tolerates the hydroxylation reaction. This fact manifests the role of these 
hydroxyl groups in various aspects of the activity of vitamin D3. l,25-(OH)2 D3 
with fluorine at C-23, C-24, or C-26 blocks further hydroxylation reactions, a 

process of metabolic deactivation of vitamin D3 (Fig. 5.10) [58]. 
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F 

23-F, 1,25-(OH)2 D3 24-F, 1 -OH D3 26-F, 1 -OH D3 

Fig. 5.10 

A fluorinated D3 derivative, la-fluoro-25-hydroxy-vitamin D3, was prepared 
by a regio- and stereoselective ring-opening reaction of 6|3-acetoxy-l|3,2f3- 
epoxy-5a-cholestan-3[3-ol with potassium hydrogen fluoride [71] followed by 
protection to give an acetonide, which was further transformed to la-F,25-OH 
D3 by synthetic manipulations including reductive removal of the 2(3-hydroxyl 
group, a photochemical cyclohexadiene-hexatriene reaction, and a 1,7-hydride 
shift (Scheme 5.21). 

l,25-(OH)2 D3 with fluorine at C-24, C-26, or C-2 adjacent to the 25- or 1-hy¬ 
droxyl group (Fig. 5.11) is useful for determining the role of the hydroxyl group 

C-25 or C-l during the interaction with a hydrogen-bond donor or acceptor 
in a receptor [58]. 

The fact that la,25-dihydroxy-26,26,26,27,27,27-hexafluoro-vitamin D3 (26-F3, 
27-F3-l,15-(OH)2 D3) is more active than l,25-(OH)2 D3 means that the hexa- 
fluoro derivative binds the receptor less tightly. A condensation reaction of a 
phenylsulfonylated starting material with hexafluoroacetone followed by desul- 

fonylation gives a key intermediate, a 25-hydroxyhexafluorocholesterol deri¬ 
vative, which is deprotected and oxidized with 2,3-dichloro-5,6-dicyano- 
1,4-benzoquinone (DDQ) to afford a cross-conjugated triene. This is then 
transformed to the hexafluoro analog of l,25-(OH)2 D3 (Scheme 5.22) [72]. 

Other fluorinated examples are a 16-ene-23-yne analog of 26-F3,27-F3,1,25- 
(OH)2 D3 that possesses potential pharmacological properties for the treatment 
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24-F, 1,25-(OH)2 D3 

Fig. 5.11 

26-F, 1,25-(OH)2 D3 2-F, 1,25-(OH)2 D3 



160 Chapter 5 Biologically Active Organofluorine Compounds 

of proliferative and immunological diseases and a 16-ene-24,24-difluoro analog 
of l,25-(OH)2 D3 (Fig. 5.12) [73]. 

5.4.3 

Central Nervous System Agents 

A great success in the development of new fluorine-containing agents is high¬ 
lighted in the treatment of disorders of the central nervous system (CNS). As 
the lipid solubility of fluorinated aromatic compounds is significantly im¬ 
proved, the rate of absorption and transport of a drug across the blood-brain 
barrier is greatly enhanced by a fluorine substituent [74], 
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The most important popular prototype drug is diazepam (Fig. 5.13) which 
has a 1,4-benzodiazepine structure and is prescribed as a sedative and tran¬ 
quilizer, controlling mild to moderate degrees of anxiety and tension. An ortho- 
fluorophenyl derivative is shown to increase the hypnotic activity of diazepam. 

Fluorine-containing pharmaceuticals have played a key role in the treatment 
of a major debilitating illness. These agents selectively inhibit re-uptake of 
serotonin. Fluoxetine [75] was launched in 1986 as a very efficient and suc¬ 
cessful antidepressant. Paroxetine [76], introduced in 1991, exhibits activity 
similar to fluoxetine (Fig. 5.14) but with a shorter duration of action. 

Fig. 5.14 fluoxetine 

F 

H paroxetine 

5.4.4 

Antibacterials and Antifungais 

New antibacterials, fluoroquinolone carboxylic acids [77, 78], are essential to 
combat infections caused by microorganisms resistant to the traditional anti¬ 

bacterials: penicillins, cephalosporins, and tetracyclines. In the early days, 
fluorine-containing agents were limited to flucloxacillin (vide infra), a penicil¬ 
linase-stable penicillin [79], and p-fluoro-D-alanine [80]. Since the introduction of 
norfloxacin in the early 1980s, fluoroquinolone carboxylic acids have been com¬ 
petitively developed, and new more effective members have emerged (Fig. 5.15). 
Fluoroquinolone and naphthyridine carboxylic acids inhibit a DNA gyrase bac¬ 
terial enzyme, exhibiting a broad spectrum of activity against various aerobic and 
anaerobic gram-positive and gram-negative bacteria. Norfloxacin, enoxacin, 
ciprofloxacin, sparfloxacin, and tosufloxacin contain fluorine at C-6 and a piper- 
azyl group (except for tosufloxacin) at C-7 to increase the activity. Levofloxacin, 
an (S)-isomer of ofloxacin, is especially effective in lowering respiratory, urinary 

tract and prostate infections, and in treating sexually transmitted diseases. 
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Fig. 5.15 Ofloxacin Levofloxacin 

Norfloxacin is prepared as follows: reaction of 3-chloro-4-fluoroaniline 
with ethoxymethylenemalonate and cyclization (Gloud-Jacobs reaction) give 
hydroxyquinoline carboxylate. After N-ethylation and saponification, chlorine 
at C-7 is substituted by piperazine by activation with boron trifluoride 
(Scheme 5.23). 

Scheme 5.23 

V 
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1. NaH 

2. NaOH Cl 

Scheme 5.24 

C°2h NH 

-► ciprofloxacin 

On the other hand, the quinoline ring of ciprofloxacin can be constructed in 
an alternative manner by a nucleophilic substitution of Cl at C-9 with an 
aminocyclopropyl group. A key intermediate enamino ester is prepared by the 
reaction of the ethoxymethylene derivative with cyclopropylamine (Scheme 5.24). 

Malaria is caused by parasitic protozoa, primarily Plasmodium falciparum. 
The antiprotozoal drug mefloquine (Fig. 5.16) [81] is one of the main agents for 
the current treatment of malaria, used singly or in combination with chloro- 
quine. Since no useful vaccines are yet available, the compound still plays a 

significant role in the treatment. 
Stable, orally active, and topical antifungal agents have recently emerged 

which have a 2-fluorophenyl(triazolyl)methane moiety in common. In parti¬ 

cular, bistriazole fluconazole, launched in 1988, is effective against dermal, 
vaginal, and other infections, inhibiting fungal ergosterol synthesis. A new anti¬ 
fungal, flutrimazole, exhibits significant activity, being used singly or in com¬ 

bination with fluconazole or flucytosine (Fig. 5.16). 

mefloquine fluconazole flutrimazole flucytosine 

Fig. 5.16 
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5.4.5 

fi-Lactam Antibiotics 

A very large number of |3-lactams have antibacterial activities by disrupting 
bacterial cell wall synthesis and inhibiting one or more penicillin-binding 
proteins (PBPs) that catalyze, as transprotease, the crosslinking reactions of 
D-alanylpeptides on peptidoglycan strands of a growing cell wall. The P-lactam 
ring acts as an acylating reagent to inhibit transpeptidases. Typical examples of 
|3-lactam antibiotics are penicillins, cephalosporins, cephamycins, carbapenems, 
and monobactams. Some fluorinated compounds, e.g. flucloxacillin [79b] and 
flomoxef [82] (Fig. 5.17), are already commercially available. 

Cl 

O 

COOH 

Flucloxacillin 

Fig. 5.17 

COOCMe3 

7-fluorocephalosporin 
derivative 

Introduction of fluorine at C-6 of a penicillin structure is carried out on the 
basis that the replacement of hydrogen by fluorine does not induce any signifi¬ 
cant steric consequences at P-lactamase binding sites. However, fluorine raises 
the acidity of the geminal C-6 hydrogens and thus the vicinal P-lactam carbonyl 
group becomes readily acylated. Following a similar strategy, fluorine can be in¬ 
troduced at C-7 of the cephalosporin structure. 

5.4.6 

Anesthetics 

In the 1950s, fluoroxene and halothane (Fig. 5.18) became available as anesthe¬ 
tics. Whereas fluoroxene is flammable at high concentrations and induces 
nausea, halothane is nonflammable with relatively minor side effects. The in¬ 
troduction of halothane has influenced the practice of anesthesia and con¬ 
tributed to major advances in medical treatment and health care. A new 
generation of fluoro anesthetics, desflurane and sevoflurane (Fig. 5.18), are now 
widely used [83]. Sevoflurane has properties of fast uptake and elimination. 

CF3CH2OCH=CH2 CF3CHCIBr 

Fluoroxene Flalothane 

cf3chfochf2 F3Vo 
f3c ch2f 

Desflurang Sevoflurane 

Fig. 5.18 
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5.4.7 

Artificial Blood Substitutes 

Blood is a fluid which consists of many components and has a variety of 
functions, namely, transport of metabolic substrates and removal of metabolic 
products, maintenance of ion balance, and regulation of the immune system. 
The most important role is the transport of oxygen to tissues and the removal 
of carbon dioxide from the tissues. Gas exchange by blood, a function of blood 
corpuscles, can be carried out by artificial blood substitutes [84]. 

In 1966, Clark demonstrated that a mouse submerged in perfluoro 2-butyl - 
tetrahydrofuran could survive for up to ten minutes [85]. The animal could 
receive a sufficient amount of oxygen from the liquid and, after removal from 
the liquid, did not show any apparent ill effects, exhibiting the high oxygen 
carrying capacity and low toxicity of perfluorocarbons (PFCs). However, intra¬ 
venous infusion of liquid PFCs causes the death of animals because of the im- 
miscibility in water and blood. Therefore, the PFC must be dispersed as fine 
particles for use of an artificial blood substitute. 

Examples of PFCs, consisting of carbon, fluorine and, in some cases, of such 
heteroatoms as oxygen or nitrogen, are illustrated in Fig. 5.19. PFCs are chemi- 
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Fig. 5.19 

C4F9 

Perfluorotributylamine 

F2 F F2 F2 

F2c" nC"C"C"C"CF3 

F2b-d 

Perfluoro-2-butyltetrahydrofuran 

Table 5.2. Solubility of oxygen and carbon dioxide in CFCs 

Compound Temp. (°C) Solubility (ml/100 ml) 

Oxygen Carbon dioxide 

ethanol 25 24.2 247.9 

water 25 2.9 75.9 

37 2.4 57.0 

perfluorodecalin 37 45.0 134.0 

perfluorotributylamine 37 38.9 142.0 

perfluorotetrahydrofuran 37 58.0 160.0 
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cally extremely stable and are excreted by animals without being metabolized. 
Boiling points of PFCs are relatively low (perfluorodecalin: 142 °C) and they 
exhibit low surface tensions, 9-16 mN/m, compared with those of alkanes and 
alcohols, 25-35 mN/m. Generally, the surface tension of a liquid relates well to 
the solubility of a gas in the liquid (Table 5.2). The gas exchange functions of 
blood corpuscles can be carried out by artificial blood substitutes. An emulsion 
consisting of perfluorodecalin and perfluoroisopropylamine has already been 
launched for the oxygen-carrying agent. 

5.4.8 

18F-Labeled Tracers for Positron Emission Tomography 

Fluorine-18 is a positron-emitting isotope of fluorine and has a long half-life of 
110 min. Positron emission tomography (PET) [86], in conjunction with ap¬ 
propriate radiotracers labeled with fluorine-18, has been used to study bio¬ 
chemical transformation, drug pharmacokinetics, and pharmacodynamics in 
the human and animal body Typical agents are 2-deoxy-2-[18F]fluoro-D- 
glucose (a PET tracer for 2-deoxy-D-glucose) and 6-[18F]fluoro-L-DOPA (a PET 
tracer for L-DOPA), as shown in Fig. 5.20. Recently, PET has also been used to 
assess the functional and neurochemical parameters in a normal and diseased 
human brain. Thus, a rapid and effective method for the introduction of 18F is a 
great concern to current synthetic organofluorine chemistry. 

a PET tracer for 
Fig. 5.20 2-deoxy-D-glucose a PET tracer for l-DOPA 

5.5 
Fluorine-Containing Agrochemicals 

Agrochemicals are indispensable for the large-scale production of high quality 
crops and for an improvement in the harsh labor conditions in the fields. 
Because use of large amounts of chemicals may cause problems associated with 
safety and the environment, use of small amounts of highly potent, selective, 
and negligibly nontoxic agents are desirable that are effective only for a certain 
period and then will be decomposed rapidly to totally nontoxic compounds. To 
this end, many novel agrochemicals have been developed that allow applica¬ 
tions in much smaller amounts. Fluorine has played a key role in the design of 
novel highly potent agrochemicals [87-91]. 

The fluorine effect in agrochemicals is understood in terms of an increase 
in lipophilicity, mimic effect, electronic effect and block effect, as described in 
previous sections of this chapter. 
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5.5.1 

Insecticides 

A typical class of fluorine-containing insecticides is N-2,6-difluorobenzoyl-N'- 
arylurea and its derivatives. Some examples are listed in Fig. 5.21. The agents 
inhibit chitin biosynthesis and are often called insect growth regulators (IGRs). 
As chitin does not affect mammals, the insecticides are selective to specific 
kinds of insects and nontoxic to mammals and much less influential against 
their natural enemies and honey bees. 

A typical example is diflubenzuron, developed as a fluorine analog of 2,6- 
dichlorobenzoyl urea TH-6038 (Scheme 5.25) [91]. Triflumuron was designed 
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(Rhone-Poulenc) 

Cl 

F O O 

A 

(Makhteshin) 
Cl 

H H 
CF, 

fluazuron 
(Ciba-Geigy) 

Cl Cl 

,A 
H H 

^ chlorfluazuron 
(Ishihara) 

CF, 

Fig. 5.21 
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teflubenzuron hexaflumuron lufenuron 

Scheme 5.25 novaluron flufenoxuron fluazuron chlorfluazuron 

by replacing chlorine in an aniline moiety of TH-6038 with a trifluoromethoxyl 
group [92]. Fluorine functional groups, like a fluorine atom, polyfluoroalkoxyl, 
and 3-trifhioromethylpyridin-2-yloxy groups were further introduced into the 
aniline moiety of diflubenzuron, as illustrated in Scheme 5.25. The resulting 
insecticides are now commercially available. 

The synthetic route to hexaflumuron [93] is shown in Scheme 5.26. The 
2,6-difluorobenzoylurea part is prepared by (1) nucleophilic fluorine substitu¬ 
tion of 2,6-dichlorobenzonitrile, (2) hydrolysis of the nitrile to an amide, and 
(3) reaction of the amide with phosgene to give 2,6-difluorobenzoylisocyanate. 
The aniline part of hexaflumuron is prepared by nucleophilic addition of 

Scheme 5.26 hexaflumuron 
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Scheme 5.27 fluazuron 

2,6-dichloro-4-nitrophenol to tetrafluoroethene followed by reduction. The re¬ 
sulting aniline derivative is allowed to react with the benzoylisocyanate to give 
hexaflumuron. Use of CF2=CFCF3 or CF2=CFOCF3 in lieu of CF2 = CF2 gives 

lufenuron or novaluron, respectively. 
The synthesis of fluazuron starts with chlorinative fluorination of (3-picoline, 

as summarized in Scheme 5.27 [94]. Separation of 2-chloro-5-trifluoromethyl- 
pyridine to form a mixture of regioisomers, hydrolysis to pyridone, stepwise 
dichlorination, nucleophilic substitution of the resulting dichloropyridine with 
2-chloro-4-nitrophenol, and catalytic reduction of the nitro group followed by 
reaction with 2,6-difluorobenzoylisocyanate give fluazuron. 

The second important class of insecticides are the pyrethroids that affect the 
nervous system of insects. It is known that the major components of a pyre- 
thrum are pyrethrin I and pyrethrin II (Fig. 5.22), highly potent insecticides 
that are almost nontoxic to mammals. These are, however, so labile against 

sunlight that their activity is rapidly lost when used in the fields. 
Since the use of polychlorinated insecticides is now prohibited for environ¬ 

mental reasons, the natural pyrethroids have been extensively modified, leading 
to the discovery of permethrin [95] and cypermethrin [96] that are extremely 
potent and stable for certain periods against sunlight but then decompose 
gradually. To enhance the insecticidal activity and, especially, the acaricidal 
activity, trifluoromethyl analogs were introduced. For example, bifenthrin [97], 
developed by FMC in 1982, has about 55-fold acaricidal activity in addition to 
an insecticidal activity comparable to permethrin [98]. Tefluthin is a tetra- 
fluorobenzyl ester analog of biphenthrin and thus has a high vapor pressure 

which makes it more effective against vermin in soil [99]. 
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pyrethrin I (R = Me) 
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Fig. 5.22 
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Synthesis of the trifluoromethyl-substituted pyrethroids is achieved by 
various methods using 1,1,1-trichlorotrifluoroethane (CFC-113a) as a CF3 
building block. The first method involves a copper(I) chloride catalyzed ad¬ 
dition of CFC-113a to ethyl 3,3-dimethyl-4-butenoate. The resulting adduct is 
then treated with a base to induce ring closure and olefin formation, as sum¬ 
marized in Scheme 5.28 [100]. This method usually gives a mixture of cis- and 
frans-cyclopropanecarboxylates with ratios controllable to some extent by pro¬ 

per choice of the base. 
The second approach involves addition of ethyl diazoacetate to 3,3,3-tri- 

fluoro-2,2-dichloropropyl-substituted isobutene or l,l,l-trifluoro-l-chloro-5- 
methyl-2,4-hexadiene (Schemes 5.29 and 5.30) [101]. Although straightforward 
and stereospecific, the reaction is not necessarily effective due to the electron- 

deficient nature of the olefinic moiety. 
Ring contraction is the third method. Cycloaddition of a ketene with 

isobutene gives a cyclobutanone which, upon treatment with a base, under¬ 
goes a Favorskii rearrangement to give preferentially a ds-cyclopropane- 
carboxylic acid. The sequence of the reactions is illustrated in Scheme 5.31 

[102]. 

Scheme 5.29 
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The last approach is carbonyl addition of a zinc carbenoid derived from 
CFC-113a. The resulting adduct is acetylated and then reduced with zinc dust 
to give the target ester (Scheme 5.32). Since an adduct derived from cis-Caron 
aldehyde forms a lactone ring and is easily separated, only trans-cyclopropane- 
carboxylate results [103]. 

Selective synthesis of more potent cz’s-cyclopropanecarboxylates than the 
trans-isomers is stereospecifically achieved by addition of the same zinc car¬ 
benoid to 3-methyl-2-butenal, diazoacetylation, and intramolecular carbene 
addition, followed by zinc reduction, as shown in Scheme 5.33 [103]. 
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Further design of synthetic pyrethroid insecticides has led to novel struc¬ 
tures that lack a cyclopropane ring. A typical example is fenvarelate [104], il¬ 
lustrated in Fig. 5.23. The chlorine in fenvarelate is replaced by a difluoro- 
methoxyl group to give flucythrinate (Fig. 5.22) [105]. Further modification of 
4-chlorophenyl in fenvalerate to 2-chloro-4-trifluorophenylamino gives fluvali- 

nate [106]. Whereas fenvarelate was patented as a mixture of 4 diastereomers, 
these new compounds have been patented as a diastereomeric mixture with the 
configurations of the carbon a to the ester carbonyl being both R. Fluvalinate is 
as active as fenvalerate against the tobacco moth and the house fly and has an 

acaricidal activity seven times higher. 
Later, it was revealed that the insecticidal activities were retained in the absence 

of the ester carbonyl group of fenvalerate. Thus, silafluofen [101] and halfenprox 
(Fig. 5.22) were designed and patented. Silafluofen was designed by replacing a 
CMe2 group in fenvalerate with SiMe2. Although synthetic pyrethroids are gen¬ 
erally toxic to fish, silafluofen is much less toxic and can be applied to rice fields. 

5.5.2 

Herbicides 

A typical class of herbicides are the diphenyl ethers, including nitrofen, shown 
in Fig. 5.24. This type of compounds inhibits the protection mechanism for the 
biosynthesis of chlorophyll and allows singlet oxygen generated by sunlight 
irradiation to oxygenate lipids in membranes of weeds and/or forbs to wither 
them [87]. A chlorine substituent in nitrofen can be replaced by a CF3 group to 
give nitrofluorfen, to which various substituents can be introduced at a position 
ortho to a nitro group. Of these, acifluorfen, fomesafen, and lactofen are post 

agents against forbs of soybeans. 
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Fig. 5.24 
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(ICI) 
flusilazole 
(Du Pont) 

nuarimol 
(Eli Lilly) 

epoxiconazole 
(BASF) 

fluquinconazole 
(Schering) 

fluoroimide 
(Mitsubishi-kasei) 

quinoxyfen fluotrimazole 
(Dow Elanco) (Bayer) 

triflumizole flusulfamide 
(Nihon-soda) (Mitsui-toatsu) 

fluazinam 
(Ishihara) 

tetraconezole 
(Isagro-Ricerca) 

flutolanil 
(Nihon-noyaku) 

■V 

Fig. 5.28 



5.5 Fluorine-Containing Agrochemicals 177 

An analog of lactofen is ethoxyfen-ethyl (Fig. 5.25) which contains a lactic 
acid moiety [107]. This structural modification led to a general structural class 
of 2-(4-aryloxy)phenoxypropionates that show high and selective herbicidal 
activity against grasses. Of these, haloxyfop-.R-methyl [108], cyhalofop-butyl 
[109] and chlodinafop-propargyl [110] have been launched. 

Another type of photochemical herbicides are cyclic imides such as flumi- 
clorac-pentyl [111], flumioxazin [112], pentaoxazone [113], and fluthiacet- 
methyl [114]. A common structural feature is a 4,5-disubstituted 2-fluorophenyl 
group substituted to an imide nitrogen or the isomers, as illustrated in Fig. 5.26. 

The third important class of herbicides are sulfonylureas and triazopy¬ 
rimidines that inihibit acetolactate synthetase. Examples [86] that contain a 
fluorine, difluoromethoxyl, or trifluoromethyl group are listed in Fig. 5.27. 

5.5.3 

Fungicides 

Few fungicides are known that contain a fluorine functionality. Some examples 
are listed in Fig. 5.28. A synthetic route to flutriafol is shown in Scheme 5.34. The 
Friedel-Crafts reaction of fluorobenzene with 2-fluorobenzoyl chloride gives 
difluorobenzophenone, which is then allowed to react with a Grignard reagent 

to give flutriafol that is active against mildew of wheat. 
Flusilazole is prepared by the route summarized in Scheme 5.35. 4- 

Bromofluorobenzene is lithiated and silylated with dichloro(chloromethyl)- 
methylsilane to give Cl(CH2)SiMe(4-F-C6H4)2 which is then reacted with sodio- 

Scheme 5.35 
flusilazole 
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H20 

Scheme 5.36 

triazole to give flusilazole. This compound cam be applied to wheat, apples, 
grapes, peanuts, and sugar beet [87]. 

The o-trifluoromethylbenzoic acid moiety of flutolanil is prepared on a large 
scale by pentachlorination of o-xylene, fluorine substitution, and hydrolysis 
(Scheme 5.36). 

The design and synthesis of agrochemicals have been carried out by repla¬ 
cing a substituent in a prototype lead compound with a fluorine functional 
group, e.g. CH3 to CF3, Cl to CF3, CF30 or CHCF20. The structure-activity 
relationship is now expressed in various numerical ways. Accordingly, exploita¬ 
tion of novel agrochemicals containing a variety of fluorine functionalities will 
be accelerated in the near future, and they will be marketed if the synthetic 
costs are reasonable. 
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CHAPTER 6 

Fluorine-Containing Materials 

6.1 
Fluorine Effect in Materials 

In general, the elements of Group 17 are electronegative and make a strong 
bond to carbon. As Table 1.1 in Chap. 1 shows, fluorine is the most electronega¬ 
tive of all elements. As fluorine forms a covalent bond using 2 s- and 2p-orbitals, 
its van der Waals and covalent bond radii are the smallest next to those of 
hydrogen. The C-F bond energy is the largest among carbon-halogen bonds. 
Accordingly, various kinds of perfluorocarbons are stable compounds in sharp 
contrast to perchlorocarbons: only carbon tetrachloride is stable. The struc¬ 
tures of perfluorodecane and its hydrocarbon counterpart are compared in 
Fig. 6.1. Calculation by MOPAC gives an in-plane zigzag conformation for 
decane and a helical cylinder-like structure for perfluorodecane due to the 1,3 
steric repulsion caused by the large size of fluorine and also to the electronic 
repulsion between unshared electron pairs of fluorine atoms. Thus, a perfluoro- 
polymethylene chain resembles a stiff rod covered in unshared electrons. The 
characteristic features correspond to the stability of PFCs against biological, 
chemical and physical stimulus. In contrast, partial fluorination induces a 
strong local dipole moment that causes various electrical effects useful for 

F-(CF2)10-F 

H-(CH2)10-H 

Fig. 6.1. Conformations of F-(CF2)1o-F and H-(CH2)k)-FI calculated by MOPAC 
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functional materials. In the following sections, the salient physical features of 
organofluorine compounds will be briefly reviewed [1-5]. 

6.1.1 
Boiling Points and Melting Points 

Because fluorine has a much larger atomic weight (19) and only a 10% 
larger van der Waals radius than hydrogen, PFCs usually have specific 
gravities larger than hydrocarbons. For example, the specific gravity of 
hexane is 0.659, while that of perfluorohexane is 1.680, roughly 2.50 times 
larger. On the basis of the high specific gravities and molecular weights, PFCs 
should have higher boiling points than hydrocarbons; however, the differences 
are extremely small. As Table 6.1 shows, PFCs of less than 3 carbons indeed 
have higher boiling points, but those of more than 4 carbons show lower boiling 
points. This fact is attributed to the low polarity and low intermolecular 
attractive forces of PFCs. 

Table 6.2 shows the boiling points of fluoro- and chloromethanes. It is easy to 
see that the boiling points of chloromethanes rise according to the number of 
chlorine atoms. In contrast, the boiling points of CH3F and CH2F2 indeed rise in 
proportion to the number of fluorines, but those of CHF3 and CF4 become 
lower. The boiling point of CF4 is the lowest among fluoromethanes owing to the 
properties discussed above. The fact that CH2F2 has a boiling point higher than 
that of CHF3 is attributed to the polar effect and hydrogen bonding of H • • • F. 

Table 6.1. Boiling points of F-(CF2)n-F and H-(CH2)n-H 

F-(CF2)n-F Boiling Point (°C) H-(CH2)n-F Boiling Point (°C) 

cf4 -128 ch4 -161 
c2f6 - 78 c2h6 - 88 

C3F8 - 37 c3h8 - 42 
«-c4f10 - 2.2 u-C4H10 - 0.5 

59 n-C5Hi2 36 
n-C6¥u 58 n-C6Hi4 69 

n‘C?Fi6 83 n-C7H16 98 
«-C8F ]g 103 7i-C8Hi8 126 
n-C9F2o 125 n-C9H20 151 

Table 6.2. Boiling points of CH4_nFn and CH4. nCln 

CH4.nFn Boiling Point (°C) CH4.nCln Boiling Point (°C) 

ch4 -161 ch4 -161 
ch3f - 78 CH3C1 - 24 
ch2f2 - 52 ch2ci2 40 
CHF3 - 82 chci3 61 
cf4 -128 CC14 77 
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Table 6.3. Boiling points of C6H6.nFn 

The boiling points of fluorobenzenes, listed in Table 6.3, fall in the range 
76 to 95 °C, regardless of the number of fluorines and are slightly dependent on 
the symmetry of substitution. Those which induce large polarization, e.g. o-di- 
fluorobenzene, 1,2,3-trifluorobenzene and 1,2,3,4-tetrafluorobenzene, boil at 
relatively higher temperatures of 92 to 95 °C, whereas the symmetric and less 
polarized derivatives 1,3,5-trifluorobenzene and hexafluorobenzene boil at 76 
and 82 °C, respectively. 

For high molecular weight compounds, PFCs have low boiling points, weak 
intermolecular interactions and thus high vapor pressures. Therefore, PFCs are 
generally volatile and readily sublime even below their melting points and, for 
this reason, handling and storage should be carried out with care. 

Owing to the salient features described above, fluorine-containing com¬ 
pounds have found many industrial applications. In particular, chlorofluoro- 
carbons (CFCs) have been used for refrigerants due to their stability and low 
boiling points. Nowadays CFCs are being replaced by hydrofluorocarbons due 
to their high ozone-depletion potential. 

The melting points of linear hydrocarbons and their perfluorinated deri¬ 
vatives are shown in Fig. 6.2. Melting points of hydrocarbons with even 
numbers of carbons are, in general, higher than those with an odd number of 
carbons. The odd-even rule is attributed to the symmetry of the zigzag con¬ 
formation of hydrocarbons (vide supra). In contrast, the odd-even rule is only 
applicable to PFCs with less than 4 carbons, probably because in PFCs with 
more than 5 carbons, the molecule becomes stiff enough to lose the symmetry 
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Fig. 6.2. Melting points of F-(CF2)n-F and H-(CFI2)n-H 

difference depending on the number of carbons. Partially fluorinated com¬ 
pounds melt at temperatures only slightly higher than those of the parent com¬ 

pounds. 

6.1.2 
Solubility 

PFCs are insoluble both in water and hydrocarbons. Since PFCs have higher 
specific gravities, they separate from hydrocarbons to lie below the organic 
phase. Organic solvents that dissolve PFCs are limited to aromatics, acetone, 
and chlorohydrocarbons in addition to polyfluorinated compounds. The fact 
that PFCs are capable of dissolving oxygen and carbon dioxide is attributed to 
the stiffness of PFC molecules which generate more vacant space where the gas¬ 
eous molecules can slip in, rather than to attractive interaction of fluorine with 
the gaseous molecules. The unique features of PFCs have found applications in 

artificial blood. 
In contrast, partially fluorinated compounds are highly polar and thus dis¬ 

solve polar materials. For example, 2,2,2-trifluoroethanol and hexafluoro-2- 
propanol dissolve polar resins like nylons. In addition, trifluoroacetaldehyde 
and hexafluoroacetone give stable hydrate forms, hemiacetals, in addition to 

acetals. 

6.1.3 
Surface Tension 

The surface tensions (y) of some PFCs are listed in Table 6.4. These fall in the 
range 10 to 15 dyne/cm, smaller than those of the corresponding hydrocarbons 
(15-25 dyne/cm) and much smaller than water (72 dyne/cm). The surfaces of 
solid PFCs also have small critical surface tensions (yc): 18 dyne/cm for poly- 
(tetrafluoroethene); cf. polyethylene, 31 dyne/cm; poly(vinyl chloride), 39 dyne/ 
cm. Thus, poly(tetrafluoroethene) is water- and oil-repellent. Such properties 
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Table 6.4. Surface tensions of fluorocarbons and hydrocarbons at 20 °C 

Fluorocarbons y (dyne/cm) Hydrocarbons y (dyne/cm) 

«-C5F12 9.9 n-C5H12 13.0 
n~^7^16 7.1 n-C7H16 20.3 
^■6-8^18 13.6 n-CsHjg 21.8 
n-C4F9-0-n-C4F9 13.4 n-C4H9-0-n-C4H9 22.9 
n-C3F7COOH 16.3 n-C3H7COOH 26.8 

are also found in polymers which have a perfluoroalkyl side chain and per- 
fluoroalkanoic acids of an appropriate length. Accordingly, these are used for 
water- and oil-repellents and surface modifiers [6]. 

6.1.4 
Refractive Index 

In general, fluorine compounds have small refractive indices due to the small 
size of fluorine and the stiffness of the molecules. For example, the refractive 
index of perfluoropentane is 1.245, smaller than that of pentane (1.358). The 
refractive indices of partially fluorinated compounds are also smaller than the 
parent compounds: 2,2,2-trifluoroethanol (1.291) and ethanol (1.362). Such 
properties apply to polymers with a perfluoroalkyl group also; these polymers 
have found application as optical fibers [6]. Since PFCs are transparent in the 
near infrared region, in contrast to hydrocarbons, PFC polymers have the 
advantage of a small loss of optical transmission in addition to heat resistance. 
Accordingly, PFC materials have potential wide application for high quality 
optical fibers. 

6.1.5 
Viscosity 

Figure 6.3 shows the absolute viscosity and kinetic viscosity of heptane and per- 
fluoroheptane in relation to temperature. As is easily seen, perfluoroheptane is 
more viscous than heptane. However, the kinetic viscosities, namely the vis¬ 
cosity per specific gravity, are comparable. Moreover, as the temperature 
dependency of the viscosity of perfluoroheptane is larger than that of heptane, 
perfluoroheptane becomes less viscous at higher temperatures. This phenome¬ 
non is attributed to the mobility of stiffness and the larger molecular weight of 

perfluoroheptane. 
The viscosity of partially fluorinated compounds may increase due to in¬ 

creased polarity. However, compared with other halogens, such an effect is 
much smaller and thus fluorine is often used for liquid crystals of low viscosity 

and high polarity. 
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Absolute Viscosity 
(mP) 

Kinetic Viscosity 
(mSt) 

A 

D 

C 

B 

Temp. 
(°C) 

Fig. 6.3. Viscosities of perfluoroheptane and heptane: A absolute viscosity of perfluorohep- 

tane; B absolute viscosity of heptane; C kinetic viscosity of perfluoroheptane; D kinetic vis¬ 

cosity of heptane 

6.2 
Chlorofluorocarbons, Hydrochlorofluorocarbons, Hydrofluorocarbons, 
and Alternatives 

Chlorofluorocarbons (CFCs), halogenated volatile compounds with chlorine 
and fluorine atoms, have typical characteristics such as an easy phase change 
between liquid and vapor, owing to a small heat of vaporization, appropriate 
boiling points, thermal and chemical stability, low flammability, and low tox¬ 
icity. These compounds have wide applications for refrigeration, air con¬ 
ditioning, cleaning, degreasing of metals, solder flux removal, dewatering of 
printed circuit boards, degreasing semiconductors, foaming (blowing) agents to 
create rigid plastic foams, and paint and aerosol formulations [7-10]. 

6.2.1 
Brief History 

In 1974, it was conjectured by Rowland and Molina that the high stability of 
chlorofluorocarbons enabled the compounds to pass unchanged through the 
troposphere to the stratosphere, where the intense UV radiation from the sun 
could cause the C-Cl bonds to homolytically break down, releasing chlorine 
atoms, which were known from laboratory experiments to catalyze the destruc¬ 
tion of ozone [11]. The mechanism suggested for the reaction is illustrated in 
Scheme 6.1. 
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Scheme 6.1 

cf2ci2 -- Cl* + *cf2ci 

o + 03 -► CIO* + 02 

CIO* + O -- Cl* + 02 

The trace gas ozone, present throughout the Earth's atmosphere at peak 
concentrations of 10 ppm, plays a critical role for life on Earth by absorbing 
biologically harmful UV radiation in the short-wavelength regions below 320 
nanometers (nm) (Scheme 6.2). The chlorine atom (Cl*) in the stratosphere 
inhibits the photochemical generation of ozone from oxygen. On the other 
hand, bromine-containing molecules (Halons), including CF3Br, are suspected 
to be more harmful to the ozone layer. Because of their long atmospheric life¬ 
time and large infrared absorption, CFCs are also cited as possible contributors 

to global warming. 

Scheme 6.2 

hv (<240 nm) 
02 ----!—+ 2 0 

O + 02 

03 

-- 03 

hv (210-320 nm) > q + O 

In September 1987, the first international agreement for the protection of the 
global environment worldwide concerning the depletion of the ozone layer, 
known as the Montreal Protocol, was signed. It was subsequently revised in June 
1990. The 1990 Montreal Protocol mandated a total phase-out of production 
and consumption of CFCs, Halons, and carbon tetrachloride to be achieved by 
the year 2000. In 1992, the Montreal Protocol was extensively revised at an inter¬ 
governmental conference in Copenhagen, bringing forward the date of the 
deadline for the phase-out of CFCs and, for the first time, introducing a specific 
timetable for the phase-out of hydrochlorofluorocarbons (HCFCs). The regula¬ 
tion of HCFCs was tightened even more at the Vienna Conference in 1995, as 

shown in Table 6.5. 
Many chemical manufacturers have focused on the development of hydro¬ 

chlorofluorocarbons (HCFCs) and hydrofluorocarbons (HFCs) to provide sub¬ 
stitutes which possess performance and properties similar to those of CFCs. 
HCFCs have much reduced ozone-depletion potentials (ODPs), and HFCs have 
zero ODP compared with CFCs. Typical CFCs, HCFCs, and HFCs, including 
chemical formulae and physical properties, are listed in Table 6.6. A fundamen¬ 
tal nomenclature by code number follows: (1) the first digit on the right is the 
number of fluorine atoms in a CFC compound; (2) the second digit from the 
right is the number of hydrogen atoms plus one; (3) the third digit is the num¬ 
ber of carbons minus one, and omitted if zero; (4) any discrepancy with a 
valency of four for carbon is made up with chlorine(s); (5) if bromine is present, 
the letter B is put with its number; (6) a cyclic isomer is denoted as starting with 
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Table 6.5. Regulatory reduction in the consumption of CFCs and HCFCs in % (Montreal 

Protocol agreed and in force at present) 

Cap levelc 

Base year 

CFCsa Other CFCsb HCFCs 

3.1% 

1986 1989 1989 

1993 _ - 20 _ 

1994 - 75 - 75 - 

1995 - 75 - 75 - 

1996 -100 -100 freeze 

2000 freeze 

2004 - 35 

2007 - 35 

2008 - 35 

2010 - 65 

2012 - 65 

2013 - 65 

2015 - 90 
2020 - 99.5 
2030 -100 

a CFCs include 11,12,113,113a, 114,114a, and 115. 

b Other CFCs are 13,112,112a, 111,and the fully halogenated C3 CFCs. 

c The cap is the allowable maximum consumption of FICFCs defined as follows: consumption 

of HCFCs in 1989 + (consumption of CFCs in 1989 x 0.028). The amount of each substance 

is adjusted by its ozone-depletion potential (ODP), a measure of its potential to deplete 

stratospheric ozone relative to that of CFC-11. 

Table 6.6. Chemical formulae and physical properties of some CFCs, HCFCs and HFCs 

Chemical formula Boiling point at 

1 atm (°C) 
Critical temp 

(°C) 

Critical pressure 

(atm) 

CFC-11 CC13F 23.8 198.0 43.2 
CFC-12 CC12F2 -29.8 112.0 40.6 
CFC-113 cci2fccif2 47.6 214.1 33.7 
HFC-134a cf3ch2f -26.5 100.6 40.0 
HFC-125 cf3chf2 -48.8 66.0 35.7 
HFC-32 ch2f2 -51.7 78.1 57.0 
HFC-143a cf3ch3 -47.6 72.8 37.2 
HCFC-22 chcif2 -40.8 96.0 48.7 
HCFC-141b ch3cci2f 32.0 210.3 45.8 
HCFC-123 chci2cf3 27.9 185.0 37.4 
HCFC-225ca cf3cf2chci2 51.1 203.6 30.1 
HCFC-225cb ccif2cf2chcif 56.1 211.7 30.9 
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C; (7) if many isomers are available, lower-case letters, a, b, c,..., are put at the 
end with a being designated to the most symmetrical one. 

6.2.2 

Production of Chlorofluorocarbons and Hydrochlorofluorocarbons 

Chlorofluorocarbons are generally synthesized by partial fluorination of poly- 
chlorocarbons. A prevailing industrial method is fluorination with hydrogen 
fluoride (HF) in the presence of antimony pentachloride (SbCl5) [12], the 
process developed by Swarts. Synthetic methods for HCFC-22, CFC-11, CFC-12 
and CFC-113 are shown in Fig. 6.4. 

HCFCs and CFCs are produced in the liquid phase: polychlorinated com¬ 
pounds such as chloroform (CHC13) or carbon tetrachloride (CC14) are heated 
with anhydrous HF and SbCl5. To prevent corrosion of the reaction vessel, the 
water content is kept below 0.1%. The reactions are carried out in the tem¬ 
perature range 60-150°C depending on the raw materials and desired 
products. A continuous gas-phase reaction system is also applied to the pro¬ 
duction using HF gas in the presence of a catalyst such as Al203 or Cr203. 

Solubility of CFCs in water is generally low. However, HCFC-22 (CHC1F2) has 
relatively high solubility in water: 0.060 g/lOOg-water (0°C, 1 atm) as compared 
with CFC-11: 0.0036 and CFC-12: 0.0026. On the other hand, CFCs are com¬ 
monly soluble in nonpolar or slightly polar organic solvents, such as hydro¬ 
carbons, chlorinated hydrocarbons, alcohols and ketones, and insoluble in polar 
solvents such as aniline, phenol, benzyl alcohol, benzophenone, formamides 
and nitromethane. In contrast, HCFCs are miscible even with polar solvents 
probably due to hydrogen-bond formation to an oxygen or nitrogen atom of the 

solvent. 
The most important feature of CFCs is their chemical stability: CFC-12 is 

recovered unchanged after storage for one month at 175 °C and is also stable to 
concentrated sulfuric acid or alkali solutions [13]. CFCs do not react with 
metals such as stainless steel, cast iron, steel, copper, tin, zinc, lead, and alu¬ 
minum at ambient temperatures, but react with fused aluminum and magne¬ 

sium and their alloys. 
The toxicity of CFCs to mammals is extremely low. CFC-12 exhibits partic¬ 

ularly low toxicity: harmless for 2 h at a concentration of 20 vol% [14]. 

CHCI3 _—_- CHCIF2 +CHF3 + chci2f 

HCFC-22 

CCI4 -■*- CFCI3 + cci2f2 

CFC-11 CFC-12 

CI2C=CCI2 c'2’ HF-^ cci2fccif2 

Fig. 6.4 CFC-113 
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6.2.3 

Syntheses of CFC Alternatives 

As Molina and Rowland suggested, CFCs emitted are so stable in the tropo¬ 
spheric atmosphere that they finally reach the stratosphere through an eddy 
diffusion within several years. Consequently, alternatives are desirable that will 
be duly decomposed in the troposphere before reaching the stratosphere. 

An example is HCFC-22 which contains hydrogen atom(s) in the molecule. 
HCFC-22 is expected to react with a hydroxyl radical (*OH), an active species 
present in the troposphere, to be degraded with a short lifetime. On the other 
hand, HFCs lacking a chlorine atom do not provide any species reactive with 
ozone and thus will not destroy the ozone layer, even if some of them do reach 
the stratosphere. Thus, the guiding principle for the development of CFC alter¬ 
natives based on industrial production is the construction of molecules which 
conserve the original properties but which do not have the toxicity and the ad¬ 
verse effect on the global environment. 

HCFCs and HFCs are now widely recognized as potential substitutes for 
CFCs. Representative CFCs and their substitute HFCs and HCFCs, as well as in¬ 
dustrial applications, are summarized in Table 6.7 [15]. 

CFCs such as CFC-11 (CC13F) and CFC-12 (CC12F2) are synthesized by a 
simple liquid-phase fluorination process catalyzed by an antimony catalyst, the 
process developed by Swarts in the 1890s. On the other hand, the synthesis of 
alternative CFCs requires multi-step reactions: (1) fluorination, (2) hydrogena¬ 
tion, (3) halogen exchange, (4) chlorofluorination, (5) isomerization, (6) dis¬ 
proportionation, (7) chlorination, and (8) C-C bond formation via the 
Friedel-Crafts reaction. One of the most important factors in the process devel¬ 
opment of these reactions in the liquid or vapor phase is discovery of an ef¬ 
fective catalyst. Typical syntheses of HFCs for refrigerants are described in 
Figs. 6.5 and 6.6. 

There are many reports for the synthesis of HFC-134a [16]. A straight¬ 
forward route to HFC-134a includes the reaction of trichloroethene (TCE) with 
HF to furnish CF3CH2C1 (HCFC-133a), followed by replacement of the re¬ 
maining chlorine with fluorine in a liquid phase catalyzed by SbCl5 (or SbF5) 
[17]. Alternatively, the reaction can be carried out in the vapor phase catalyzed 
by a chromium-based system [18]. Because of a thermodynamically controlled 

Table 6.7. Applications of some HCFCs and HFCs 

Application Current CFC Alternative 

Refrigerants CFC-12 HFC-134a 
HCFC-22 HFC-32/HFC-125/HFC-134a 

HFC-32/HFC-125 

Blowing agents CFC-11 HCFC-141b 

HFC-245fa 

Cleaning agents CFC-113 HCFC-^5ca 

HCFC-225cb 
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CI2C=CCI2 - 
PCE 

Cl2, HF 

CCI2FCCIF2 —CCIF2CCIF2 

CFC-113 CFC-114 

HF Cl2, HF 

CI2OCHCI 
TCE 

t 
cf3chci2 

HCFC-123 
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endothermic reaction, HF in excess is required to achieve the conversion of 
HCFC-133a to FIFC-134 a. For example, a single-pass conversion is achieved 
using 6-10 moles of F1F per mole of HCFC-133a at 350-400°C. High selectivity 
is observed with a Cr, Co, or Ni catalyst. 

The second method for the preparation of CFC-134a is hydrogenolysis of 
CFC-114a prepared from tetrachloroe.thylene (PCE). PCE is chlorinated in situ 
to produce hexachloroethane, which is then reacted with HF in the liquid phase 
using a conventional antimony catalyst, or in the vapor phase with a chromium- 
based catalyst system [19]. Halogen scrambling occurs to some extent in a vapor 
phase system, producing an isomeric product, CFC114a. In one approach, CFC- 
113 is first isomerized in the liquid phase to CFC-113a by a Friedel-Crafts 
catalyst such as anhydrous aluminum chloride [20]. Then CFC-113a is treated 
with HF to give CFC-114a. Hydrogenolysis of CFC-114a is attained in a vapor 
phase. A palladium catalyst is very effective for the reduction [21] in combina¬ 
tion with a Group 11 or lanthanide metal salt [22,23]. 

Fluorination of trichloroethene (TCE) or tetrachloroethene (PCE) followed 
by hydrogenation is the third method. CFC-124 is prepared directly from PCE 
and HF in the presence of a Cr, Co, or Ni catalyst on alumina [24]. An attractive 
commercial approach is dehydrochlorination of CFC-113 to give CFC-1113 
(CTFE) and subsequent replacement of the vinylic chlorine in CTFE to produce 
trifluoroethene (HCFC-1123) [25]. A combined system of a palladium catalyst 
with a bismuth or thallium salt is useful [26], and an addition reaction of HF 
toward HCFC-1123 proceeds quantitatively [27]. 

As with HFC-134a, several promising synthetic processes for the manufac¬ 
ture of HCFC-123 have been proposed using TCE or PCE as the starting mate¬ 
rial. These are summarized in Fig. 6.6. A straightforward method is the reaction 
of PCE with HF. An HF addition reaction to the carbon-carbon double bond of 
PCE, followed by a halogen-exchange reaction, gives predominantly a thermo¬ 
dynamic product, 1,1 -dichloro-2,2,2-trifluoroethane [28, 29]. A conventional 
liquid-phase process starting with PCE, Cl2, and HF to produce CFC-113, fol¬ 
lowed by isomerization, gives CFC-113 a, whose hydrogenolysis with a platinum 
or rhodium catalyst on carbon affords HCFC-123 [30, 31]. Reduction of CFC- 
113a is also carried out with aqueous Na2S03 solution or zinc in a protic solvent 
[32-34]. 

The process starting with TCE involves HF addition and chlorination of the 
resulting HCFC-133a. A critical step in this process is control of overchlorina¬ 
tion of the desired product HCFC-123. Photochemical chlorination of HCFC- 
133a is carried out by co-feeding 02, HCl, and HCFC-133a over a nickel-on- 
alumina Deacon catalyst at high temperatures [35]. 

Alternatives to CFC-11 as a blowing agent for rigid plastic foams, e.g. poly¬ 
urethane and polyisocyanurate foams, are listed in Table 6.7. Because a part of 
the blowing agent is trapped in the foams, the low thermal conductivity of the 
blowing agent affects the insulating properties of the final products. 

HCFC-141b is now used as an alternative to the blowing agent CFC-11. 
HCFC-225ca and HCFC-225cb are employed as substitutes for CFC-113. 
These two isomers can be prepared in a ratio «of ca. 3:2 via the Prins 
reaction of tetrafluoroethylene (TFE) with CHFC12 (HCFC-21) at 15°C cata- 
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CHCI2F 
CF2=CF2 ---► CF3CF2CHCI2 + CCIF2CF2CHCIF 

cat. 
Fig. 6.7 HCFC-225ca HCFC-225cb 

lyzed by aluminum chloride [36]. A halogen-exchange reaction of the re¬ 
sulting halogenated propanes is carried out in the gas phase with a metal oxide 
catalyst such as Al203 or Cr203 to afford two isomers as the major products 

(Fig. 6.7) [37], 

6.2.4 

Evaluation of Safety and Environmental Effects 

In 1988 refrigerant manufacturers jointly funded and set up the “Programme 
for Alternative Fluorocarbon Toxicity Testing” (PAFT) in order to not only 
manage such toxicity tests as acute toxicity, sub-acute toxicity, mutagenicity, 
chronic toxicity, and metabolism testing, etc., but also to publish the acquired 
data of such candidates as HCFC-123, HFC-134a, HCFC-141b, HCFC-124, HFC- 
125, HCFC-225ca, HCFC-225cb and HFC-32. The refrigerant manufacturers 
have also extended the research to the atmospheric aspects of fluoro¬ 
carbon fluids and funded the “Alternative Fluorocarbons Environmental 
Acceptability Study” (AFEAS). AFEAS intends to make clear the influence of 
HCFC and HFC on the environment by understanding the complex interactions 
of chemical species in the atmosphere and to publish the obtained scientific 

information [38]. 
An important aspect of these projects is the determination of ozone- 

depletion potentials (ODPs) of chlorine-containing compounds [39]. CFC-11 
is assigned an ODP of unity; the ODPs of other compounds are normalized 
to that of CFC-11 on a mass-for-mass basis. The lifetime and chlorine con¬ 
tent of a compound are considered in determining its ODP. As shown 
in Table 6.8, HCFCs have much lower ODPs than CFCs, due mainly to the 
shorter atmospheric lifetimes of HCFCs. HFCs lacking chlorine show 

zero ODPs [40]. 
The relative contribution to global warming by alternative CFCs and other 

greenhouse gases are defined as Halocarbon Global Warming Potentials 
(HGWPs) and Global Warming Potentials (GWPs). CFC-11 and carbon dioxide 
are assigned an HGWP and a GWP of unity, and the HGWPs and GWPs of other 
compounds are normalized to those of CFC-11 and carbon dioxide on a mass- 

for-mass basis, respectively. Recently, GWP has been the most frequently used 
criterion because of the easy comparison between CFC alternatives and other 
greenhouse gases, for example, methane and nitrous oxide. Examples are also 

shown in Table 6.8 [41]. 
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Table 6.8. Influence of the alternatives on the environment 

Compound Formula ODP HGWP GWP 

CFC-11 CC13F 1.0 1.0 4000 

CFC-12 CC12F2 1.0 3.4 8500 

CFC-113 CC12FCC1F2 0.8 1.4 5000 

CFC-114 CC1F2CC1F2 1.0 4.1 9300 

CFC-115 CF3CC1F2 0.6 7.5 9300 

trichloroethane CC13CH3 0.12 0.02 110 

HCFC-123 CF3CHC12 0.02 0.02 93 

HCFC-124 CF3CHC1F 0.022 - 0.10 480 

HCFC-141b CH3CC12F 0.11 0.12 630 

HCFC-142b CH3CC1F2 0.065 0.42 2000 

HCFC-225ca CF3CF2CHC12 0.025 0.04 170 

HCFC-225cb CC1F2CF2CHC1F 0.033 0.15 530 

HCFC-22 chcif2 0.055 0.36 1700 

HFC-134a cf3ch2f 0 0.25 1300 

HFC-125 cf3chf2 0 0.84 2800 
HFC-143a CF3CH3 0 1.1 3800 
HFC-152a CHF2CH3 0 0.03 140 
HFC-32 ch2f2 0 0.13 650 

HGWP: AFEAS report in 1990 (CFC-11 = 1.0). GWP: IPCC report, Radiative Forcing of 

Climate Change in 1994. (C02 = 1.0, ITH (Integration Time Horizon) = 100 years) [39-41]. 

6.2.5 

Alternatives to the Third Generation 

Recently it has been reported that fluorinated ethers have useful properties as 
candidates for CFC and HCFC alternatives, as potential refrigerants and as 
potential blowing agents [42]. Typical examples are /zydro/luoro ethers HFE- 
347mcc (CF3CF2CF2OCH3), HFE-347mmy [(CF3)2CFOCH3], HFE-245mc 
(CF3CF2OCH3) and HFE-227me (CF3CHFOCF3). The code number nomen¬ 
clature is extended to four or more carbon atom compounds. In the abbrevia¬ 
tion, the letters c, e and m indicate a CF2, a CHF and a CF3 group, respectively. 
At present, the physical properties, thermal stability, thermodynamic prop¬ 
erties, toxicity, and environmental effects of these HFEs are being studied. 
Currently, extensive efforts are being directed to research aimed at the develop¬ 
ment of new compounds with structures totally different from those of CFCs, 
HCFCs, or HFCs, which exhibit no contribution to the ozone-layer depletion, 
are degraded in the atmosphere soon after their useful life has ended, which 
exhibit little greenhouse effect, and which have properties similar to those of 
CFCs and HCFCs, i.e. non-flammability and low toxicity. 

6.3 
Fluorine-Containing Liquid Crystals 

The invention of a display device using liquid crystals in 1963 [43] stimulated 
extensive research on the various electrical applications of liquid crystals. Since 
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then a variety of driving modes have been proposed. Of these, a display device 
using twisted nematic (TN) liquid crystals appeared in 1970 [44] and was ap¬ 
plied to displays on watches, calculators, and game machines. Later, super 
twisted nematic (STN) and thin film transistor (TFT) modes were invented 
which made it possible to commercialize larger size and colored displays. In 
recent years ferroelectric and antiferroelectric liquid crystals have been shown 
to respond much faster than those with nematic liquid crystals. In this section, 
the role of fluorine in fluorine-containing liquid crystals will be discussed with 
possible applications of these materials. 

6.3.1 

Nematic Liquid Crystals 

Liquid crystals used for a TN display device are rod-like molecules comprising 
a six-membered ring unit (mesogen) like benzene and cyclohexane, a con¬ 
necting group like -COO-, an alkyl substituent, and a polar group like CN [45, 
46]. Typical examples are shown in Fig. 6.8. The cyano group induces a dipole 
moment directed to the long axis of each molecule. 

When these molecules are spread on a director film (orientation film) such 
as polyimide, all the molecules align in a direction parallel to the direction of 
the film induced by rubbing. When the compounds are placed in a glass cell 
whose inner surfaces have been coated with such director films, and each glass 
is twisted through 90°, the molecules of each liquid crystal align in a twisted 
fashion to form a 90° helix, each terminal face directed along the director film. 
When a polarizer is placed outside of each cell glass and twisted as above, the 
incident light to the top glass is twisted through 90° to come out through the 
bottom glass as illustrated in Fig. 6.9 A. Thus, the cell looks bright. When an 
electric field is applied to the cell, the inner liquid crystalline molecules align 
along the electric field. Thus, the incident light can no longer pass through the 
bottom glass. Thus the cell appears dark (Fig. 6.9 B). The principle discussed 
here is the one for a TN mode display device. The STN mode employs a 270° 

twist. 
Most nematic liquid crystalline molecules have a dipole moment along their 

long axis to have a positive dielectric anisotropy (+Ae), abbreviated as the Np 
type, whereas those which have a dipole moment perpendicular to the long axis 
of nematic liquid crystalline molecules are denoted as Nn-type materials and 
show a negative dielectric anisotropy (-Ae) [47-49]. When an Np-type com- 

Fig. 6.8. Typical nematic liquid crystals 
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Fig. 6.9. Switching principle of twisted nematic liquid crystals 

pound, e.g. 4-butyloxy-2,3-dicyanophenyl 4-pentylcyclohexanecarboxylate (see 
Fig. 6.10), is added to nematic liquid crystals, it often improves the quality of the 
display. However, the miscible amount of the compounds is limited mainly due 
to the steric perturbation by a cyano group. Replacement of cyano by fluorine 
is shown to improve this limitation [47-49]. Since fluorine is similar to hydro¬ 
gen in size and induces a large dipole, the fluorine-containing liquid crystals 
retain liquid crystallinity with much reduced viscosity. Although the Ae-values 
of the difluoro derivatives in Fig. 6.10 are not as large in absolute value as that 
of dicyano compounds, the difluoro compounds show a stable nematic phase 
[50]. In particular, 4-(4-propylcyclohexyl)cyclohexylmethyl 4-ethoxy-2,3-di- 
fluorophenyl ether has a nematic phase over a wide temperature range of 
62-154°C [51]. 

Fluorine introduced at an alkyl or alkoxy substituent of nematic liquid 
crystals raises the viscosity slightly as compared with the parent compound and 
tends to induce a smectic phase rather than a nematic phase. In contrast, 
fluorine introduced at a connecting group appears to stabilize the nematic 
phase and lower the viscosity as exemplified by the difluoro-frans-stilbene type 
compounds [52] in Fig. 6.11. To prevent photochemical isomerization, materials 

of the type l-(4-substituted cyclohexyl)-2-(4-su^stituted phenyl)-l,2-di- 
fluoroethene are now under development. 
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Cr 93 (N 64) Iso 

Ae -22 

Cr 13 N 29 Iso 

Ae -2.1 

Cr 51 N 63 Iso 

Ae -4.6 

Fig. 6.10. Liquid crystals with negative Ae 

Fig. 6.11. Liquid crystals with fluorines at a connecting group 

For Np-type liquid crystals, materials containing fluorine in lieu of a 
cyano group have been prepared but have found little application in TN 
and STN mode display devices. This is due to the poor solubility in the pre¬ 
vailing cyano-substituted materials. However, when a TFT mode liquid crystal 
display based on an active matrix was developed, fluorine-substituted materials 
were re-evaluated. The TFT mode drive allows fast switching, high quality, 
and full-colored displays. Materials needed for TFT displays should have a 
nematic phase over a wide temperature range, be driven at low voltage, and 
have high resistance (voltage holding ratio). The cyano-substituted materials 
are highly viscous and driven only at high voltage, although they have a 
large positive Ae value. Moreover, the voltage holding ratio of the materials 
tends to decrease upon a long period of UV irradiation, and ionic impurities 
in the director film are found to be incorporated into the materials. Accord- 
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ingly, the cyano-substituted materials are not suitable for TFT displays. 
Instead, fluorine-substituted materials have been shown to be appropriate, 
since they have a high voltage holding ratio, low viscosity, and appropriate Ae. 
Some typical materials used currently for TFT displays are shown in Fig. 6.12 
[53-57]. 

Monofluorobenzene with a 4-(fmns-4-propylcyclohexyl)cyclohexyl sub¬ 

stituent has a nematic phase between 88 and 159 °C with a Ae value of +4.8, 
whereas its difluoro derivative lowers the upper limits of both the nematic 
phase to 118°C and the melting point to 44 °C, increasing Ae to +5.3 with 
similar viscosity and birefringence. Although the trifluoro derivative has a 
larger Ae of +8.3, its nematic phase ranges only between 65 and 94 °C. Loss of 

Cr 88 N 159 Iso 

Ae +4.8 

Cr 44 N 118 Iso 

Ae +5.3 

Cr 65 N 94 Iso 

Ae+8.3 

Cr 64 N 89 Iso 

Ae +6.3 

Cr 48 N 52 Iso 

Ae+11.8 

Cr 39 N 62 Iso 

Ae +8.6 

Fig. 6.12. Liquid crystals for TFT displays 

F F 
V 

Cr 66 (N 29) Iso 

Ae+14.9 
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liquid crystallinity is observed also with 3,4,5-trifluoro-4'-[2-(trans-4-pro- 
pylcyclohexyl)ethyl]biphenyl. Introduction of fluorine at C-2 and/or C-6 also 
raises Ac, but the liquid crystallinity is again reduced. 

Fluorine functionalities such as a CF3, CF30 or a CHF20 group can 
also be introduced into liquid crystalline materials (Fig. 6.13). Although a 
CF3 group has a large dipole moment of 2.56 Debye and induces a large Ae, 
it induces also high viscosity and tends to cause a loss of liquid crystallinity. 
Thus, liquid crystals containing a CF3 group are not suitable materials. In 
contrast, those having a CF30 (0.36 Debye) or CHF20 group (2.46 Debye) 
have excellent liquid crystallinity and low viscosity. Accordingly, they, in com¬ 
bination with fluorine, are often employed in liquid crystalline materials for 

TFT displays. 

Cr 123 N124 1 

Ae+12.9 

Cr 39 SmB 68 N 149 Iso 

As +5.2 

Cr 51 SmX 69 N 172 Iso 

Ae+5.0 

Cr 36 N 129 Iso 

Ae+5.6 

Cr63N 115 Iso 

Ae +6.2 

Cr 33 N 144 Iso 

Ae+5.4 

Cr 63 N 130 Iso 

Ae+5.8 
F 

Fig. 6.13. Liquid crystals containing a CF3, CF30, or CHF20 group 
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6.3.2 

Ferroelectric Liquid Crystals 

In 1975, Meyer and co-workers were the first to prepare a chiral liquid crystalline 
compound, 2-methylbutyl 4-{4-decyloxybenzylideneamino}cinnamate (Fig. 6.14), 

and disclose that this compound exhibits ferroelectricity [58]. The ferroelectric 
compound has both a polar functional group and a chiral center to form a 
smectic C (SmC) phase, a tilted structure of a smectic A phase (SmA). 

Figure 6.15 shows the classification of liquid crystalline phases. The nematic 
phase has an order of one direction, namely rod-like molecules align so that all 
molecules face mostly in a single direction. If liquid crystals form a layer (two- 
dimensional order), a smectic phase is produced. If molecules align perpendi¬ 
cular to a layer, the phase is called SmA. When molecules are tilted from the 
normal layers, the resulting phase is called SmC. Further ordering such as a 

Fig. 6.14. First example of ferroelectric liquid crystals 

(Pseudo Hexagonal) 

SmBcryst -------- SmJ SmG 

(Herringbone Packing) 

(Tilt) 
SmE .- SmK ^ SmH 

Fig. 6.15. Classification of smectic phases 
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hexagonal structure gives smectic I, F, J, K, and H, etc. These higher ordered 
phases are not yet well understood. When liquid crystalline molecules are 
optically active, an asterisk is put after the name of the phase, e.g. N* and 

SmC*. These chiral phases form helical structures. 
In 1980, Clark and Lagerwall [59] discovered that ferroelectric liquid crystals 

have a memory effect and could be applied to fast switching devices. Since then, 
many attempts have been made at practical applications. Except for the SmC* 
phase, liquid crystals showing ferroelectricity are generally too viscous to be 
applied to display materials. Accordingly, ferroelectric liquid crystals are mostly 

used that have an SmC* phase. 
The switching model of ferroelectric liquid crystals is schematically il¬ 

lustrated in Fig. 6.16. Liquid crystalline molecules form a layer structure with a 
tilt. The tilt direction changes slightly between layers and thus helical structures 
along a normal of layers are produced. When these molecules are inserted in a 
cell of 2 pm thickness with a director film inside the surface, the molecules on 
each cell surface direct uniformly along the director film with a tilt. When an 
electric field E is applied to the cell, all the molecules tilt in one direction owing 
to the chirality and the dipole moment of each molecule. The total dipole 
moment perpendicular to the tilt is called spontaneous polarization (Ps). When 
the applied electric field is inversed, the tilt is also inversed. The time required 
for this change is several tens of milliseconds, about one hundredth of the 

loosing rate of the helical structure of SmC* liquid crystals. 
The response time (t) of ferroelectric liquid crystals is roughly proportional to 

the viscosity (q) of the material, the spontaneous polarization (Ps), and the electric 
field (E). Namely, x = q/(Ps • E). Therefore, chiral liquid crystalline materials having 
a large Ps and small q have been exploited extensively. Fluorine has played a key 
role in these materials, since fluorine-containing liquid crystals induce a relatively 
large dipole moment and little viscosity without loss of liquid crystallinity. 

Fig. 6.16. Switching model of ferroelectric liquid crystals 



204 Chapter 6 Fluorine-Containing Materials 

HF/Pyridine 1) TsCI 

HO. 2) ArOH, base 

F 

Cr 66 SmC* 76 SmA 83 N* 89 Iso 

66°C: Ps -64 nC/cm2, 2500 ps 

n-C8H170 
F 

Cr 61 (SmX 49) SmC* 62 SmA 71 Iso 

57°C: Ps -42 nC/cm2, 12 ps 

Scheme 6.3 

A synthesis of typical ferroelectric liquid crystals is shown in Scheme 6.3. 
Treatment of optically active 1,2-epoxyoctane with HF/pyridine gives optically 
active 2-fluoro-l-octanol. Fluorine is introduced at C-2 with inversion of con¬ 
figuration. Tosylation and nucleophilic substitution with a 4-substituted phenol 
derivative affords the target 2-fluorooctyloxyphenyl benzoate or -pyrimidine [60, 
61]. Both the compounds shown in Scheme 6.3 exhibit a SmC* phase with mode¬ 
rate values of Ps: -66 nC/cm2 (at 66 °C) or -42 nC/cm2 (at 57 °C), respectively. In 
addition, the benzoate derivative responds relatively slowly (x = 2500 ps) due pro¬ 
bably to a polar ester functional group. In contrast, the pyrimidine derivative 
responds very quickly with x = 12 ps. Both fluorine and a pyrimidine mesogen 
apparently contribute to the fast switching. This compound, and its derivatives, 
are used for the ferroelectric liquid crystalline displays marketed by Canon. 

Ferroelectric liquid crystals containing a 3- or 4-fluoroalkoxyl group also 
respond fast and have a high Ps value. Examples are shown in Fig. 6.17. 
Generally, the Ps value of such a ferroelectric liquid crystalline molecule 
changes inversely proportionally to the distance between a fluorine-substituted 
carbon and a mesogen or an ethereal oxygen [62]. This trend is seen also in 

bis(alkoxyphenyl)pyrimidines but less obviously. The noteworthy effect of 
fluorine at a position remote from an ethereal oxygen is characterized by a wide 
liquid crystalline temperature range, low viscosity, and thus high practicability. 

When fluorine is introduced at C-3 of an alkyl side chain, the resulting 
materials (see Fig. 6.18) show less liquid crystallinity and induce smaller Ps. 
However, upon mixing in a smectic liquid crystal, the resulting mixture responds 
equally or faster. Thus, the viscosity of 3-fluoroalkyl-substituted phenylpyrimi- 
dines appears to be extremely low. In addition, when the sign of Ps of 3-fluoro¬ 

alkyl-substituted phenylpyrimidine and 2-fluoroalkoxy-substituted phenylpy- 
rimidine is the same, the direction of the helices in the chiral nematic phases 
compensates. Taking advantage of these properties, phenylpyrimidine with both 
of the fluorinated substituents has been prepared as a practical material which 
allows the control of the helical pitch of nematic phases [63,64]. 
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F 

F 

F 

Fig. 6.18. Ferroelectric liquid crystals with a fluoroalkyl group 
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In order to enhance the value of Ps, more fluorines, or fluorine combined 
with a different polar group, are introduced. Hereby, the value of Ps depends on 
the stereochemistry of carbons bearing a polar functional group. For example, 
a (2£,3P)-2,3-difluorohexyloxy-substituted phenylpyrimidine derivative, upon 
mixing (doping) by 5 wt% in an achiral host, induces a fairly large Ps of 
8.9 nC/cm2, whereas its (2S,3i?)-isomer induces only 1.5 nC/cm2 (Fig. 6.19). The 
dipoles of the two fluorines in the (2JR,31?)-isomer should direct parallel, but 
those of the (2S,3P)-isomer appear to compensate each other [65-67]. Similar 
stereochemical dependency is observed with 2-fluoro-3,4-epoxynonyl-sub- 
stituted phenyl benzoates [68, 69]. A syn-isomer exhibits a large value of Ps, 
whereas an cmfz'-epoxyfluorononyl derivative shows a relatively small Ps. 

Optically active 2-fluoroalkanoic acids are readily available by diazonization- 
fluorination of amino acids [70] or by oxidation of 2-fluoro-l-alkanols derived 
from optically active 1-alkene oxides, and thus are used for the synthesis of 
ferroelectric liquid crystals (Scheme 6.4) [71-73]. 

F 

Ps +1.5 nC/cm2 (5 wt% in host) 

Fig. 6.19. Fluorine-containing ferroelectric liquid crystalline compounds with large Ps 

R 

NH2 T 
^COOH 

HF/pyridine 

NaN02 

F 

R^COOH 

HF-amine 

or SiF4 RxF 
R * COOH 

Scheme 6.4 
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Phenyl 2-fluorononanoate responds, in spite of a viscous polar ester group, 
as fast as the 2-fluorooctyloxy-substituted phenylpyrimidine in Scheme 6.3. 

The effect of an additional methyl group is positive in enhancing Ps as seen in 
(4-biphenylcarboxy)phenyl esters (Fig. 6.20): a 2-fluorohexanoate ester showed 
56 nC/cm2, and 2-fluoro-2-methylhexanoate ester 90 nC/cm2, much larger than 

n-Ci0H2i' 

Cr 57 (SmX 32 SmC* 45) Iso 

40°C: Ps 44 nC/cm2, 13 ps 

Fig. 6.20. Fluorocarboxylate-type ferroelectric liquid crystals 



208 Chapter 6 Fluorine-Containing Materials 

a fluorine-free derivative or a trifluoromethyl counterpart. In a derivative 
having both fluorine and a trifluoromethyl group, a dipole of each group is 
offset to induce a net small Ps. The type of core mesogen also influences the 
value of Ps. For example, a diazaterphenyl ester of 2-fluoro-2-methylhexanoic 
acid induces 269 nC/cm2, one of the top class data among fluorine-containing 
liquid crystals [74]. 

Use of a (S)-2-fluorohexyloxy group at the other end of the diazaterphenyl 
(S)-2-fluoro-2-methylhexanoate further enhances Ps to over 600 nC/cm2 
(Fig. 6.21), as dipoles induced by two chiral fluorine-containing substituents are 
arranged favorably. The success is totally based on systematic structural ana¬ 
lysis and molecular design [74]. In contrast, its (JR,S)-diastereomer prepared for 
comparison exhibits unexpected phase transitions. The (I?,S)-diastereomer, 
upon heating, changes in the order Cr —> SmX —»IsoX —> IsoLiq and, upon 
cooling, IsoLiq—>SmC*—> IsoX—> SmX—>Cr, where IsoX represents an un¬ 
identified isotropic liquid crystalline phase; SmX, an unidentified smectic 
phase, IsoLiq, a totally isotropic liquid phase. It should be noted that, in sharp 
contrast to low molecular weight liquid crystals that show the same series of 
phase transitions upon heating and cooling except for a liquid crystal phase 
appearing by supercooling (called monotropic phase transition), the (R,S)-dia- 
stereomer shows a totally different series of phase transitions on heating and 
cooling. The IsoX phase, having no precedents, is a stable phase with over a 
10°C temperature difference between IsoX—>IsoLiq and IsoLiq —>SmC* or 
SmC* ->IsoX, and the transition of SmC* -»IsoX is irreversibly endothermic. 
Although the (S,S)-diastereomer alone does not exhibit such an IsoX phase, 
its racemic form, namely a 1:1 mixture of (S,S)- and (tf,,R)-diastereomers, 
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does show the IsoX phase. Thus, chiral recognition by two fluorine atoms on 
two substituents is apparently operating to behave thermally in a quite different 
way. 

6.3.3 
Antiferroelectric Liquid Crystals 

Liquid crystals that show antiferroelectricity respond quickly enough to be 
promising materials for future displays. In 1989, Fukuda and Takezoe observed 
that (jR)-4-(l-methyl/zexyloxycarbonyl)phenyl 4'-octyloxybiphenyl-4-carboxy- 
late (MHPOBC) (Fig. 6.22) switched in a manner different from ferroelectric 
liquid crystals, disclosed that it was antiferroelectric, and proposed a display 
device using antiferroelectric liquid crystals [75]. 

Antiferroelectric liquid crystals form a layer structure like ferroelectric 
liquid crystals, but with alternate tilting, as illustrated in Fig. 6.23. This layer 
structure is called anticlinic and offsets the dipole moment of each layer. When 

Cr 73 SmCA* 118 SmCy 119 SmC* 121 SmCa 122 SmA 148 Iso 

Fig. 6.22. MHPOBC 

Fig. 6.23. Switching model of antiferroelectric liquid crystals 
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an electric field is applied, however, the liquid crystalline molecules align uni- 
directionally as do ferroelectric liquid crystals. Thus, the molecules respond as 
fast as ferrelectric liquid crystals. However, because compounds showing an 
antiferroelectric phase (SmCA) are limited to those in Fig. 6.23 and their deriva¬ 
tives, and no appropriate host liquid crystals of low viscosity are available, the 
dopant method common with ferroelectric liquid crystals is not applicable. 
Moreover, as no principle for molecular design is available for antiferroelectric 
liquid crystals, synthetic studies on antiferroelectric liquid crystals are not easy. 

Although one or two fluorines introduced at C-l of a 2-octanol moiety do not 
induce an SmCA phase, the ester (TFMHPOBC, Fig. 6.24) of l,l,l-trifluoro-2- 
octanol exhibits an SmA and an SmCA phase but not an SmC* [76]. Probably an 
electrostatic repulsion between the CF3 and COO groups induces a conforma¬ 
tion appropriate to an SmCA phase. 

Thus, a conformational change appears to be crucial for inducing an SmCA* 
phase. Additional introduction of a methyl group at C-3 is remarkable: a 
(2.R,3S)-l,l,l-trifluoro-2-octanol ester exhibits a stable SmCA phase, whereas 
its (2S,3S)-diastereomer also showed SmC* (Fig. 6.24). The (2.R,3S)-isomer 
stabilizes a bent conformation pertinent to SmCA [77-80]. 

n-C8H1yO 

n-CgHiyO 

n-CsHiyO 

n-CsHi/O 

n-C8H170 

SmA - SmC* 

SmA - SmC* 

SmA - SmCA* 

SmA - SmCA* 

SmA - SmC* - SmCA* 

Fig. 6.24. Fluorine-containing antiferroelectric liquid crystals 
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n = 7 Cr 145 SmCA* 179 Iso 
n = 8 Cr 154 SmC* 166 SmA 173 Iso 
n = 9 Cr 145 SmCA* 169 Iso 
n = 10 Cr 140 SmC* 158 SmA 166 Iso 
n = 11 Cr 125 SmCA* 161 Iso 

Fig. 6.25. Dimeric models of TFMHPOPC 

A steric effect also operates to form antiferroelectric liquid crystals. Thus, 
dimeric liquid crystals are prepared, each fluorine-functionality being con¬ 
nected by a (CH2)n group (Fig. 6.25). Depending on an odd or even number of 
n, the dimeric liquid crystal stabilizes an SmCA' or SmC* phase [81]. 

Antiferroelectric liquid crystals other than MHPOBC and its derivatives 
are very rare. However diazaterphenyls, 3-(4-alkoxyphenyl)-4,4,4-trifluorobutyl 
ethers (Fig. 6.26) (m = 1 - 6), have been recently shown to exhibit a SmC^ phase 
over a wide temperature range [82]. 

It is obvious that fluorine plays a key role in the fluorine-containing nematic, 
ferroelectric, and antiferroelectric liquid crystals reviewed above. Future 
progress in this field will definitely be made by the novel design and synthesis 

of fluorine-containing chiral molecules. 

Fig. 6.26. New antiferroelectric liquid crystals 
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6.4 
Fluorine-Containing Polymers 

6.4.1 

Brief History 

The history of fluoropolymers began in the late 1930s with the synthesis of low 
molecular weight polychlorotrifluoroethylene (PCTFE) [83] and with the ac¬ 
cidental discovery of high molecular weight polytetrafluoroethylene (PTFE) 
[84]. The discovery of PTFE, i.e. Teflon, by Plunkett has been frequently cited as 
scientific serendipity. When he experimented the synthesis of a new refrigerant 
with tetrafluoroethylene (TFE), he found a white solid was produced un¬ 
expectedly in the steel cylinder and within a few days recorded in his notebook 
remarkable properties such as thermal behavior and chemical stability in ad¬ 
dition to basic ones including elemental analysis. 

Fluorinated polymers have been widely used in industry as thermo¬ 
plastics, elastomers, membranes, textile finishes, coatings, and functional 
materials based on their unique combinations of properties [85, 86]. In 
particular, highly fluorinated polymers exhibit high thermal stability, low 
dielectric constant, low moisture absorption, excellent weatherability, 
low flammability, low surface energy, and outstanding resistance to most 
chemicals. A brief history of the commercialization of fluoropolymers is shown 
in Table 6.9 [87], 

Table 6.9. Chronology of fluoropolymers 

Period Major development 

1930-1940 The era of -(CF2-CF2)n-(PTFE),-(CF2-CFCl)n-(PCTFE) 

-(CH2-CF2)n-(PVdF),-(CH2-CHF)n-(PVF) homopolymers 

1950-mid 
1970s 

The era of 
copolymers -(CF2-CF2)x-(CF(CF3)-CF2)y-(FEP) 

-(CF2-CF2)x-(CH2-CH2)y-(ETFE) 

-(CF2-CF2)x-(CF2-CF(OC3F7))y-(PFA) 

Resins 

Elastomers 

-(CH2-CF2)x-(CF(CF3)-CF2)y-(FKM) 

-(CH2-CF2)x-(CF(CF3)-CF2)y-(CF2-CF2)z-(FKM) 
-(CF2-CF2)x-(CH(CH3)-CH2)y-(TFE-P) 

-(CF2-CF2)x-(CF2-CF(OCF3))y-(TFE-PMVE) 
Rf-containing acrylate copolymers 

mid 1970s The era of 
functional polymers 

Ion-exchange membranes 

Ambient-curable paint resins 

-(CF2-CFX)x-(CH2-CH(OR))y- 

Thermoplastic elastomers 

Cyclopolymers 
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The majority of commercial homopolymers are produced from only four 
monomers: tetrafluoroethylene (TFE), chlorotrifluoroethylene (CTFE), vinyl 
fluoride (VF), and vinylidene fluoride (VdF) (abbreviations are listed in 
Table 6.10) [88, 89]. Perfluorinated polymers are prepared by a free-radical 
polymerization reaction in water or in a fluorinated solvent. The physical 
properties of the fluoromonomers are summarized in Table 6.11. Fluorinated 
monomers, with the exception of perfluoro(propyl vinyl ether) (PPVE), are 
colorless and show relatively low toxicity with lethal concentrations ranging 
from about 1000 ppm for CTFE to 800,000 ppm for VF and VdF. In contrast, 
perfluoroisobutylene is extremely toxic (several ten times more toxic than 
phosgene), and thus even a trace amount of such a contaminant must not be 
neglected. The fluoromonomers are in general flammable except for hexa- 
fluoropropylene (HFP). In particular, TFE homopolymerizes exothermically 

Table 6.10. Abbreviations 

CTFE chlorotrifluoroethylene 

ECTFE ethylene-chlorotrifluoroethylene copolymer 

ETFE ethylene-tetrafluoroethylene copolymer 

FEP fluorinated ethylene-propylene; tetrafluoroethylene-hexafluoropropylene 

copolymer 

HFP hexafluoropropylene 

HFPO hexafluoropropylene oxide 

PCTFE poly( chlorotrifluoroethylene) 

PFA perfluoroalkoxy copolymer; tetrafluoroethylene-perfluoro(propyl vinyl ether) 

copolymer 

PPVE perfluoro(propyl vinyl ether) 

PTFE poly(tetrafluoroethylene) 

PVdF poly(vinylidene fluoride) 

PVF poly(vinyl fluoride) 

TFE tetrafluoroethylene 

VdF vinylidene fluoride 

VF vinyl fluoride 

Table 6.11. Properties of fluorinated monomers 

Monomer MW Boiling point 

(°C) 

Melting point 

(°C) 

Critical temp 

(°C) 

Critical pressure 

(mPa) 

TFE 100.02 -75.6 -142.5 33.3 3.82 

HFP 150.02 -29.4 -156.2 86.2 2.75 

PPVE 266.04 36.0 432.6 1.9 

CTFE 116.47 -28.4 -158.2 105.8 3.93 

VF 46.04 -72.2 -160.5 54.7 5.43 

VdF 64.03 -82.0 -144.0 30.1 4.29 
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and sometimes undergoes a violent disproportionation reaction to afford CF4 

and carbon. Since it can form a peroxide by reacting with oxygen violently, it 
must usually be stored with an inhibitor that is removed before the poly¬ 
merization reaction. CTFE is less reactive than TFE but explosively forms per¬ 
oxides and oxygenated products. VF and VdF can be handled and stored in the 
absence of an inhibitor. HFP and PPVE homopolymerize only under forcing 

conditions. 

6.4.2 

Monomer Synthesis * 

The chemistry of fluorinated olefins originates from the pioneering work of 
Swarts near the end of the 19th century. He reacted perchlorinated hydrocarbons 
with HF and obtained variously chlorine- and fluorine-substituted carbons [90, 
91]. The substitution reaction not only allowed the synthesis of fluorinated 
alkanes but also provided the precursors of fluorinated alkenes [92-94]. 

CnCl2n+2 — Cn^bn+2-aFa (6.1) 
Sb cat. 

Tetrafluoroethylene (TFE). TFE is one of the most important raw materials for 
the production of fluorinated carbon polymers. TFE is prepared by dehalo- 
genation of 1,2-dichlorotetrafluoroethane or 1,2-dibromotetrafluoroethane. 
TFE is manufactured by the pyrolysis of chlorodifluoromethane at 
600- 900 °C (Eq. 6.2) in the gas phase neat or by using steam or an inert gas 
as a diluent [95], or by pyrolysis with steam and alumina at 150°C (Eq. 6.3) 
[96]. The reaction probably proceeds through the formation and dimeriza¬ 
tion of difluorocarbene, giving TFE in yields of more than 95%. TFE should 
be stored with an oxygen contamination of less than 0.002%. Addition of 
an inhibitor like limonene allows storage for several months at room tem¬ 

perature. 

2 CHCIF2 -_ F2C=CF2 + 

CHCIF2 + H20-—-► 
AI2O3 

f2c=cf2 + f2c=cfcf3 

TFE HFP 

Hexafluoropropene (HFP). HFP is co-produced during the synthesis of TFE 
using steam and an alumina catalyst. HFP is also prepared by pyrolysis of 
TFE at 700-900°C under reduced pressure [97]. 

-_- 2 F2C=CFCF3 

HCI (6.2) 

F, F 
fA^-F 

(6.3) 

3 F2O—OF2 

700-900 °C 
(6.4) 
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CF3CF=CF2 
[O] f3c, a 

'CF—CF 2 

Scheme 6.5 
CF3CF2CF2OCF=CF2 

Perfluoro(propyl vinyl ether) (PPVE). PPVE is prepared in three steps from HFP 
as illustrated in Scheme 6.5 [86]. HFP is oxidized to hexafluoropropylene 
oxide (HFPO) by reaction with oxygen, hypochlorite, or hydrogen peroxide 
in an alkaline media or, alternatively, by electrochemical oxidation. HFPO 
rearranges and then dimerizes in the presence of an alkali metal fluoride 
catalyst to give acid fluoride, CF3CF2CF2OCF(CF3)COF, which is converted 
into PPVE by passing it through a pad of alkali metal carbonate or phos¬ 
phate at 75-300°C. 

Chlorotrifluoroethylene (CTFE). CTFE is prepared by dehalogenation of 1,1,2- 
trichloro-l,2,2-trifluoroethane (CFC-113) or l,2-dibromo-l-chloro-l,2,2-tri- 
fluoroethane. Dehalogenation of CFC-113 is achieved using zinc in metha¬ 
nol [98], or in the vapor phase using aluminum fluoride/nickel phosphate 
[99] or a metal oxide in the presence of molecular hydrogen [100]. 

CF2CICFCI2 -Zn ► F2C=CFCI + ZnCI2 (6.5) 

Vinyl Fluoride (VF). VF, one of the fluorinated olefins with hydrogen atoms, is 
prepared directly from acetylene in the presence of a mercury catalyst 
[101], or by the addition reaction of two moles of HF to acetylene to give 
1,1-difluoroethane and subsequent elimination of HF (Scheme 6.6) [102]. 

Vinylidene Fluoride (VdF). VdF is produced by the dehydrochlorination re¬ 
action of 1-chloro-1,1-difluoroethane at temperatures of 700-900 °C in the 
gas phase [103]. The elimination reaction can also be carried out at high 

temperatures in the presence of a copper catalyst. 

CH3CF2CI -► H2C=CF2 + HCI (6.6) 

General Properties. The functional properties of fluorinated polymers are 
strongly related to the number of fluorine atoms. PTFE, PVdF, and PVF are 
fluorinated forms of polyethylene (PE, -(CH2-CH2)n-). Typical properties of 

HOCH + HF 
Hg 

H2C=CHF 

Scheme 6.6 ch3chf2 
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Table 6.12. Properties of fluorinated polymers 

PTFE PVdF PVF PE 

Fluorine content (%) 76 59.3 41.3 0 

Refractive index 1.35 1.42 1.46 1.51 

Critical surface tension (mN/m) 18.5- 25 28 31 

Friction coefficient 0.04 0.30 0.30 0.33 

Dielectric constant 2.1 8 9 2.3 

these polymers are summarized in Table 6.12. Their refractive index and 
critical surface tension, that correspond closely to both the hydrophobic and 
oleophobic character, are roughly inversely proportional to the fluorine con¬ 
tent. Worthy of note is that the friction coefficient of PTFE is characteristi¬ 

cally low. 
Also noteworthy is that polymethacrylate containing a CH2CH2C7F15 al¬ 

coholic part has a critical surface tension of 11 mN/m, although its fluorine con¬ 
tent is 59%, almost the same as PVdF which exhibits a critical surface tension 
of 25 mN/m (Fig. 6.27). Thus, the properties of fluorinated polymers depend not 
only on the fluorine content but also on the molecular structure. 

Fig. 6.27 

—[CH2C(CH3)]n— 

COOCH2CH2C7F15 

6.4.3 

Fluoroplastics 

PTFE: —(CF2-CF2)n—• PTFE with a high molecular weight was prepared for the 
first time by the polymerization of TFE in the presence of ZnCl2 or AgN03. 
Polymerization of TFE for commercial production is typically done under 
the conditions of 1-6 MPa at 70-120°C with a water-soluble radical ini¬ 
tiator, e.g. ammonium persulfate [104]. There are two different polymeriza¬ 
tion processes, depending on how much dispersing agent is used and to 
what extent agitation is applied. The first one is the suspension poly¬ 
merization process with a little or no dispersing agent and vigorous agita¬ 
tion to produce a coagulated granular resin. The second one is dispersion 
polymerization, which uses an emulsifying agent, such as ammonium per- 
fluorooctanoate, under gentle agitation. This process gives a stable aqueous 
dispersion of small polymer particles which is prevented from coagulation 
during the polymerization by addition of a hydrocarbon wax. The amount 
of emulsifying agent in the dispersion process is usually less than its criti¬ 
cal micelle concentration. Thus, the process is not a typical emulsion poly¬ 
merization [86, 105]. 

PTFE is a linear homopolymer of TFE with a repeat unit of -(CF2CF2)-. The 
one with an extremely high molecular weight exhibits a high degree of crystal- 
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linity: melting point, 327 °C and glass transition temperature, 130°C. PTFE has 
a helical conformation with a torsion period of thirteen carbons each at a 180° 
angle below 19 °C, in contrast to the planar zigzag structure of polyethylene (cf. 
Chap. 6.1). 

Amongst all solid materials PTFE is an excellent insulator with a high di¬ 
electric strength and the lowest dielectric constant of 2.1. It exhibits a low sur¬ 
face energy and low friction coefficient against other materials. Thus, PTFE is 
used for anti-stick. The chemical stability of PTFE is extremely high: PTFE is 
inert to almost all chemicals and solvents. It even tolerates fuming H2S04, cone. 
H2S04 at 300 °C, and 50% NaOH at 100°C. 

Because of the extremely high viscosity of the melt (ca. 1011 poise at 380 °C), 
the conventional melt processing technique is not applicable to PTFE. Three 
methods have been developed for preparing shaped objects: sintering for 
granular resins from suspension polymerization, dispersion coating, or paste 
extrusion of fine powders produced by the dispersion polymerization. 

PCTFE: — (CCIF-CF2)n—- Polymerization of CTFE was patented in 1936 [106]. 
PCTFE is a linear homopolymer prepared by a free-radical polymerization 
of CTFE [86]. Its melting point is 210 °C, and its relative density falls in the 
range 2.08-2.19. Although it exhibits better mechanical properties and melt 
processibility than PTFE, PCTFE is inferior in thermal, electrical, and 
chemical properties. PCTFE is stable to most chemicals, but is attacked by 
some organic amines, powerful nucleophiles, and strong reducing agents. 
PCTFE is used for molded parts in chemical process equipment, and cryo¬ 
genic applications, such as gaskets, seals, tubes, linings, and electrical in¬ 
sulators. Its films are applied to package air- and moisture-sensitive mate¬ 

rials, such as pharmaceuticals and electronic equipment. 
PCTFE is manufactured by an aqueous suspension process or an emulsion 

process using an organic or water-soluble initiator. The aqueous suspension 
polymerization needs a redox initiator such as an alkali metal persulfate or 
bisulfite in combination with an accelerator like iron or copper. A perfluoro- 
octanoic acid salt is also used as an emulsifying agent. Polymerization con¬ 

ditions are similar to those for PTFE. 

PVF: -(CH2-CHF)n-. Since VF is a less reactive monomer, its polymerization 
requires severe conditions. PVF was first prepared in a toluene solvent at a 
pressure as high as 600 MPa [107]. The polymerization conditions were 
later improved and the process is now carried out in an aqueous medium 
at temperatures of 50-165°C and pressures of 100 MPa or below by UV ir¬ 
radiation or with a free-radical initiator including an acyl peroxide, 
peroxyammonium sulfate, or a water-soluble azo compound. Trialkylborane- 
oxygen or a modified vanadium-aluminum Ziegler-Natta catalyst is also 

used as the initiator [108, 109]. 
PVF normally has a melting point of 185-210 °C and forms a semicrystalline 

polymer with an atactic and planner zigzag structure [86]. PVF is insoluble in 
organic solvents, resistant to acids and bases below 100 °C, but becomes soluble 
in polar solvents at higher temperatures [87]. A melt technique such as injection 
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molding for the processing cannot be applied, as PVF is thermally labile above 
its melting point. Films are prepared by an organosol technology that involves 
mixing with a solvent, pigments, and stabilizers. PVF is mainly applied to films, 
including PVF-clad metal and plastic laminates such as the exterior cladding of 

tall buildings. 

PVdF: —(CH2-CF2)n—. PVdF, prepared by a free-radical initiated polymerization 
in an aqueous suspension or emulsion, is a linear, semicrystalline polymer 
with a repeat structure consisting mostly of a head-to-tail monomer unit, 
and has excellent physical and chemical properties based on an inter- 
molecular force through the H-F hydrogen bonds. Initially, a high pressure 
of 30 Mpa was required for the polymerization, but current processes 
employ moderate pressures (1-10 MPa) and temperatures (10-50°C). PVdF 
melts in the range 155-192°C and has four crystal structures, such as the a 
(phase II) and the p (phase I) [86]. The a-form is thermodynamically the 
most stable phase and its main chain conformation is trans-gauche to mini¬ 
mize the steric interaction between fluorine and adjacent hydrogen atoms. 
The (3-phase is attributed to the mechanical deformation (stretching or 
drawing) of the melt crystallized polymer and exhibits an all-frans planar 
zigzag conformation with fluorine atoms on one side and hydrogen atoms 
on the other. 

PVdF is resistant to inorganic acids and bases, alcohols, and hydrocarbons, 
but is soluble in polar solvents, such as ketones and diethyl ether, and highly 
miscible in N,N-dimethylformamide, dimethyl sulfoxide, and acetone. 

The mechanical properties of PVdF are superior to PTFE and PCTFE. A 
major use of PVdF is as a weather-resistant coating for metal in architectural 
applications. The piezoelectric and pyroelectrical properties of PVdF films in 
the P-form have recently found more applications [110]. 

Perfluorinated Copolymers. Although PTFE has many desirable properties 
as a material, its high melt viscosity prevents wide application. Endowment 
with a melt viscosity low enough for conventional processing is ac¬ 
complished by copolymerization with a perfluorinated comonomer. Thus 
melt processability and degree control of crystallinity for desirable mecha¬ 
nical properties are improved to allow injection molding and ex¬ 
trusion. HFP and PPVE are comonomers and their random copolymers 
with TFE are called FEP (fluorinated ethylene propylene) and PFA (per- 
fluoroalkoxy copolymer), respectively (Fig. 6.28). The comonomer content in 
FEP is about 10-12% and that of PFA is 2-4%. Thus the large perfluoro- 
propoxy group in the PPVE unit is efficient for reducing the crystallinity 
of PTFE. 

(CF2-CF2)m-(CF2-CF)n- 

Fig. 6.28 FEP PFA 

OC3F7 
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TFE and HFP or PPVE are copolymerized in aqueous or nonaqueous media 
[86]. The aqueous process is similar to the dispersion polymerization of TFE 
using a dispersing agent such as ammonium perfluorooctanoate, and a water- 
soluble free-radical initiator like ammonium persulfate. The nonaqueous 
polymerization employs the initiator perfluoropropionyl peroxide in a fluori- 
nated solvent at relatively low temperatures (30-60°C). FEP is generally pro¬ 
duced in an aqueous system; PFA is prepared either in aqueous or nonaqueous 
media. 

PFA has a reactive end group such as -COOH or -COF when prepared in 
aqueous or nonaqueous media, respectively. The end group is usually converted 
to an ester or amide functionality. Otherwise, bubble formation and/or dark 
coloration may occur during the high-temperature processing. For use in 
electronics, the reactive group can be transformed to a stable CF3 group by 
treatment with elemental fluorine [111, 112]. 

Partially Fluorinated Copolymers. ECTFE (ethylene-chlorotrifluoroethylene co¬ 
polymer) is prepared from the corresponding two monomers, in a nearly 
alternating and 1:1 molar ratio, usually under free-radical conditions in an 
aqueous, organic, or mixed system. A peroxide is used as the initiator. A 
combination of trialkylborane and oxygen improves the degree of alter¬ 
nation and allows the copolymerization to be performed at very low tem¬ 
peratures (<10°C). ECTFE is a semicrystalline polymer with a zigzag struc¬ 
ture which melts at 240 °C. The mechanical properties of ECTFE are slightly 
better than ETFE. Salient features of ECTFE are excellent weatherability and 
barrier properties against water vapor and various gases. 

ETFE (ethylene-tetrafluoroethylene copolymer), a linear copolymer con¬ 
sisting of a nearly 1:1 molar ratio of the two monomers, is produced by a free- 
radical suspension polymerization in an aqueous or mixed medium. ETFE is a 
semicrystalline polymer with a zigzag structure and a melting point of 275 °C. 
ETFE is mainly used for the jacketing and insulation of electric cables. In 
particular, high viscosity grades of ETFE, crosslinked materials made by 
radiation to cause simultaneous cleavage of polymer chains and intermolecular 
crosslinking, are applied to insulation against heat sources. ETFE films are used 
to provide tough and flexible windows in greenhouses due to their high trans¬ 

parency to both UV and visible light. 

Amorphous Perfluoroplastics. Amorphous perfluoroplastics, which conserve the 
special advantages in electrical, chemical, and thermal properties of per- 
fluoropolymers, provide high optical clarity. Examples are Cytop and Teflon 
AF (Fig. 6.29). Cytop is produced by the cyclopolymerization of a linear 

,(CF2)y 

-CF2-CF iV 
o- 

CF-(CF2)z 

-(CF2)x / 

—(CF2-CF^CF—CF-^ 

°X° 
Teflon® AF F3C CF3 Fig. 6.29 Cytop 
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Fig. 6.30 

perfluorodiene of the general structure CF=CFO(CF2)nCF=CF2 [113]. Teflon 
AF is a copolymer of TFE and a cyclic monomer, perfluoro-(2,2-dimethyl- 
1,3-dioxole), available in four steps from hex'afluoroacetone and ethylene 
oxide [114]. The polymer has found applications in antireflective coatings, 

dielectric interlayers, and optical fibers. 
A similar cyclic monomer and its trifluoromethoxy-substituted derivative 

have recently been reported (Fig. 6.30) [115]. 

6.4.4 

Fluoroelastomers 

Of all the elastomers, fluoroelastomers have the highest thermal stability, 
resistance to fluids, chemical stability, and weather resistance, and are used 
primarily as sealants in aircraft, aerospace, automotives, and for chemical, 
petroleum, and energy plants. Fluoroelastomers lack crystallinity but have 
permanent three-dimensional networks by a curing or vulcanization cross- 
linking process, preserving a rubber-like elasticity [116,117]. 

Fluoroelastomers are classified into three groups: fluorocarbon elastomers, 
fluorosilicones, and fluoroalkoxylated poly(phosphazenes) (Fig. 6.31). While 
fluorocarbon elastomers are carbon-chain polymers, fluorosilicones and 
fluoropoly(phosphazenes) are constructed from inorganic backbones. 

VdF-HFP Copolymers. VdF-HFP copolymers are prepared by a free-radical 
emulsion polymerization using potassium persulfate or ammonium persul¬ 
fate as initiator. Aqueous emulsion polymerizations are generally operated at 
5-15 MPa and 60-120°C. When necessary, a perfluorinated carboxylate salt 
inert to the highly reactive fluorocarbon radicals in growing polymer chains 
is used as the emulsifying agent. Commercial elastomers made from VdF 
and HFP consist of an 80:20 molar ratio of the two key monomers. Elasto¬ 
mers of VdF/HFP/TFE are made in a molar ratio of 60:15-25:25-15. About 
one HFP unit for every 2-4 moles of the other monomers is required to 
prevent crystallization. 

In order to obtain useful properties, fluoroelastomers need to be crosslinked 
by curing (vulcanization) with bisphenols, diamines, or peroxides. A typical 
example is Viton that is crosslinked with bisphenol AF [2,2-bis(4-hydro- 
xyphenyl)hexafluoropropane], as described in Scheme 6.7. Bisphenol AF does 
not react with the polymer in the absence of an accelerator. The accelerator is, 
in general, an organic phosphonium salt or a tetraalkyl ammonium salt as com¬ 
bined with a metal oxide, or magnesium oxide/potassium hydroxide. A bis- 
phenolate ion is a strong base that can abstract hydrogen fluoride from the 
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Fluorocarbon Elastomers 

-(CH2-CF2)m-(CFg-CFfc 

CF3 

VdF-FIFP copolymer 

(CH2-CF2)i-(CF2-CFfe— (CF2-CF2);r- 

CF3 

VdF-FlFP-TFE copolymer 

-(CF2-CF2)m-(CH2-CH)^ 

ch3 

TFE-propylene copolymer 

(CF2-CF2)i-(CH2-CH)j^ (CH2-CF2)h 

ch3 

TFE-propylene-VdF copolymer 

-(CF2-CF2)m-(CF2-CF)h— 

OCF3 

TFE-perfluoro(alkyl vinyl ether) copolymer 

Fluorosilicones Fluoroalkoxylated poly(phosphazenes) 

CH3 

CH2CH2CF3 

Fig. 6.31 

OCH2CF3 

OCH2CF2CF2CF2CF2H 

polymer backbone to afford finally a diene, which then reacts with the bi- 
sphenol to give the crosslinked network successively. A suggested mechanism is 

also illustrated in Scheme 6.7 [117]. 
Proposed mechanisms for the curing with diamines and peroxides are shown 

in Schemes 6.8 and 6.9, respectively. Diamine curing to afford elastomers of 
high strength was a predominant method for crosslinking before bisphenol 
curing was introduced in the late 1960s. Hexamethylenediamine and a metal 
oxide (MgO, CaO) as an acid acceptor to neutralize coproduced hydrogen 
fluoride are commonly used. Initially, hydrogen fluoride is eliminated from the 
polymer chain by the amine to give a fluoroolefin moiety which is attacked by 

the diamine to form a highly crosslinked network. 
The peroxide curing needs a third monomer (often called a cure-site mono¬ 

mer) such as l-bromo-2,2-difluoroethylene. The bromine atom of the resulting 

elastomeric terpolymer is pulled off by an oxy radical to give a free-radical site 
in the polymer backbone. The radical then reacts with a crosslinking co-agent 
trially isocyanurate (TAIC) to form a network (Scheme 6.9). The resulting 

elastomer is superior in fluid resistance. 

TFE-Propylene Copolymers. TFE copolymerizes with propylene in an almost 
alternating manner to give a fluoroelastomer (Tg of -2°C) that possesses 
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good electrical, thermal, and chemical properties. The TFE-propylene co¬ 
polymers of high molecular weight (Mn 100,000-180,000) are manufactured 
by an emulsion polymerization with a modified redox system consisting of 
ammonium persulfate, ferrous sulfate, ethylenediamine tetraacetic acid, and 
a sodium hydroxymethanesulfinate initiator at room or slightly higher tem¬ 

peratures [118]. The polymers are cured by a peroxide-radical trap system 
similar to the curing of VdF-HFP copolymers but without a bromide or 
iodide agent. A proposed mechanism for the curing process is illustrated in 

Scheme 6.10. 

Fluorosiiicones. Fluorosilicones -[Si(CH3)(CH2CH2CF3)-0-]n- have Si-0 bonds 
in the main chain and a 3,3,3-trifluoropropyl substituent. They exhibit high 
thermal stability and weatherability and can be used over a wide tempera¬ 
ture range of between -60 and 200°C (see Fig. 6.31) [116]. The polymers 
are generally prepared by a ring-opening polymerization of a cyclic oligo¬ 
mer of trifluoropropyl methyl cyclosiloxane in the presence of a base 
catalyst. A small amount of methyl vinyl siloxane is added as a third co¬ 
monomer for the curing with a peroxide. Molecular weights of commercial 
fluorosilicones fall in the range of several 10,000-100,000. The polymers are 
inferior in thermal, mechanical, and chemical properties to other perfluoro- 

elastomers, but superior in resistance to fuel oils. 

Fluoropoly(phosphazenes). Fluorophosphazene elastomers are made of a back¬ 
bone of P—N bonds, exhibit good weatherability and resistance to fluids, 
and thus can be used over a wide temperature range -60 to 175°C [88, 
116]. The elastomers are prepared by a ring-opening polymerization of 
cyclic phosphazene [PC12=N]3 at high temperatures followed by substitution 
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Scheme 6.11 OCH2(CF2)3CF2H 

reactions with two fluoro alcohols, HOCH2CF3 and HOCH2CF2CF2CF2CF2H 
(Scheme 6.11). A small amount of an unsaturated alcohol may be intro¬ 
duced to effect peroxide or irradiation curing. 

6.4.5 

Fluoropolymer Coatings 

Because of their special surface properties towards a variety of materials, 
fluoropolymers offer several advantages as coatings [116, 119]. Those of high 
crystallinity, particularly PTFE, PVdF and ETFE, are the sole polymers 
employed for aqueous or nonaqueous dispersion coatings and powder coatings 
mainly for the purpose of anti-stick and anti-corrosive application. The dis¬ 
advantages of fluoropolymers in paints and coatings are their poor solubility in 
common organic solvents and their high baking temperature (>250°C). 

PTFE coatings furnish the optimum effect in relation to such special prop¬ 
erties as nonstick and good lubricity and thus are extensively used in house- 
wares (nonstick cookware), food processing (bread and confectioneries), 
textiles (starching roll), and rubber and plastics machinery (molds and lamina¬ 
tion rolls). The major drawback of PTFE coating is caused by its very high melt 
viscosity at the baking (sintering) temperature (380 °C). 

PVdF, a crystalline polymer, is soluble in highly polar solvents and can be 
dispersed in a polar solvent such as dimethylformamide or dimethylacetamide. 
The resultant dispersion is baked at a temperature of 300 °C. PVdF paint is 
formulated by blending in 20-30 wt% of an acrylic resin to improve both melt 
flow behavior at the baking temperature and adhesion characteristics. The 
weather resistance of PVdF coating has been shown by long-term exposure 
tests to last for over 20 years. 

To overcome the drawbacks of the use of these polymers as coatings and 
paints, crosslinkable fluoropolymers have been developed which contain suit¬ 
able cure sites. One commercialized example is an excellent hard coating on 
plastic objects like acrylic sheets, based on crosslinkable liquid mixtures com¬ 
posed of TFE-hydroxyalkyl vinyl ether copolymers, hexa(methoxymethyl)- 
melamine, and silica [120]. 

Soluble fluoroolefin-vinyl ether copolymers, comprising an alternating 
sequence of a fluoroolefm and several specific vinyl ether monomer units, have 
been developed. A typical structure is shown in Fig. 6.32 [121]. The hydroxyl 
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Fig. 6.32. Structural features of Lumiflon polymer 

group in the polymer acts as a cure site with polyisocyanates at room tem¬ 
perature, and also as a cure site with melamine resins or blocked isocyanates at 
high temperatures. Thus the polymer makes it possible to achieve both on-site 

coating and thermoset coating in factories. 

6.4.6 

Fluorosurfactants 

The characteristics of the surface of materials carrying perfluoroalkyl or poly- 
fluoroalkyl groups are ascribed to the unique properties of the fluorine atom. 
Such materials are, due to a small intermolecular cohesion, closely packed to 
form a rod-like structure [116,122]. The characteristics of the surface of fluoro- 

chemicals are summarized by the pioneering work of Zisman [123]: (1) the 
contact angle (0) of most solvents on a surface covered by a -CF3 or -CF2- group 
is larger than that on a surface with a -CH3 or -CH2- group; (2) polyfluoro- or 
perfluoroalkanes endowed with such a polar substituent as a carboxy, sulfo, or 
hydroxyl group become much more surface active in aqueous solutions than 
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their nonfluorinated analogs. Namely, molecules with discrete perfluoroalkyl 
and hydrophilic segments reduce the surface tension of an aqueous solution 
even at a low concentration; and (3) fluoropolymers are lipophobic in organic 
solvents. 

The critical surface tension (yc) of wetting was proposed by Zisman and is a 
useful measure for the estimation of wettability. yc is defined as the value for the 
surface tension of a liquid where the contact angle 0 becomes zero (cos0 = 1) on 
a given surface, i. e. the surface tension of a liquid which completely wets the 
surface (see Fig. 6.33). Since the critical surface tension yc of PTFE is 18.5 mN/m, 
only a liquid whose surface tension is smaller than this value spreads on the sur¬ 
face. Critical surface tensions of polymer surfaces are summarized in Table 6.13 
[116,123]. 

The surface tension of a perfluorolauric acid monolayer on a platinum plate 
is only 6 mN/m. Thus, this surface is the most difficult to get wet, since the sur¬ 
face is covered by closely packed CF3 groups. When the CF3 group is replaced by 
a CF2H group, yc increases to 15 mN/m. Thus, the low yc values of the surfaces 
containing perfluoropolymers provide repellency to oils (average yc is ca. 
30 mN/m) as well as to water. 

Fig. 6 .33. Definition of contact angle 0 

Table 6.13. Critical surface tensions yc of various polymer surfaces 

Polymer Surface Yc 
(mN/m) 

Compound 

Fluoro- -(CF2)nCF3 6 perfluorolauric acid monolayer 
polymer -(CF2)nCF2H 15 co-hydroperfluoroundecanoic 

acid monolayer 
-(CF2CF2)n- 18.5 PTFE 
-(CF2CFCl)n- 31 PCTFE 
-(CF2CH2)n- 25 PVdF 

Hydro- -(CH2)nCH3 24 aliphatic-amine-monolayer 
carbon -(CH2CH2)n- 31 PE 
polymer -[NHCO(CH2)6CONH]n 46 poly(hexamethylene-adipamide) 

-(CH2CH202C-C6H4C02CH2CH2)n- 43 poly-(ethylene-terephthalate) 

Silicone -[Si(CH3)2-0]n- 24 poly(dimethylsiloxane) 

Chloro- -(CClHCH2)n- 39 p®ly( vinyl chloride) 
polymer -(CCl2CH2)n- 40 poly(vinylidene chloride) 
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It is worth noting that fluoroalkyl groups exhibit both hydrophobic and 
lipophobic properties. Consequently, fluoropolymers are surface active even in 
organic solvents, acting as an amphiphilic agent by changing the hydrophilic 
part of a surfactant to a lipophilic one. Fluorocarbon surfactants are prepared 
via functionalized fluoroalkane intermediates, which are available by telo¬ 
merization, electrochemical fluorination, or oligomerization (Scheme 6.12). 

TFE can be fluoroiodinated to give pentafluoroiodoethane, which is then 
used for the telomerization of TFE in the presence of strong Lewis acids such as 
antimony or tantalum pentafluoride or in the presence of a radical initiator 
[124, 125]. Perfluoroalkanesulfonyl fluorides are manufactured by electro¬ 
chemical fluorination of the corresponding chlorides in anhydrous hydrogen 
fluoride [122]. Similarly, perfluoroalkanoic acids are converted into perfluoro- 
alkanoyl fluorides. Perfluoro acid fluorides are also available by oligomerization 

of HFPO in a polar solvent. 
Perfluoro alkyl iodides (RfI) are prepared by the telomerization of lower 

homologs with TFE and are successively converted into various intermediates, 
as shown in Scheme 6.13. Perfluoro alkyl iodides (RfI) add to ethylene to give 
RfCH2CH2I under radical conditions or transition metal catalysis. RfCH2CH2I 
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are then transformed to the key synthetic intermediates of repellent products 
and fluorosurfactants [126]. These fluorinated compounds are widely used as 
low and high molecular weight repellents for textiles. An example is the poly¬ 
mer of perfluoroalkylethyl acrylate, RfCH2CH20C(0)CH=CH2. On the other 
hand, the fluoroalkyl intermediates above are converted into fluorosurfactants, 
RfCH2CH2SCH2CH2N+R3X“, by standard transformations. Fluorosurfactants 
are available in a solid, liquid, or paste form and are widely employed as emul¬ 
sifying and dispersing agents. For example, a perfluorooctanoate salt is used for 
the emulsion polymerization of TFE with the dispersed phase being a fluoro¬ 
carbon. 

6.4.7 

Fluorinated Membranes 

Generally, the term fluorinated membranes means ion-exchange membranes 
with a perfluorinated polymer backbone. Perfluorinated membranes exhibit ex¬ 
cellent thermal and chemical stability with retention of mechanical properties 
in corrosive and oxidative environments. A typical example is Nafion, mem¬ 
branes made of the perfluorinated sulfonic acid ionomer called XR resin and 
commercialized in the early 1970s [127]. Nafion was first employed as a separa¬ 
tor in fuel cells, in particular for space exploration, and then as ion-exchange 
membranes that opened the way to the innovative electrolytic process for a 
chlor-alkali production. Flemion, a perfluorinated carboxylic acid membrane, 
was later developed and has been commercially produced since 1978 to improve 
the physical and electrochemical properties of the membranes [128]. 

The general structures of the perfluorinated membranes manufactured at 
present are shown in Fig. 6.34. Those with both X=S02F and Y=COOCH3 are 
melt-processable and can be fabricated into films by extrusion. The obtained 
films are easily converted into the corresponding ion-exchange membranes 
(X=S03Na and Y=COONa) by alkaline hydrolysis [129]. 

Perfluorinated ionomer membranes are generally produced by the following 
sequence of reactions: preparation of a functionalized perfluorovinyl ether, its 

•/wwv'(CF2CF2)x—{•CF2CF)yww- 

(OCF2CF)m-OCF2CF2X 

CF3 
X = S02F, S03Na : Nafion 

w^(CF2CF2)x-—(-CF2CF>y—«■ 

(0CF2CF)m-0-(CF2)n-Y 

CF3 

Y = COOCH3, COONa : Flemisn 

Fig. 6.34. Perfluorinated membranes manufactured 
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copolymerization with tetrafluoroethylene (TFE), and fabrication of a mem¬ 
brane from the resulting copolymer. Usually, membranes are reinforced by 
fabrics or other materials to improve the reliability of their mechanical prop¬ 
erties for long-term use. The key component of the membranes is hexafluoro- 
propene oxide (HFPO) which is often used for the commercial production 
of various perfluoro(vinyl ethers). The synthetic schemes of key vinyl ether 
monomers for the manufacture of Nafion and Flemion are shown in 

Schemes 6.14 and 6.15, respectively. 
The functionalized vinyl ethers are then polymerized with TFE in the 

presence of a radical initiator in an aqueous medium or in an inert organic 
solvent. Amorphous or partially crystalline copolymers are fabricated into films 
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with a thickness of 100-250 mm by a conventional extrusion technique. The 
membranes are widely used as separators in electrochemical processes such as 
brine electrolysis, water electrolysis, and fuel cells. Electrochemically basic 
characteristics, such as the electric conductivity and current efficiency of the 
membrane, depend mainly on the inherent properties of the polymers like ion- 
exchange capacities, water content, and fixed-ion concentrations. 

Recently, phosphonate-type monomers, CF2 = CF(CF2)nP(0)(0Me)2, have 
been used for copolymerization with TFE. It has been suggested that per- 
fluorinated phosphonic acids may be useful as a substitute for, or an additive to, 

H3PO4 electrolytes in fuel cells [130]. 
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CHAPTER 7 

Fluorous Media 

The isolation and purification of a desired organic compound after workup are 
inevitable but often tedious procedures. Thus, solid-phase synthesis [1] and 
phase-separation techniques [2] are introduced that allow isolation of the 
desired compounds in an almost pure form without such time-consuming 
procedures as column chromatography [3]. Very recently, in order to make the 
separation and purification of products and catalysts easier, PFCs have been 
introduced as solvents in organic synthesis. 

7.1 
Organic Reactions in Perfluorocarbons 

The salient features of PFC reaction media were first described in 1993 by Zhu 
[4], who used FC-77 (bp 97 °C, consisting mainly of isomeric mixtures of per- 
fluoroalkyl ethers), as a reaction medium for esterification, transesterification, 
acetalization, enamine formation, and suspension polymerization of styrene/ 
vinylbenzenes, as summarized in Table 7.1. 

The advantages of PFC reaction media are: (i) The desired compounds are 
easily separated and obtained in a pure form simply by phase separation. This 
procedure is particularly suitable for the synthesis of labile methacrylates 
CH2=C(CH3)CO2C10H21. (ii) Reactivity in PFCs is often better than that in 
toluene, (iii) The nontoxicity and zero ozone-depletion potential of PFCs are 
friendly to life and environment, (iv) Various PFCs with a wide range of boiling 

Table 7.1. Organic reactions in PFC media 

Substrate Reagent Product Yield (%) 

PhC02C3H7 
HO(CH2)4OH 

PhC02(CH2)40C0Ph 67 

CH2 = C(CH3)C02H 
c10h2Ioh 

CH2 = C(CH3)CO2C10H21 92 

CH(OEt)3 
cyclohexanone 

1,1 -diethoxycyclohexane 41 

morpholine 
cyclohexanone 

1-morpholino-l-cyclohexene 53 
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temperatures from 56 to 220 °C are commercially available, (v) PFCs are stable 

under most reaction conditions. 
In 1990, the use of PFCs for a suspension polymerization of lauryl metha¬ 

crylate was filed in a patent [5]. This reaction medium was claimed to be ap¬ 
propriate to the polymerization of a labile monomer in aqueous media. 

Bromination of alkenes is carried out in perfluorohexane (PFH) [6]. The solvent 
is recovered easily in a pure form and can be reused without any further purifica¬ 
tion. PFH is suggested to be an excellent alternative for carbon tetrachloride. 

R^r, 
Br2 

PFH, rt 
(7.1) 

Since PFH is UV transparent above 185 nm and is relatively inert against 
radical species, photolysis of bis(perfluorooctyl)diazene is performed in PFH 
more conveniently than in benzene [7]. 

CqF 17 

\ hv (185 nm) 
N=N *" C16F34 + N2 (7.2) 

\ PFH 
^8^17 

Owing to their high oxygen solubility in PFH, organozinc compounds are 
effectively oxidized in PFH to give hydroperoxides in moderate to high yields. 
Scheme 7.1 shows a transformation from an olefin to a hydroperoxide [8]. 

Et2BH 
-— 

i) Et2Zn 

ii) ZnBr2 

,ZnBr 02, PFH 

-78 °C 
r/^OOH 

Scheme 7.1. Synthesis of hydroperoxides in PFH 

The reaction of alkenes with singlet oxygen under photochemical conditions 
in the presence of a sensitizer produces allylic hydroperoxides in high yields [9]. 

Generally, partially fluorinated compounds differ from PFCs, especially in 
their dipole moments and dielectric constants, as described in Chap. 1. 
Benzotrifluoride (BTF, bp 40 °C) is slightly more polar than THF or ethyl 
acetate, slightly less polar than chloroform or dichloromethane, and thus has 
been suggested as a solvent for organic synthesis as an alternative to dichloro¬ 
methane [10]. BTF is used for such transformations as acylation, tosylation, and 
silylation of alcohols, Swern oxidation, Dess-Martin oxidation, selenoxide 
elimination reaction, and Lewis acid catalyzed allylation, Mukaiyama aldol 
reaction, Friedel-Crafts acylation, and Diels-Alder reaction. Reactivities and 
yields in BTF are demonstrated to be similar or superior to those in dichloro¬ 
methane. Representatives are shown below. 

DMSO, (COCI)2 

Et3N, -25 °C 

BTF, 76%; CH2CI2, 71% 
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O x 
Phi Cl 

OMe 0 OMe 
ii 

rS - ZnCI2 
(7.4) 

V V 11 
lBu 

. 1 
Bu 

BTF, reflux, 1 day, 81% 

CHCI2CHCI2, 138 °C, 2 days, 66% 

The limitations of BTF are that it freezes at -29°C and is sensitive at higher 

temperatures to A1C13, some reductants and aqueous acids. 

7.2 
Fluorous Biphase Reactions 

A liquid-liquid biphase system consisting of organic and aqueous media has 
been used chiefly for the separation of inorganic materials from organic re¬ 
action mixtures. The phase separation technique is also effective in the separa¬ 
tion of acid/base components from organic mixtures by pH control of the 

aqueous phase. 
The term “fluorous” was coined in 1994 by Horvath and Rabai [11] in 

analogy to the term “aqueous”. They used a fluorous phase instead of an 
aqueous phase for phase separation and demonstrated a method for the facile 
separation and recycle of an organo transition metal catalyst from an organic 
reaction mixture using a fluorous biphase system (FBS). The key to this concept 

lies in the immiscibility of PFCs in organic and aqueous liquids at room 
temperature and dissolution of an insoluble organo transition metal complex in 

PFCs. 
Another approach to the separation and purification of organic products was 

suggested in 1997 by Curran, who showed that the residue of a reagent or a 
reactant having a perfluoroalkyl chain was easily separated from an organic 
phase containing a product by a simple phase separation using PFCs [12]. The 
recovered reagent or reactant residue dissolved in the fluorous phase is easily 
reconverted into an active reagent. The two methods described above will 
provide new experimental techniques for future organic synthesis [2a, 13]. 

7.2.1 
Hydroformylation 

An organic/aqueous biphase system (BS) was first introduced to ease separa¬ 
tion and recovery of catalysts using sulfonated triphenylphosphines 114]. 
Although this method is useful in many homogeneous reactions, it is not ap¬ 
plicable to a system containing a water-sensitive component. An FBS employs a 
PFC in lieu of water in combination with an organic solvent such as toluene, 
hexane, THF, acetone, or an alcohol. High gas solubility in PFCs accelerates 
homogeneous reactions of oxygen, hydrogen, and carbon monoxide. A homo- 
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homogeneous reaction biphase system FBS 

gas phase 
gas phase gas phase 

, 
product product product 

HRh(CO)L3 
organic phase 

C=> 
organic phase 

catalyst 

organic phase 

HRh{CO)L3 

catalyst 

aqueous phase 
' ’ ' ' 

HRh(CO)L3 

catalyst 

PFCs 

L = PPh3 Pf\-) ) P"(CH2CH2(CF2)5CF3)3 

\ S03'Nay 3 

Fig. 7.1. Homogeneous reaction, biphase system, and FBS using a rhodium catalyst 

geneous reaction, a biphase system and an FBS using a rhodium catalyst are 
compared schematically in Fig. 7.1. 

For the FBS catalyst, a partially fluorinated phosphine ligand, 
P(CH2CH2(CF2)5CF3)3, is prepared from CH2=CH(CF2)5CF3. The perfluoro- 
hexyl moiety allows the metal complex to dissolve in PFCs; a CH2CH2 insulator 
minimizes the electron-withdrawing effect of the «-C6F13 group. In this way, a 
“fluorous” soluble catalyst which can maintain its catalytic activity is designed 
and prepared. The Rf CH2CH2 group has also been applied to a cyclopentadienyl 
metal complex [15]. A RfCH2CH2 group is often called a “ponytail”. 

A typical example of a transition metal catalyzed organic reaction in an FBS 
is the rhodium-catalyzed hydroformylation of 1-decene carried out in toluene/ 
perfluoro(methylcyclohexane) using Rh(CO)2(acac) and P[CH2CH2(CF2)5CF3]3. 

n-C10H21^ 
CO : H2 (1 : 1, 75 psi) 

Rh(CO)2(acac) 

P[CH2CH2(CF2)5CF3]3 

P/Rh = 40 

CHO 

n-C10H 10n21 
/\^CHO 

+ /7-Ci0H2i' (7.5) 

normal iso 

The catalyst, HRh(CO){P[(CFI2)2(CF2)5CF3]3}3, is generated in situ under an 
atmosphere of CO/H2 (1:1) at 5 bar. Hydroformylation of 1 -decene, for example, 
proceeds in high yields at 100°C with CO/H2 (1:1) at 5 bar to give a high nor¬ 
mal/iso ratio of products. Under the reaction conditions, the reaction mixture 
becomes homogeneous; after the reaction is complete, the homogeneous phase 
separates into an organic and a fluorous phase. Almost all the aldehyde and the 
rhodium catalyst remain in the organic and the fluorous phase, respectively. 
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Fig. 7.2. An X-ray crystal structure of two models of tra«s-(IrCl(CO){P[CH2CH2(CF2)5CF3]3}2) 

Thus, the recovered fluorous phase can be used for a second reaction. After nine 
consecutive reaction/separation cycles, a total turnover of more than 35,000 is 

achieved with a loss of 1.18 ppm of Rh/mol of aldehyde [16]. 
The estimated enthalpy of the reaction of fluorous phosphine 

P(CH2CH2(CF2)5CF3)3 with [Rh(CO)2Cl]2 and CpRu(COD)Cl suggests that the 
phosphine ligand is a poorer donor than PEt3, and similar to that for PPhMe2 
[17]. An X-ray structural analysis has disclosed that the three fluorous ponytails 
of the rhodium complex [RhCl(CO){P(CH2CH2(CF2)5CF3}2] [18] and the cor¬ 
responding iridium analog of Vaska’s complex trans-(IrCl(CO){P[CH2CH2- 

(CF2)5CF3]3}2) [19] possess two different conformations due to the packing 
manner of the two phosphines in each couple. Because perfluorocarbons tend 
to self-aggregate, it is easily understood that four ponytails in each complex 
align in a parallel and coplanar fashion (Fig. 7.2). Although the most stable 
conformation of a perfluoroalkyl chain is a helix, the four chains take an anti 
conformation due to aggregation. Indeed, the remaining ponytails take helix 

conformations, as shown in Fig. 7.2. 
Oxidative addition of trans-(IrCl(CO)[P[CH2CH2(CF2)5CF3]3}2) to an alkyl 

halide proceeds in PFCs through a free-radical chain mechanism [19, 20], be¬ 

cause an SN2-type mechanism is disfavored in nonpolar PFC media. 
The FBS technique is also applicable to a rhodium-catalyzed hydroboration 

[21]. In the presence of RhCl[P(CFI2CH2(CF2)5CF3]3, an analog of the 
Wilkinson catalyst RhCl(PPh3)3, hydroboration of olefins is carried out using 
catecholborane in a mixture of toluene and c-C6FnCF3 in high yields with a 

high turnover number. Recycle of the catalyst is again achieved easily. 

7.2.2 

Oxidation 

Transition metal catalyzed oxidation of organic substrates with molecular 
oxygen is advantageous in view of industrial production. An FBS is applied to 
this process, as illustrated in Fig. 7.3. Upon heating, the two-phase system 



240 Chapter 7 Fluorous Media 

02 phase 02 phase 

substrate 

organic phase 
heating substrate cooling 

products 

catalyst 

product 

organic phase 

catalyst 

fluorous phase 

catalyst 

fluorous phase 

Fig. 7.3. Oxidation with molecular oxygen in an FBS 

becomes homogeneous, and oxidation proceeds in an oxygen-rich medium. 
After the reaction, the reaction mixture is cooled down to again separate into 
two phases with products in the organic phase and the catalyst in the fluorous 
phase. Separation of each phase allows isolation of the products and reuse of 
the catalyst. 

By means of this method, aldehydes, sulfides, and alkenes are oxidized [22] 
using a fluorous soluble catalyst prepared from a perfluoroalkyl-substituted 
1,3-diketone, as illustrated in Scheme 7.2. With the nickel catalyst used in 
Scheme 7.2, aldehydes are oxidized in an FBS to carboxylic acids in high yields. 
Reuse of the fluorous phase containing the catalyst is readily done without any 
loss of the catalyst. For example, the yield of p-chlorobenzoic acid from p- 
chlorobenzaldehyde ranges from 87% (1st cycle) to 70% (6th cycle). 

RCHO 
Ni cat. (3 mol%), 02 (1 atm) 

toluene/perfluorodecalin 
64 °C,12 h 

RCOOH 

71- 87% 

(7.6) 

Cl 

cycle yield (%) 

1 87 
2 83 
3 75 
4 77 
5 71 
6 70 

Piv0\^^-C00H 

76% 

Oxidation of sulfides with molecular oxygen is performed in the presence of 
isobutyraldehyde and the nickel catalyst shown in Scheme 7.2 [23]. The amount 
of isobutyraldehyde is crucial: 1.6 mol are appropriate for sulfoxides but sulfone 
synthesis needs 5 mol (Scheme 7.3). 
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Ru cat. 

c7f15 

R11CI3 

EtOH 
KHCO3 

62% 
c7f15 

Scheme 7.2. Preparation of perfluorinated complexes 

NiCI2 

NaOAc 

81% 

Ni cat. 

1.6 mol 

R"S'R' 

Ni cat. (3 mol%), 02 (1 atm) 

toluene/C8Fi7Br 

60 °C, 10-16 h 

/-PrCHO 

5 mol 

Scheme 7.3. Oxidation of sulfides in an FBS 

O 
11 

R'S"R' 

60-91% 

O O 
S 

R"b'R' 

83-87% 

For the epoxidation of olefins, an FBS with the ruthenium complex from 
Scheme 7.2 is highly effective. The catalyst is easily separated and can be reused 

several times for repeated epoxidations. 

Ru cat. (5 mol%), 02 (1 atm) 

/-PrCHO (1.5-2 eq.) 

toluene/C8F17Br 
50°C, 12h 

(7.7) 

Epoxidation of olefins is alternatively carried out using a cobalt complex of 
tetraarylporphyrin bearing eight C8Fi7 substituents [24] in PFH and acetonitrile 
[25]. The reaction is performed with a substrate/catalyst ratio of 1000:1, much 
higher than that of the ruthenium system (20:1). Reuse of the catalyst does not 
deteriorate the conversion or selectivity. Enantioselective epoxidation of indene 
using a chiral fluorous soluble (salen) Mn complex [26-28] in CH2C12 and D- 
100, a mixture that contains mainly perfluorooctane. The desired epoxide is ob¬ 
tained in 83 % yield with 92 % enantiomeric excess. Applicability of the reaction 

to other alkenes still remains to be investigated. 
Direct oxidation of hydrocarbons with molecular oxygen in an FBS is 

achieved by use of azamacrocycles RfTACTD [29] and RfTACN [30] (Fig. 7.4) 

which have perfluoro ponytails. . T _. , 
Cyclohexene is oxidized with terf-butyl hydroperoxide (TBHP) under 

an oxygen atmosphere using a fluorous soluble active catalyst generated in 
situ from [Mtl(02C(CH2)2C8F17)2] (Mtl=Mn, Co) and RfTACN in perfluoro- 

heptane. 
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RfTACN RfTACTD 

Fig. 7.4. Fluorous soluble azamacrocycles 

02 (1 atm), TBHP 

[Rf2Mtl2+-(R,TACN)] 

C7F16 

(7.8) 

Rf = c8f17(ch2ch2)coo 

For an efficient allylic oxidation, use of 02 and TBHP in a stoichiometric 
amount is essential. Some results are summarized in Table 7.2. The Mn catalyst 
is easily recovered from the reaction mixture as compared with the con¬ 
ventional procedure. 

Singlet oxygen is efficiently generated in an FBS using 5,10,15,20-tetrakis- 
(heptafluoropropyl)porphyrin (TPFPP) as a fluorous soluble photosensitizer 
[31, 32]. TPFPP tolerates the oxidation conditions better than tetraphenylpor- 
phyrin (TPP) and is highly soluble in perfluorocarbons. Because the organic 
phase dissolves the substrate and product(s) well and the perfluorocarbon 
phase dissolves TPFPP and 02 preferentially, an FBS allows an easy separation 
of the sensitizer and avoids overoxidation. Thus, an FBS is particularly suitable 
for singlet oxygenation. 

Reaction of cyclohexene with singlet oxygen generated in a C6F14/CD3CN 
biphasic system in the presence of 0.2 mol% TPFPP under visible light irradia- 

Table 7.2. Oxidation of hydrocarbons with 02 in FBSa 

Compound Oxidant Product (ratio) Time (h) Yield b (%) 

cyclohexene tbhp/o2 cyclohexenol-cyclohexanone 

(1:2) 
3 650 

cyclohexene TBHP cyclohexenol-cyclohexanone 
(1:2) 

7 trace 

cyclohexene o2 cyclohexenol-cyclohexanone 
(1:2) 

24 trace 

toluene tbhp/o2 PhCHO/PhCH2OH 

(1:2) 
---v 

24 65 

[Mtl(02C(CH2)2C8F17)2] (5 mol%TBHP) and RfTACN (5 mol%/TBHP) were used 
b Based on TBHP added. 
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tion at 0 °C gives 2-cyclohexenyl hydroperoxide in high yields. The lifetime of 
the sensitizer is definitely prolonged. For example, after 8,32, and 46 h of reac¬ 
tion, the yield of the hydroperoxide increases to 23,84, and 96% with a residue 
of TPFPP >99, 94, and 83%, respectively. The sensitizer-containing perfluoro- 

hexane solution can be reused directly after separation. 

02 (1 atm), hv 

TPFPP (0.2 mol%) 

C6F14/CD3CN, 0 °C 

OOH 

(7.9) 

7.3 
Purification and Isolation by Phase Separation 

Separation, isolation, and purification of desired products after workup are 
important but very often tedious. Although chromatography is powerful, it is 
necessary to use a column packed with relatively expensive solid gel or resin 
and a large volume of an eluent. In contrast, solid-phase synthesis allows puri¬ 
fication of products simply by filtration. However, additional steps to connect 
the substrate or the reagent to the solid support and to disconnect the product 

from the support are necessary. 
Since a solid-phase system and an FBS have their own characteristic ad¬ 

vantages in the separation and purification of products and catalysts, a com¬ 
bination of both would be suitable for conducting multiple synthesis. In ad¬ 
dition, an FBS can compensate for the drawbacks of solid-phase synthesis. For 
example, the reaction in an FBS can be performed by a procedure similar to 
conventional organic synthesis. The high chemical and thermal stabilities of 
perfluoroalkyl ponytails in a fluorous soluble substrate allow the use of various 
types of reagents even under harsh conditions. Furthermore, because of the 
relatively low boiling and melting temperatures of the substrates with fluorous 
ponytails, identification and analysis of products in an FBS are easily per¬ 
formed, whereas it is hard to characterize products on a solid phase. 

Three approaches have been introduced to fluorous biphase systems, 
fluorous synthesis, fluorous phase switch, and fluorous multiphase condensa¬ 
tions for a new separation technique, by labeling a substrate and/or a product 
with perfluoroalkyl-substituted ponytails to dissolve a substrate and/or a pro¬ 

duct in the fluorous phase [12]. 
A typical example is the nitrile oxide cycloaddition to a terminal alkene or 

alkyne, as illustrated in Scheme 7.4. Generally, a large excess of the nitrile oxide 
is required to obtain the desired heterocycle in high yields because the 
dimerization of a nitrile oxide often lowers the yield of the cycloadduct. 
Therefore, chromatographic purification of the desired heterocycle from the 

resulting complex mixture of products is inevitable. 
A fluorous phase separation technique is applied to the cycloaddition re¬ 

action using a fluorous soluble substrate with fluorous phase labeling. To dis¬ 
solve the substrate and product in the fluorous phase, an allyl silyl ether having 
pefluorocarbon ponytails on silicon is employed for the cycloaddition, as shown 
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R 

N 

A 
-OH 

Cl 

RCH2N02 

Et3N 

PhNCO 

Et3N 
R 

Scheme 7.4. Cycloaddition reaction of nitrile oxide with unsaturated compounds 

in Scheme 7.5. A fluorous allyl silyl ether is prepared and allowed to react with 
an excess of the nitrile oxide. Isolation and purification of the fluorous soluble 
desired product are achieved by a single fluorous/organic/aqueous three-phase 
liquid extraction to give only the desired cycloadduct in high purity. To im¬ 
plement the phase separation, the fluorous ponytails are cleaved with HF/- 
pyridine. After the deprotection and separation of the products in the organic 
phase, the organosilicon reagent is recovered and reused. As shown in 
Scheme 7.5, both overall yields and purities of the products are of synthetic 
meaning. 

(10 eq.) 

BrSi(CH2CH2C6F13)3 -- ^Ax/OSi(CH2CH2C6F13)3 

ii) phase separation 

i) RCNO (4-10 eq.) 

ii) phase separation 

N-O 

p^\/^\^OSi(CH2CH2C6F 13)3 

HF/py 

R = *Bu: 66%, 99% pure (Huisgen method, from RCIC=N-OH) 

R = C3H7: 73%, 94% pure (Mukaiyama method, from RCH2N02) 

Scheme 7.5. Nitrile oxide cycloaddition with a fluorous labeled allyl alcohol 

Organic fluorous phase switch is also effective for the separation and purifi¬ 
cation of products. The core of the technique is an in situ fluorous labeling of 
the reaction product, which is transported from the organic phase into the 
fluorous phase and then separated from the fluorous phase selectively. An 
example of a Grignard reaction is shown in Scheme 7.6. When an excess amount 
of aldehyde is applied, the unreacted aldehyde remains in the organic phase, 
whereas the adduct magnesium alkoxide is connected to fluorous ponytails and 
extracted into the fluorous phase selectively by a three-phase separation. Thus, 
finally, the fluorous phase contains only the desired silyl ether; excess bro- 
mosilane is recovered by the first separation. Then the fluorous phase is treated 
with cesium fluoride to cleave a O-Si bond, ancf an alcohol and a fluorous 
halosilane result. The alcohol is extracted into the organic phase, the halosilane 
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O i) R'MgBr 

ii) BrSi(CH2CH2C6F-13)3 

iii) three phase separation 

OSi(CH2CH2CeF 13)3 

R^R1 
extracted in fluorous phase 

i) CsF 

ii) phase separation 

OH 

R^R' 
extracted in organic phase 

R = Me, R' = 4-MeOC6H4: 80% yield, 99% purity 

R = Ph, R' = 4-MeOC6H4: 56% yield, 93% purity 

R = Me, R' = C9H19: 86% yield, 96% purity 

Scheme 7.6. Grignard reaction and purification by a fluorous phase switch 

into the fluorous phase. The yield and purity of the product are satisfactory for 

an organic synthesis. 
Purification using a fluorous phase is applicable to multicomponent conden¬ 

sation reactions; the desired product is isolated from the substrate and two or 
more reactants in a single step [33]. Examples of the Ugi and the Biginelli 
reaction in Fig. 7.5 show that the fluorous separation technique is extremely 

facile in the isolation of a desired condensation product. 
The fluorous technique is also applied to the preparation and purification of 

a disaccharide having a fluorous soluble protecting group [34]. 
An organic mess in a reaction mixture sometimes raises serious purification 

problems, particularly when by-products resemble the desired product in 

Ol_l BnNH2 

+ oCgHuCHO 
c-C6H„NC 

i) CF3CH2OH 
90 °C 

ii) TBAF 

R = (Ci0F21CH2CH2)3Si 

Biqinelli reaction ') Q 9 
JL JL__ (10 eq.) 

Er OEt 
2-NaphCHO (10 eq.) 

0^/NH2 HCI (cat.), THF/BTF (2:1) 
Y 50 °C__ 

4-RC6H4C02C2H/ N' H n) TBAF 

R = (C-|oF2lCH2CH2)3Si 

84% yield, >95% purity 

H 
O^^N^/2-Naph 

■h/V^c PhC02C2H4^"^r 'C02Et 

Et 

60% yield in a pure form 

Fig. 7.5. Multicomponent condensation and purification by the fluorous technique 
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boiling point, polarity, and crystallization behavior. A typical example is the 
reaction with organotin reagents, widely used for free-radical and transition 
metal catalyzed coupling reactions. The remaining organotin reagents and 
organotin halide and alkoxide residues frequently hamper the purification [35]. 
In order to remove the tin mess conveniently, methods have been devised such 
as immobilization of tin reagents, dissolution of tin reagents in the aqueous 
phase, and phase extraction with a coordinative agent. Nevertheless, a fluorous 
extraction is much more effective and can be applied to radical reduction of 
halides [36], allylation of carbonyl compounds [37], and the Stille coupling 
reaction [38-40]. The resulting tin residues are easily removed by a single-phase 
separation. For a radical reduction, use of the tin hydride (C6F13CH2CH2)3SnH 
is convenient. Reduction with the hydride reagent proceeds effectively; the tin 
residue is readily removed by evaporation of the solvent BTF followed by liquid- 
liquid extraction with perfluoromethylcyclohexane (PFMC) and dichloro- 
methane. This procedure is applicable to the catalytic reduction of halides using 
10% tin hydride and 1.3 eq. of NaCNBH3 in a 1:1 mixture of BTF and tert-butyl 

alcohol. 

1 mol 

NaBH3CN (1.3 mol) 

(C6F13CH2CH2)3SnH (1 mol%) 

AIBN (10%) 
BTF-f-BuOH, reflux, 3 h 

(7.10) 

The stoichiometric procedure is also applicable to the reduction of phenyl- 
selenyl, nitro, and methyl dithiocarbonyloxy groups. 

The phase separation technique has been successfully employed in a com¬ 
binatorial synthesis and a reaction in supercritical C02 [41]. 

Another example of the fluorous biphase purification technique is demonstrat¬ 
ed by thermal allylation of aldehydes with a fluorous soluble allylstannane [42]. 

RCHO + Sn (CH2CH2CgF 13)3 

(3 eq.) 

neat 

140 °C 
3d 

(7.11) 

Yields and purities of crude products after a fluorous biphase separation or 
fluorous solid extraction are summarized in Table 7.3. 

For a fluorous solid-phase extraction, fluorous reverse-phase (FRP) silica gel 
is prepared by silylating the surface of silica gel for flash chromatography using 

dimethyl[(2-perfluorohexyl)ethyl]silyl chloride. The crude reaction mixture is 
chromatographed on FRP silica gel using acetonitrile and then hexane as an 
eluent. Concentration of the acetonitrile elutant gives the products listed in 
Table 7.3. Fluorous tin residues on FRP silica gel are eluted by hexane. The 
method has been further applied to the purification of organometallic com¬ 
plexes [42]. 

Sillca-OH 
CISi(Me)2CH2CH2C6F13 

Silica—X}Si(Me)2CH2CH2C6F13 (7.12) 

FRP silica gel 
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Table 7.3. Allylation of aldehydes with a fluorous allyl stannane 

Aldehyde (R) Fluorous biphase extraction Fluorous solid extraction 

crude 

yield (%) purity (%) 

crude 

yield (%) purity (%) 

isolated 

yield (%) 

p-MeOC6H4 61 83 98 76 70 

1-Naphthyl 92 85 95 84 70 

PhCH2CH2 82 88 80 100 71 

c-C6Hu 62 94 100 100 80 

P-no2c6h4 90 94 98 91 85 

The Stille coupling [38-40] with aryl halides proceeds in the presence of a 
Pd catalyst to give coupled products as shown below. Separation of the products 
and the tin residue with a fluorous ponytail is easily performed through a three- 
phase separation: evaporation of the fluorous phase provides in 80-90% yields 
the tin residue (C6F13CH2CH2)3SnCl which is easily recycled for the next re¬ 
action. From the organic phase, the desired hetero-coupled products and a 
homo-coupled product are isolated. These, however, need to be separated by 

flash column chromatography. 

R—X + (^6^ i3CH2CH2)3SnAr 

1 mol 1.2 mol 

PdCI2(PPh3)2 (2 mol%) 

DMF/THF (1/1) 
LiCI, 80 °C, 22 h 

(7.13) 

R—Ar + Ar—Ar + (CgF i3CH2CH2)3SnCI 

Ar and yields of R-Ar (and Ar-Ar) 

R-X 
4-MeOC6H4 (%) 2-Pyridyl (%) 

p-CH3COC6H4Br 90 (7) 87 (6) 

p-NO206H4Br 94 (9) 98 (8) 

p-N02C6H40Tf 82 (9) 86 (8) 

PhCH2Br 77 (5) 98 (7) 

The salient features of fluorocarbons in relation to chemical and thermal stabi¬ 
lity, gas solubility, and miscibility with common organic solvents at high tempera¬ 
tures allow novel applications to organic reaction media. It is expected that this new 
fluorous technique will make many synthetic processes sustainable in the future. 
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CHAPTER 8 

Organic Reactions with Fluorinated Reagents 

Fluorine-containing compounds involving KF, CsF, R4NF, and (R2N)3S+ 
Me3SiF2‘ (TASF) are widely used as fluorinating reagents (see Chap. 2). However, 
their use is not limited to acting as a fluorine source for the synthesis of or- 
ganofluorine compounds. These fluorine-containing compounds play various 
important roles in organic synthesis [1], This chapter describes organic reac¬ 
tions mediated by fluorine-containing reagents. 

8.1 
Fluoride Ion in Organic Synthesis 

8.1.1 
Fluoride Base 

Since the bond energy of H-F is strong (~569kJ/mol, cf. H-Cl -432 kj/mol, 
H-0 - 428 kj/mol, H-N ~ 314 kj/mol), a fluoride ion can easily react with a pro¬ 
ton [2]. Thus, base-assisted reactions such as alkylation, arylation, esterifica¬ 
tion, elimination, and condensation proceed cleanly with potassium fluoride, 
cesium fluoride, or an onium fluoride under mild and essentially neutral con¬ 
ditions. For example, alkylation of phenol with an alkyl halide proceeds by use 

of Et4NF as a base [3]. 

RX (yield): Mel (72%); BnCI (83%) 

Selective dehydrochlorination from primary chlorides of norbornane 

derivatives is induced by CsF [4]. 
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Enolizable ketones such as pentane-2,4-dione undergo intermolecular con¬ 

densation and subsequent cyclization in the presence of KF [5]. 

O O KF 

DMF, reflux 

64% 

(8.3) 

Trimerization of isocyanate is catalyzed by CsF or Bu4NF to give an aromat¬ 

ic isocyanurate [6]. 

Ph—N=C=0 

CsF or Bu4NF 

(2 mol%) 

rt, 80-99% 

Ph 

0Y^y0 

Ph"NYN'Ph 
O 

(8.4) 

8.1.2 
Desilylative Elimination and Deprotection 

Due to the high energy of a Si-F bond, a fluoride ion displays a strong nucleo¬ 
philic character towards silicon. Hence, treatment of organosilicon compounds 
bearing a leaving group at an a- or (3-position with a fluoride ion gives vinyl- 
idene carbenes, alkenes, alkynes, or allenes via a- or p-elimination, respectively. 
Alkylidene carbene is conveniently generated from 1-trimethylsilylalkenyl 
triflate with KF and reacts with cyclohexene to give the corresponding cyclo- 
propanane derivatives [7]. 

1 oo% 

Treatment of l,l-dibromo-2-trimethylsilylpropane with KF produces 1-bro- 
mopropene whose generation is confirmed by trapping with 1,3-diphenyliso- 
benzofuran [8]. 

SiMe3 

KF 

diglyme 

Ph 

Ph 

^Br 
H 

77% 

(8.6) 
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Phenylallene is prepared by the reaction of 2-triphenylsilyl-3-chloro-3- 
phenylpropene with Bu4NF [9]. 

Cl 

Ph' 

Bu4NF 
Ph. 

SiPho 
DM SO 

(8.7) 

100% 

Fluoride-induced 1,3- and 1,4-elimination of silicon-containing compounds 
are effective for the generation of such unstable species as azomethine ylide and 
o-quinodimethane. Treatment of benzyl (cyanomethyl) (trimethylsilylmethyl)- 
amine with silver fluoride produces the corresponding azomethine ylide, which 
readily undergoes cycloaddition reactions with electron-deficient olefins to 

give pyrrolidines in good yields [10]. 

NC SiMe3 

V 
Bn 

AgF 

MeCN Bn 
(8.8) 

Cesium fluoride reacts with [o-(a-(trimethylsilyl)alkyl)benzyl]trimethylam- 

monium iodide at ambient temperatures to generate an o-quinodimethane in¬ 
termediate which acts as a diene in the intramolecular Diels-Alder reaction 

giving rise to the steroidal structure estrone stereoselectively [11]. 

(8.9) 

Cleavage of a C-Si bond without a leaving group or an anion-stabilizing 
group in a suitable position is also effected by use of a fluoride ion. Desilylation 
of acyl- or alkynylsilanes proceeds with Bu4NF or KF at ambient temperatures 

conveniently [12]. 

85% 
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Scheme 8.1 

ROSiRjj 

RR'NSiR^ 

RCOOSiR^ 

F 
ROH 

RR'NH 

RCOOH 

A vinylic C-Si bond is cleaved with Bu4NF with retention of configuration of 
the starting alkene [13]. In this reaction, the presence of a phenyl group on the 

silicon atom plays a critical role. 

n-C10H2i SiMe2Ph Bu4NF n-C10H2i 

THF-DMSO 

99% 

(8.12) 

Deprotection of silyl ethers, amines, and esters are often mediated by TBAF 
under mild conditions (Scheme 8.1) [14]. 

8.1.3 

Naked Anions and Fluorosilicates 

A fluoride ion reacts with organosilicon compounds to generate naked anion 
species or five- or six-coordinated silicates which also serve as versatile sources 
of anion species [15]. 

Silyl enol ethers react with TBAF or TASF to produce reactive naked enolates 
which have been characterized by NMR and electrochemical measure¬ 
ments [16]. These enolates are alkylated cleanly without polyalkylation 
(Scheme 8.2) [17]. On the other hand, aldol reaction of silyl enol ethers with 
aldehydes proceeds with a catalytic amount of TBAF or TASF to give silylated 
aldols [18]. 

Scheme 8.2 

67% 
100% syn 
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Treatment of ethyl (trimethylsilyl)acetate with TBAF generates the naked 
enolate of acetate which does not act as a nucleophile with a ketone but behaves 

as a base to produce a silyl enol ether of a ketone [19]. 

r- + ^Y°Et (8.i3) 

o 

Ketene silyl acetals undergo conjugate addition to a,|3-unsaturated carbonyl 
compounds in the presence of a catalytic amount of TASF. This reaction has 

been applied to group transfer polymerization (Scheme 8.3) [20]. 
Cleavage of a C-Si bond with TASF produces the corresponding naked 

carbanion when the generated species is stabilized by halogen atoms. 

1) (Et2N)3S+Me3SiF2 

(cat.) 

Me3Si—CXYZ - 
2) PhCHO 

CXYZ: CHCI2 (74%), CCI3 (77%), CCI2Me (97%) 

The produced anion species undergo addition reactions to aldehyde and 
ketone carbonyls smoothly even at room temperature (Scheme 8.4) [21]. 

OH 

PIY^CXYZ 
(8.14) 

SiMe3 

OEt 
O Bu4NF 

O 

MeO OMe (Me2N)3S Me2SiF2 

THF 

OMe 

O 

Scheme 8.3 

SiMe2Ph 

F 

1) (Et2N)3S+Me3SiF2 

(cat.) 

>- 
SiMe2Ph 2) PhCHO 

OH 

F F 

Scheme 8.4 
F F 100% 
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Me3SiSiMe3 

1) 0 
A 

"-C10H2i H 

Bu4NF 

2) H30+ 

HMPA 

OH 

n‘CioH2i'/^'SiMe3 

Me3Si 

67% 

i/v^J\/SiMe3 

Scheme 8.5 78% 

Treatment of disilane with TBAF gives a metal-free silyl anion which under¬ 
goes bis-silylation of unsaturated bonds such as C=0 and C=C-C=C 
(Scheme 8.5) [22]. 

Allylation of carbonyl compounds with allyltrimethylsilane is catalyzed by a 
fluoride ion [23]. Regiospecific and highly stereoselective allylation of al¬ 
dehydes is possible with allyltrifluorosilane (Scheme 8.6) [24]. To explain the 
selectivities, hypervalent silicon species and a six-membered cyclic transition 
state have been proposed. 

Dimethylphenylsilane reduces aldehydes and ketones in the presence of a 
catalytic amount of TBAF or TASF to give the threo-isomers selectively [25]. The 
kinetic and stereochemical outcome suggests a hexacoordinated fluorosilicate 
intermediate. 

PhMe2SiH 

Bu4NF (cat.) 

HMPA 

83% 

OH 

NMe2 

>99% threo 

(8.15) 

Activation of organosilicon compounds with a fluoride ion produces a tran¬ 
sient pentacoordinated silicate which is capable of transmetalation with an or- 
ganopalladium complex and achieves cross-coupling reaction of organosilicon 

PhCHO, CsF 

92% 

^ anti only 

Scheme 8.6 
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compounds [26]. Alkynyl-, alkenyl-, aryl-, allyl-, and alkylsilanes and disilanes 
are applicable to this coupling reaction which is tolerant towards a variety of 

functional groups. 
F~ 

R-Si + R'—X -- R-R' (8.16) 
Pd cat. 

R = alkynyl, alkenyl, aryl, alkyl, allyl, silyl 

R’ = alkenyl, aryl, allyl, alkyl 

X = Br, I, 0S02CF3 

A C-Si bond with a silyl group substituted by at least one heteroatom such 
as H, F, Cl, OR, or NR2 is oxidatively cleaved with hydrogen peroxide and KF and 

is converted into a C-0 bond stereospecifically [27]. 

H202, KF or KHF2 

—C-SiR2X - 
DMF or MeOH 

—C-OH (8.17) 

X = H, F, Cl, OR', NR'2 

8.2 
Trifluoroacetic Acid and Trifluoroperacetic Acid 

8.2.1 
Trifluoroacetic Acid 

Trifluoroacetic acid (TFA) is a general catalyst for most acid-catalyzed rear¬ 
rangements and has advantages over conventional acids such as sulfuric or 
p-toluenesulfonic acid in product isolation because TFA is volatile (bp 72°C) 
and easily removed by evaporation without neutralization or extractive work¬ 
up. For example, TFA is commonly used in acid-induced diazoketone cycliza- 
tion which is useful for the construction of spiro frameworks [28], while Cope 
rearrangement of 2-acyl-1,5-dienes is strongly accelerated by TFA [29]. 

O 

CF3C02H 

CH2CI2, rt 

74% 

Cleavage of acid-labile nitrogen- and oxygen-protecting groups, such as N- 
Boc, N-benzyloxymethyl, benzyl ether, p-methoxybenzyl ether, fert-butyl ether, 
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terf-butyloxymethyl ether, triphenylmethyl ether, and dimethyl acetal, is per¬ 

formed with TFA under mild conditions [14]. 
Oxidation of ketones with m-chloroperbenzoic acid in the presence of TFA 

gives the corresponding Bayer-Villiger products in much shorter reaction times 
and in higher yields than the reaction with m-chloroperbenzoic acid alone [30]. 

m-CPBA 

CF3C02H 

ch2ci2 

100% 

(8.20) 

A combination of TFA and sodium percarbonate is also effective for 
Baeyer-Villiger oxidation [31]. 

Na2C04 

CF3C02H 

0 °C to rt 

96% 

8.2.2 
Trifluoroperacetic Acid 

(8.21) 

Trifluoroperacetic acid is prepared from 90% hydrogen peroxide and trifluoro- 
acetic anhydride or, alternatively, 30 % hydrogen peroxide and TFA, and is the 
most reactive organic peroxy acid due to the presence of an electron-with¬ 
drawing trifluoromethyl group. Usually, electron-poor alkenes such as mono- 
substituted alkenes or a,p-unsaturated esters and ketones react sluggishly with 
standard organic peroxy acids. In sharp contrast, trifluoroperacetic acid 
oxidizes those compounds smoothly to give the corresponding epoxides [32]. 

CF3C03H 91% 

CO2M6 

ch2ci2 

C02Me 

84% 

(8.22) 

Treatment of an alkene with a reagent system consisting of trifluoroperacetic 
acid/TFA followed by methanolysis gives vicinal diols [33]. Addition of triethyl- 
ammonium trifluoroacetate as a buffer avoids the formation of by-products. 

^n-CmH 10n21 

OH 

n-Ci0H21 

OF 3C02 

a) CF3C03H, CF3C02e ®NHEt3, CH2CI2 

OH 

'n-C1f1H 10n21 (8.23) 
OH 

b) HCI, MeOH (95%) 
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Baeyer-Villiger oxidation with trifluoroperacetic acid proceeds in a manner 
similar to other peroxy acids [34]. Na2HP04 buffer is used to prevent reaction 

between trifluoroacetic acid and the product. 

O 

(8.24) 

Primary amines, nitroso compounds, and sulfides are oxidized efficiently 
with trifluoroperacetic acid to the corresponding nitro compounds and sul¬ 

foxides or sulfones, respectively [35]. 

8.3 
Trifluoromethanesulfonic Acid and Derivatives 

8.3.1 
Trifluoromethanesulfonic Acid 

Trifluoromethanesulfonic acid (TfOH), known to be one of the strongest orga¬ 

nic acids, is extremely stable and resistant to oxidation and reduction. TfOH 
mediates many types of acid-induced reactions such as oligomerization/poly¬ 
merization of alkenes, Friedel—Crafts reaction, and cationic rearrangements 
better than a conventional Bronsted acid [36]. For example, intramolecular 
ionic Diels-Alder reaction of tetraenes is catalyzed by TfOH at ambient tem¬ 

peratures [37]. 

98% 

Intramolecular Friedel-Crafts acylation of an arylalkanoic acid to a cyclic 

ketone is effected by TfOH in one pot via in situ preparation of an acid chloride 

[39]. 
Ov 

HO (8.27) 

OIQ 
91% 



258 Chapter 8 Organic Reactions with Fluorinated Reagents 

A nitroalkene is protonated by TfOH to produce a AT.N-dihydroxyiminium 
carbenium ion which reacts with arene to give finally an a-arylated ketone 
[40]. 

Y no2 TtOH 

Et 

PhH 

8.3.2 

Trimethylsilyl Trifluoromethanesulfonate 

Ph 

Et 

87% 

(8.28) 

Trifluoromethanesulfonic acid (TfOH) reacts with chlorotrimethylsilane or 
tetramethylsilane to give trimethylsilyl trifluoromethanesulfonate (TMSOTf) 
which is versatile both as a silylating reagent and as a strong Lewis 
acid [41]. 

TfOH + Me3SiCI or Me4Si -► Me3SiOTf + HCI or CH4 (8.29) 

Carbonyl compounds are converted into the corresponding silyl enol ethers 
with a reagent system consisting of TMSOTf/NEt3 (Scheme 8.7). The silylating 
reactivity of TMSOTf is 6.7 x 108 higher than that of TMSCl. On the other hand, 
the reaction of an a-silyl ketone and a catalytic amount of TMSOTf also affords 
a silyl enol ether [42]. 

Scheme 8.7 

O 
Me3SiOTf/NEt3 

R' 

O 

SiMe3 Me3SiOTf (cat.) 

R R' 

OSiMe3 

.R 

Treatment of an epoxide with TMSOTf/DBU gives an isomeric allyl silyl 
ether [43]. Tetra-, tri-, and 2,2-disubstituted oxiranes can be used in this trans¬ 
formation. 

Me3SiOTf/DBU 

(8.30) 

Acetalization of aldehydes and ketones with a stoichiometric amount of 
alkoxysilane is efficiently catalyzed by TMSOTf at low temperatures 
(Scheme 8.8) [44]. 

Silyl enol ethers undergo stereoselective aldol-type condensation with 
acetals in the presence of a catalytic amount of TMSOTf [45], 



8.3 Trifluoromethanesulfonic Acid and Derivatives 259 

Scheme 8.8 

MeOSiMe3 

o 
Me3SiOTf (cat.) 

A 89% 

Me3SiO OSiMe3 

Me3SiOTf (cat.) 

96% 

MeO OMe 

OSiMe3 

+ 

OMe Me3SiOTf (cat.) 

CH2CI2, -78 °C 

94% 

O OMe 

erythro: threo 

95 : 5 

(8.31) 

Similarly, allylation of acetals with allyltrimethylsilane is effected by TMSOTf 

catalytically [46]. 

,SiMe 3 + 

OMe 

MeO^Pr 

Me3SiOTf (cat.) 

CH2CI2, -78 °C 

95% 

OMe 

(8.32) 

8.3.3 
Metal Trifluoromethanesulfonates 

A variety of metal salts of TfOH are used in various types of reactions because 
a triflate anion has low nucleophilicity and thus low coordinating ability. Some 

selected examples are shown below. 
Dialkylboryl triflate reacts smoothly with enolizable ketones in the presence 

of tertiary amines to generate stereoselectively boron enolates which undergo 
aldol condensation with high stereoselectivity [47]. In addition, various types of 
chiral boron enolates which play important roles in asymmetric aldol reactions 

are prepared with boron triflates. 

Bu2BOTf 

Et3N, Et20 

-78 °C 

PhCHO O OH 

92% 
erythro: threo = 96 :4 

(8.33) 

Another versatile metal triflate for enolate formation is tin triflate [48]. 
A reagent system consisting of tin triflate and a chiral diamine derived from 
(S)-proline performs enantioselective aldol-type reactions (Scheme 8.9) [49]. 
A catalytic version of such a reaction has also been developed [50]. 
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\_y 

Sn(OTf)2 / 

CH2CI2, -78 °C 

1) 

2) Ph(CH2)2CHO 

Scheme 8.9 '95 °C 

OH O S 

r A A 
Ph(CH2)2/V^N S 

\_/ 

76% yield, >90% ee 

Copper(I) triflate catalyzes the cyclopropanation of alkenes with diazo com¬ 
pounds. In particular, a combination of CuOTf with an optically active bis- 
(oxazoline) ligand gives an efficient catalyst for asymmetric cyclopropanation 

[51]. 

(0.1 mol%) 

91%, >99% ee 

(8.34) 

Synthesis of 1,4-diketones via oxidative coupling of ketone enolates or silyl 
enol ethers is effected using copper(II) triflate. For example, treatment of 
acetophenone with LDA followed by the addition of Cu(OTf)2 gives 1,4-di- 
phenylbutane-l,4-dione in good yield [52]. 

LDA 

THF 

-78 °C 

Cu(OTf)2 

83% 

(8.35) 

Thioacetalization of ketones with 1,2-ethanedithiol proceeds efficiently by 
use of zinc triflate as a Lewis acid catalyst under mild conditions [53]. 

OSiPh2(f-Bu) 

O 

>85% 

(8.36) 

The Friedel-Crafts acylation reaction is promoted by silver triflate. For ex¬ 
ample, treatment of benzoyl chloride with AgOTf generates the highly electro- 
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philic mixed anhydride PhC(0)0Tf that reacts with benzene rapidly to give 

benzophenone in good yield [54]. 

O 
+ AgOTf 

Phi Cl 

0 x 
Ph^OTf 

PhH O 
J1 

PIT Ph 

90% 

(8.37) 

Ytterbium triflate catalyzes an aldol-type reaction of enol silyl ethers with 
aldehydes efficiently in aqueous media [55]. The catalyst,ytterbium triflate, can 

be recovered and reused. 

Yb(OTf)3 

(10 mol%) 

THF-H20 
rt 

91% 

O OH 

syn: anti =73 :27 

(8.38) 

Aldol reactions, Michael additions, allylation reactions, Diels-Alder re¬ 
actions, Friedel-Crafts reactions, acylations, esterifications, and lactonizations 

are catalyzed by scandium triflate under mild conditions [55,56]. 

Sc(OTf)3 

(10 mol%) 

thf-h2o 

93% 

endo only 

•4* Ac20 

Sc(OTf)3 

(1 mol%) 

>95% 

(8.39) 

(8.40) 
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