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Abstract 

Electrophilic Fluorination Methodology 
Emmanuelle Thomas, University of Durham, 2002. 

Chapter One 

This chapter reviews the historical background of the fluorination using both 

elemental fluorine and N-F reagents. It relates the properties and preparations of these 

electrophilic reagents. And finally it discusses the use of these reagents in selective 

electrophilic fluorination (formation of C-F bond from C-H bond) of organic compounds. 

Chapter Two, Three and Four 

These chapters present our investigations into the fluorination of hydrocarbon 

systems containing an electron withdrawing group (ewg). 

Chapter Two shows the difference in reactivity of elemental fluorine and Selectfluor™ 

towards aldehydes and ketones. Selectfluor gives rise to a-fluorinated compound when 

reacting with ketones (acyclic and cyclic ones) whereas different results were observed 

using fluorine. 

In Chapter Three aldehydes are submitted to fluorination which occurred at the carbonyl 

and not on the chain. 

Finally, Chapter Four review the fluorination of nitriles using both fluorinating reagents. 

Chapter Five 

In this last Chapter we explore the fluorination of cyclic ethers (hydrocarbon 

systems containing an electron donating group) using both elemental fluorine and 

Selectfluor™. Unexpected derivatives were identified. 

Chapter Six to Nine 

Experimental details relating to Chapter Two-Five. 
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Chapter One: Introduction 

1.1.Fluorine in Chemistry1'2 

Molecules containing some carbon-fluorine bonds do not occur in nature apart 

from a few exceptions although fluorite (CaF2) and fluoroapatite (CaF2.3Ca3(PC»4)2) are 

both widely present in the earth's crust. This means that organofluorine chemistry is a 

'man-made' field. 

It is only in the last 60 years that the difficulties associated with the production of 

fluorine have been satisfactorily overcome. As a result, elemental fluorine has now 

become established as an industrial chemical. The manufacture of fluorinated inorganic 

and organic compounds has given an impetus to fluorine chemistry. Inorganic fluorine 

compounds are used for a wide range of applications. Typical areas of application 

include metallurgy, aluminium production by electrolysis, ceramics, nuclear technology, 

the preservation of timber and adhesives, etc... 

In the field of organofluorine chemistry the development of new methods of 

synthesis and new products continues. Fluorine-containing polymers are an important 

group of organic fluorine products, highly valued for their many remarkable properties. 

The most well known examples are polytetrafluoroethylene (PTFE) and polyvinylidene 

fluoride (PVDF). Organofluorine compounds have also a great biological activity and 

can be used for biomedical applications. Some of these compounds have greater 

lipophilicity, facilitate passage across cell membranes and have application in the 

pharmaceutical and agrochemical industries3'4. 
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Fluorinated organic compounds are also used as: 

• starting materials for organic synthesis 

« solvents 

• surfactants 

• special-purpose dyes 

• pharmaceuticals and anaesthetics 

• pesticides 

• insecticides 

• blood substitutes 

Examples of known commercial fluorinated products5 

CH 

H 
N 

N 

O 

CF 3 
H 

Trifluralin 
(herbicide) 

5-Fluorouracil (5-FU) 
(anti-cancer agent) 

CH 

COOH CF 

Fluoxetine 
(anti-depressant) 

Froben 
(anti-inflammatory) 

Scheme 2.1 
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Dramatic changes in the physical and biological properties as well as chemical 

reactivities of organic materials can be brought about by fluorination. Three primary 

factors have led to the distinction acquired by fluorine as a substituent in organic 

molecules: 

• the great strength of the C-F bond (strongest single bond to carbon). 

• the small size of fluorine (smallest substituent after hydrogen). 

• Fluorine (element 9) is the most electronegative chemical element. 

1.2.Physical Properties of Elemental Fluorine 

At room temperature, fluorine is a pale green diatomic gas. Fluorine is found as a 

single isotope l9F in nature but 1 8F is known (half-time=T09.7 min) and can be used as a 

tracer. Most of the physical properties of the halogens are summarised in Table l 6 . 

Property Fluorine Chlorine Bromine Iodine 

Density of solid g/cm^ 1.3 1.9 3.4 4.9 

Melting point °C -223 -102 -7.3 114 

Boiling point °C -187 -34.7 58.8 183 

Heat of Vapourisation kJ / mol 6.9 18.6 31.2 43.6 

Heat of Dissociation kJ / mol 158.3 239.0 189.8 148.7 

Covalent Radius A 0.72 0.99 1.14 1.33 

Ionisation Potential eV 17.42 13.01 11.84 10.44 

Electron Affinity eV 4.13 3.75 3.53 3.2 

Electronegativity 4.0 3.0 2.8 2.5 

Table 1.1 

Fluorine is chemically the most reactive element and can combine directly at 

room or elevated temperatures with all the other elements except the lighter noble gases 

and nitrogen. It reacts in particular with organic compounds because of the very 
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favourable formation of a C-F bond coupled with the low dissociation energy of 

elemental fluorine (Table 1.2)7. 

Bond Bond Energy kJ / mol 

CF4 487 

-CF3 478 

-CF2 458 

-CF 449 

H-F 562 

-N-F 272 

-P-F 490 

Table 1.2 

Fluorine reacts with hydrogen with extreme violence to produce HF while it 

produces oxygen, oxygen fluoride and sometimes, small quantities of ozone and 

hydrogen peroxide when it reacts with water. Fluorine can combine with other halogens 

in a highly exothermic reaction from which a series of interhalogen compounds are 

formed, e.g. FC1, CIF3, BrF3. It attacks metals at room temperature but some metals, e.g. 

copper and nickel, form a protective layer of fluoride which prevents further reaction. 

This is termed passivation and is invaluable in the handling of elemental fluorine. 

The success of organofluorine chemistry in such a wide variety of applications 

'opens' a very bright future of the subject. Our group is working on the fluorination of 

organic compounds promoting the use of elemental fluorine. Our aim was the direct 

synthesis of C-F bonds from C-H in hydrocarbon systems containing a functional group. 

The results of this study are presented in Chapters Two-Five. What follows is an 

overview of the historical background and use of elemental fluorine in organic chemistry. 
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1.3.Historv of Elemental Fluorine 

Fluorine gas was first isolated in 1886 by Henri Moissan by electrolysis of 

anhydrous hydrogen fluoride. Moissan observed that the reaction of fluorine with a range 

of organic compounds such as CH 4 , CHC13 and CC14 resulted in 'burning' of the 
9 

substrate with frequent explosions . In 1890, he claimed to have isolated CF 4 from 

reaction of carbon with fluorine. But these results were later to be shown in error by 

Swarts10. 

The fluorine-ignition problem could be controlled by Bockmuller in 193311. He 

was the first to demonstrate selective liquid phase fluorination by dissolving an organic 

compound in an inert solvent and then bubbling a mixture of fluorine and an inert gas, 

e.g. nitrogen or carbon dioxide through the solution. Using this method, n-butyric acid 

was fluorinated. He also observed that direct fluorination could show site selectivity. 

CH 2FCH 2CH 2COOH 
F 2 / C 0 2 

CH 3CH 2CH 2COOH ^ + 

CCI4 

CH 3CHFCH 2COOH 

30% yield 
Scheme 1.2 

12 13 • 

Similar work was carried out by Bigelow ' dealing with liquid phase 

fluorination of aromatics dissolved or suspended in cold CCI4. No synthetically useful 

results were observed but confirmed Bockmuller's results. 

Another method for controlling direct fluorination was to react fluorine gas with 

organic vapours in meshes of copper. This vapour phase fluorination approach was 

developed by Fredenhagen and Cadenbach14. Bigelow achieved further success by 
15 

dilution of elemental fluorine with nitrogen . Following this approach, he demonstrated 

the fluorination of hydrocarbons to produce fluorocarbons. 

5 



Solid phase fluorination was explored. Fluorine was passed over a mixture of the 

solid substrate and an inert dilutent (e.g nickel). The most significant reaction was the 

fluorination of carbon itself using mercuric chloride as a catalyst reported by Simons16. 

These fluorocarbons prepared by Bigelow and Simons exhibited high chemical and 

thermal stability including resistance to UF6 leading to their use in the Manhattan project 

of World War I I . This generated great interest in fluorinated organic compounds. 

Fluorine chemistry was about to begin. 

1.4. Preparation of Elemental Fluorine 

1.4.a. Electrochemical Generation of F j 1 7 

Fluorine is indirectly prepared from fluorspar (CaF2). It is heated with sulfuric 

acid and the resulting mixture is distilled to give high purity anhydrous hydrogen 

fluoride. Hydrogen fluoride is then combined with potassium fluoride and the mixture is 

electrolysed to give elemental fluorine at the anode. This approach has been extended 

and is used extensively in the large scale commercial preparation of fluorine, most 

commonly using a mixture of KF.2HF (mp 71.7°C) with the cell heated to around 100°C. 

Corrosion of reactors is reduced through the use of metals like copper and nickel which 

soon develop a protective coating. 

1.4.b. Chemical synthesis of elemental fluorine 

The first real chemical synthesis of fluorine was carried out by Steel in 1959 (scheme 

1.3). 

>200°C 
IF 7AsF 5 + 2KF » KIF 6 + KAsF 6 + F 2 

Scheme 1.3 
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The first practical chemical synthesis of fluorine was demonstrated by Christe19 (scheme 

1.4). 

K 2 M n F 6 + 2SbF5 ^ 2KSbF6 + MnF 3 + 1/2F2 

Scheme 1.4 

The synthesis is based on two facts: 

a) Formation of unstable high oxidation transition state metal fluorides which can be 

stabilised by anion formation, e.g. MnF4 and NiF4 are stabilised as MnF^2'. 

b) Weak Lewis acids such as MnF4 can be displaced by a stronger one, e.g. SbFs. 

1.5.Mechanistic Considerations of Fluorination 

There are two pathways of attack between fluorine and organic molecules 

depending on the homolytic or heterolytic fission of the F-F bond. Radical reactions are 

generally fast but usually unselective and uncontrolled whereas electrophilic processes 

are slower, more controlled and directed by charge interactions. The balance between 

these processes determines the degree of selectivity and control in these reactions. 

Promoting the electrophilic process increases control and selectivity of fluorinations. 

1.5.a Radical Fluorinations 

Reactions between hydrocarbons and elemental fluorine are extremly exothermic 

because of the high heats of formation of bonds from fluorine to carbon and hydrogen. 

This, coupled with the low dissociation energy of fluorine suggests that the most likely 

pathway of fluorination is a radical process (scheme 1.5). 
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RH + F 

R*+ F 2 

R + HF 

RF + F' 

Scheme 1.5 

Radical processes are normally initiated by the dissociation (thermal or 

photochemical) of a molecule with a weak bond. However, fluorine is not significantly 

dissociated at room temperature. An alternative mechanism (scheme 1.6) has been 

suggested by Miller involving the reaction of fluorine with hydrocarbon molecule to 
20-22 

generate radical 

RH + X 2 R + HX + X 

X=F A H - 1 7 kJ.mor 1 

X=C1 AH ~ 226 kJ.mor1 

X=Br AH ~ 283 kJ.mor1 

Scheme 1.6 

Experimental evidence for the above initiation process is difficult to obtain. The 

radical fluorination of alkenes would seem to support this theory (exothermic process 

generating two radical intermediates) (scheme 1.7). 

8 



+ F + F ' 

AH ~ -4.8 kJ.mol"1 

Scheme 1.7 

23 

Radical fluorinations are less selective than chlorinations . The relative rates of 

substitution by fluorine of the primary, secondary and tertiary sites in hydrogens in n-

butane and z'so-butane were compared with chlorination (Table 1.3). 

Radical -CH 3 -CH 2 
-CH 

F" 1 1.3 2.5 

c r 1 4.6 10.3 

Table 1.3 Relative rates of substitution of hydrocarbons by fluorine and chlorine at 
300K 

The lack of selectivity does not fi t with Bockmiiller's results with butyric acid (seen 

previously p.5 scheme 1.2). It was found that fluorination is more affected by 

substitution or polar effects than chlorination or bromination, suggesting an electrophilic 

mode of attack. 
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1.5.b. Perfluorination of organic compounds 

Perfluorinated compounds are ideal for handling elemental fluorine because of 

their stability and chemical resistance. Three perfluorination synthetic procedures have 

been widely used. Two of these processes, electrochemical fluorination (ECF), 

successfully used for the preparation of perfluoroacids, and fluorination by high valent 

metal fluorides (CoF3), are used for the preparation of perfluorocarbons. The third major 

process for the preparation of perfluorinated compounds involves direct fluorination. 

Attempts to moderate the high reactivity of fluorine towards organic substrates 

led to the development of the vapour phase 'Jet fluorination' apparatus and a catalytic 

metal-packing process. Both used elemental fluorine diluted with an inert gas such as 

nitrogen or helium. 

The introduction of the low temperature gradient (LaMar process) in 1970 gave a 

real impetus to the study of direct perfluorination of organic substrates. 

Lagow has shown that perfluorinated products of hydrocarbons can be obtained 

using elemental fluorine. His first published example was the perfluorination of 

polyethene oxide 
25, 26 

i I i 

( 
i } 

•o-r 
n 

F 2 / H e 
( •o-r 

n 

Scheme 1.8 

He was able to control this process using low temperature and high dilution. The 

high solubility of fluorine in fluorocarbons solved the problem of removing the last 

hydrogens from the substrate using heating. Over many years the Lagow perfluorination 

process has been extended to produce many new classes of organic compounds including 

perfluoroadamantane (1) ' , perfluorocrown ethers (2) ' and perfluoro ortho-

carbonates (3) . 

10 



/ 

^ \ ^ F 

o 
F—C-O—C O— C - F 

o 
V F—C—F 

1 2 3) 

1.5.c. Electrophilic Process 

This thesis is an investigation of selective electrophilic fluorination. Chapters 

Two-Five detail the fluorination of both hydrocarbon sytems bearing an electron 

withdrawing and electron donating group. 

l.S.c.i. Fluorination of Alkenes 

32-35 

Merritt recognized in the 1960's the electrophilic nature of fluorine during 

investigations concerning the addition of fluorine to alkenes. The reaction was carried 

out using one equivalent of fluorine at low temperature and pressure and resulted in 

products showing that a syn mode of addition predominated. He ruled out a free radical 

pathway based on the observed selectivity and the reaction conditions and proposed a 

concerted pathway. However, a mechanism that proceeds by way of a tight ion pair for 

the addition of acetyl hypofluorite to alkenes is more reasonable. The mechanism is 

shown below (scheme 1.9): 

11 



H R R H + 
>=< R 

R R R 

+ H 

R H R R R R 
R R • R 

Scheme 1.9 

The unstable a- fluoro carbocation gives rise to the vinyl fluoride by loss of a proton or 

adds fluoride to give the vicinal difluoride. The vinyl fluoride is the precursor to the 

trifluorinated products. 

l.S.c.ii. Fluorination at Saturated Sites 

The difference between radical and electrophilic fluorination processes is the 

degree of selectivity and control of the reaction. Radical fluorinations are fast, 

unselective and uncontrolled whereas electrophilic processes are slower and more 

controlled. Therefore, promoting an electrophilic mode of attack improves control and 

selectivity of fluorinations. The reactions proceed via a non classical 3 centre-2 electron 
24 

transition-state with a retention of configuration by a S£2process . The reaction is not 

operable in nonpolar solvents (eg CFC13, hexane) because a radical reaction occurs. A 

polar solvent promotes the polarisation of F-F bond and acts as an acceptor for the 
24 

fluoride ion produced . The mechanism is as follows (scheme 1.10). 

12 



j i ,-. H-solvent \ 
-H + F 2 C-----C 

F F H solvent 

-C F + HF 

Scheme 1.10 

Rozen36"41 demonstrated that elemental fluorine can be used to replace selectively 

saturated C-H by C-F bonds in a range of organic molecules. Using the protected 4-

methylcyclohexanol (scheme 1.11) Rozen established that a polar reaction medium is 

essential for selective fluorination. When the same reaction was carried out in a 1:1 

mixture of CFC13 and CHC13, the substitution of the tertiary hydrogen at C-4 by fluorine 
42 

with retention of configuration was observed in 60% and 83% yield . 

OR' OR' OR' 

R=Me, R'=p-COC 6H 4N02, 60% yield 

R=tBu, R'=/?-COC6H4N02, 83% yield 

i = F 2 /N 2 , -78°C, CFC13, CHCI3 

Scheme 1.11 

In unstrained molecules the electron density at a tertiary hydrogen is greater than that at 

secondary or primary sites so the hydrogen is more vulnerable to substitution. Purrington 

demonstrated a substitution with retention of configuration. Few examples are presented 

13 



below' 

H 

CD i cis - 80% yield 
trans - 90% yield 

i = l % F 2 /N 2 , CHCI3/CFCI3, -78°C 

Scheme 1.12 

R R 

i9 1 R=H, 71-90% yield 
F R=p-COOC 6H 4N0 2, 90% yield 

i= 10-20% F 2 /N 2 , CFCI3, -78°C 

Scheme 1.13 

Because of the limitation of the reaction conditions seen previously, Chambers and co

workers44 have investigated other systems. Reactions were carried out in acetonitrile at 

0°C. Using these conditions the fluorination of secondary and tertiary C-H bonds was 

successfully performed. A few examples are presented below. 

53% conv., 

14 



endo:exo=5:l 

60%conv.,41%yield 

i=10%F 2 /N 2 , C H C I 3 , 0°C. 

Scheme 1.14 

l.S.c.iii. Fluorination of Aromatics 

The fluorination of aromatic rings was attempted but presented problems. In 

1970, Grakauskas fluorinated a 6% solution of benzene (scheme 1.15)45 in acetonitrile at 

-35°C using <0.76% of F 2 in N 2 to give the following compounds. He postulated an 

electrophilic fluorination. 

A. 
1 

T 

60 

i = F 2, CH 3CN, -35°C 

15 



X X 
9 

^5 ^5 
+ 

F 

5 : 1 : 4 

i = F 2, CH 3CN, -70°C 

NO NO NO NO X X, X ^5 
+ + 

T 
1.5 : 9 : 1 

i = F 2 s CH 3CN,-15°C 

Scheme 1.15 

Toluene underwent electrophilic substitution predominantly in the ortholpara 

position and nitrobenzene predominantly in the meta position. Grakauskas proposed the 

following electrophilic substitution mechanism: 

16 



r 
6 + 

Scheme 1.16 

Misaki has investigated the fluorination of various substituted phenols in acetonitrile 

OH OH 

1 

R R 

a) R=2-methyl 

b) R=3-methyl 

c) R=2-COOH 

d) R=2-CHO 

i = F 2, CH 3 CN,-10to-20°C 

Scheme 1.17 
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The results are summarised in the following table: 

R T(°C) % conversion Products (%) 

2-Me -20 70.8 4-F (27.5) 

6-F (22.5) 

3-Me -20 67.7 4-F (20.7) 

6-F+2-F (46.4) 

2-COOH -10 79.0 4-F (55.9) 

4, 6-F2 (21.0) 

2-CHO -10 62.9 4-F (32.1) 

6-F (22.1) 

Table 1.4 

/7-Cresol produces a very interesting side product in addition to the expected o-fluoro 

derivative. 4-Fluoro-4-methyl-2,5-cyclohexadienone was observed in yields as high as 

42% in tetraglyme at -20°C. 

OH OH O O OH 

T 
tetraglyme X CH CH CH 

Scheme 1.18 

The direct fluorination of aromatic compounds had been carried out in Durham by 

Chambers and co-workers. They suggested that fluorination could occur by both one and 
47 

two electron transfer processes . 
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Path A : 1 electron transfer 

r i F 

6 o + + HF 

^other radical derived 
compounds 

Path B : 2 electron transfer (SeAr process) 

r i F 

6 + F H + HF 

Scheme 1.19 

The fluorination of activated aromatic compounds occurs mainly in the ortho and 

para positions whereas the fluorination of deactivated compounds takes place 

predominantly in the meta position. This is consistent with an electrophilic substitution 

process. The solubility of fluorine in the solvent has a major effect on the rate of the 

fluorination reactions. Polar and acidic solvent have been used to promote the 
48-50 

electrophilic fluorination . Using 4-fluorobenzoic acid as a model, the fluorination 

was studied using a range of solvents (Scheme 1.20). 

COOH COOH 
F^/N 

solvent 
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Solvent 

CF2C1CFC12 

CH 3CN 
CF3COOH 

HCOOH 
conc.H2S04 

Conversion 
70) 

0 
53 
56 
65 
84 

Scheme 1.20 

This table showed that the conversion increased with the increasing acidity of the solvent 

used. The mechanism involved the interaction between fluorine and the solvent used. 

Recently, polar and acidic solvents have been used as reaction media to promote the 

electrophilic pathway (B) in which the interaction between fluorine and the acid in 

envisaged (scheme 1.21). 

5+ 
F F >• F F X X solvent 

5+ 
F F *• F F — — H Y H-Y=acid 

Scheme 1.21 

Fluorine may act as a powerful electrophile in high acidic media. In this way, 

2,4-difluorobenzoic acid, which is a very deactivated towards electrophilic attack, has 

been fluorinated in concentrated sulfuric acid. It gave 2,3,4,5-tetrafluoro and even some 

pentafluoro-benzoic acid. 
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When there are two or more groups in the substrate activating the same carbon towards 

electrophilic attack, the direct fluorination is an efficient method to prepare 

fluoroaromatic derivatives37. 

H COMe H COMe N N X x^ 1 

NO NO 

60% yield 

i=F 2, HCOOH, 10°C 

OH H OH 

1 
+ 

CN CN CN 

64% yield 10% yield 

i = F 2, HCOOH, 10°C 
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Me Me <j)Me OMe 

1 
+ 

T T 
NO N 0 2 N 0 2 N 0 2 

50% yield 20% yield 

i = F 2, HCOOH, 10°C 

Scheme 1.22 

1.5.civ. Fluorination of Carbonyl Compounds 

In attempts to prepare oc-fluorocarbonyl compounds, direct fluorination of enol 

derivatives of ketones and aldehydes were studied. For instance, some substituted 
51 

pyruvate esters have been fluorinated in good yields using fluorine in nitrogen . 

RHC=C(OH)C0 2R' \ • RCHF(CO)C02R' 

a) R-Me, R=Ph 50-60% 

b) R-Me, R=p-PhCl 65% 

i = F 2, CFC13, -78°C 

Scheme 1.23 
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Purrington prepared some a-fluoroaldehydes and ketones using trimethylsilyl 

derivatives47. Al l these reactions were carried out at -78°C, in CFC13. 

OSiMe O a i 

(78%) 

OSiMe O or Cf 3 
1 / 

(78%) 

i = F„. CFC -78°C 

Scheme 1.24 

The mechanism was suggested to proceed via a six membered transition state as so: 

Me 
\ 

Me Si 

0 o 

\4 O 

R 
R i Ro R 3 

R 

Scheme 1.25 

Concerning the direct fluorination of enol acetates, Rozen claimed it was not an effective 

way to produce a-fluorocarbonyl derivatives. These reactions were reported to give 

complicated mixtures and no definite isolatable products. The exception is the direct 
53 

fluorination of vinyl acetate . 
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H 2C=CHOCOCH 3 tl ^ CH2FCHO 
C F C I 3 

Scheme 1.26 

54 

Recently, the fluorination of 1,3-dicarbonyl substrates has been studied. 

Fluorination of these compounds had previously been carried out using electrophilic 

fluorinating agents or via silyl enol ether derivatives. Direct fluorination was thought to 

be too reactive and non-selective. However, it has been observed that some 1,3-

dicarbonyls can react directly with fluorine, in high yields and selectively. 

The fluorination of 2,4-pentanedione55 was carried out using 10% of fluorine 

diluted in nitrogen, in formic acid. The major fluorination occured at the 2 position. 

Some difluorinated derivatives were observed in small amounts. 

0 0 0 0 0 0 0 0 

u u F 2 y y u u j j i i 

H R 2 HCOOH F R 2 F R 2 F F 

R,, R 3=Me, R 2=H 11% 70% 3% 

Scheme 1.27 

The fluorination of cyclic 1,3-dicarbonyls has been investigated as well. They 

were seen to be more reactive towards fluorine and more difluorinated derivatives were 

observed. 
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O: :0 

X 

H. 
O. 

HCOOH 

O O: ;0 

X X 

a) X=-CH 2CMe 2CH 2-

b) X=-NHCONH-

10% 

50% 

50% 

30% 

Scheme 1.28 

It was concluded that the mechanism with fluorine is similar to reaction of dicarbonyls 

with other halogens via the enol derivatives. The rate of the reaction depends of the rate 

of enolisation. 

Enolisation mechanism for the 2,4-pentanedione 55 

O 0> 

H H H H 

O 0 ) 

o o 

F H 
R 3 

Scheme 1.29 
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1.6. Fluorination using Selectfluor™ (F-TEDA-BF4) 

As the second part of this thesis we have investigated the fluorination of organic 

compounds using NF reagents and particularly Selectfluor™ in order to compare with 

fluorination using elemental fluorine. 

1.6.a. Historical Background of the N-F Reagents 

The electrophilic fluorinating potential of N-F bonds was first discovered more 

than 30 years ago by Banks and Williamson 5 6. They showed that perfluoro-jV-

fluoropiperidine (4) could convert the sodium salts of 2-nitropropane and diethyl 

malonate to 2-fluoro-2-nitropropane and diethyl difluoromalonate respectively. A 

nucleophilic displacement on the fluorine of the NF group in (4) explained these results 

(Scheme 1.30, pathway A ) 5 6 ' 5 1 . Later58' 5 9 , an alternative electron-transfer mechanism 

was also postulated (Scheme 1.31, pathway B). 

/ / + (CH 3) 2CNO F—N (CH3)2CFNO + Na N \ 
+ Na 

A 
4 

1 2 
r o o B (CH3)2CNO F—N (CH 3) 2CNO F - N 

+ Na Na 

(4) 

Scheme 1.30 
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Perfluoro-TV-fluoropiperidine (4) was developed further because of its selective 

electrophilic potential but has never got any real status on a widely used reagent. This is 

due to its low yield method of preparation (Simons ECF or pyridine in HF) and the 

extensive analogous work with hazardous OF reagents60 (CF3OF) and then, with xenon 
* 61 62 

difluoride ' (easily-handled). 

Great interest in NF reagents really began in the early 1980s when several papers 

concerning iV-fluoropyridin-2 (l//)-one ((5); Purrington's reagent)63, jV-fluoro-/V-

alkylsulfonamide ((6); Barnette reagents)64, jV-fluoropyridinium salts ((7); Umemoto 

reagents)6 5'6 6 and vV-fluoroquinuclidinium fluoride ((8); UMIST reagent)67 (the latter two 

more reactive than (5) and (6)) were published. The interest in NF reagents was also due 

to the introduction of the most powerful 'F + ' delivery agent of the NF class, N-

fluorobis(trifluoromethylsulfonyl)imide ((9); DesMarteau's reagent)68. 

* N ^ O 
I 
F 

CH 3 

f N 
1 

S0 2NFR 
1 
F 

x -

X = T f O \ BF, 

F 

(5) (6) (7) (8) 

(CF3S02)2NF 

(9) 

Scheme 1.31 

The Selectfluor™ family was discovered about 7 years ago by Banks and co 

workers. The generic structure of Selectfluor™, below, is based on the TEDA 

(=Triethylenediamine) moiety. The electrophilicity of the N-F bond can be higher or 

lower by simply increasing or decreasing the electron withdrawing strength of the R 
69 

group . 
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R - N ^ V N - F 

Y" X ' 

Generic structure of Selectfluor™ 

H 2 C C I — n V N - I 

BF4" BF4 

Commercial Selectfluor™ 

Scheme 1.32 

1.6.b. Properties of F-TEDA-BFi 

Selectfluor™ reagent F-TEDA-BF4 is a white, free-flowing, vitually non-

hygroscopic, high melting (apparent m.p. 190°C) crystalline solid. It is recommended 

that it is stored in a cool dry place and not heated above 80°C. A solution of F-TEDA-

BF4 in dry acetonitrile loses less than 10% of its activity ( 'F + ' transfer capability) when 

heated under reflux (82°C) for 1 day7 0 

It is very soluble in water or dilute hydrochloric acid. It is decomposed by dilute 

sodium hydroxide and reacts with cold DMSO (rapidly and exothermically) and with 

DMF (slowly on heating) to give as yet unidentified products. It is reasonably soluble in 

acetonitrile but only slightly in alcohols or acetone. The oral toxicity of Selectfluor™ is 

classed as moderate. 
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1.6.C Synthesis of F-TEDA Reagents and their 'F* ' Delivery Potential 

The methodology used to synthesise TEDA moieties (10) and to convert them 
into NF-TEDA are showed in Schemes 1.33 and 1.34 respectively; Scheme 1.35 presents 
a few applications of these reagents for the fluorination of various organic compounds. 

RY, KOtf, MeCN, 20°C 

(R=Me, Et; Y=C1 
R=n-C 8 H 1 7 ; Y=Br) 

(X'= TfO") 

CF 3CH 2OTf, MeCN 

-10 to 20°C 

(X = TfO") 

' R 
i 

x-

(10) 

CH 2C1 2 

40°C 

CH2C1 
1 + 

N Cl- 20°C 

NaX, MeCN 

(X=BF 4 - , PF6", TfO") 

Scheme 1.33 Synthesis of TEDA monoquats 
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F 2 /N 2 

MeCN, -35°C 

R 
I + x-

N 
(10) 

LA 

R 

,N + x-

N+ p-

F 

MX or LA 

F 2 /N 2 ,MX, MeCN, -35°C 

1:1 F 2/BF 3 , MeCN, -35°C 

(R=CH2C1; X=BF4") 

R 

F 2 /N 2 

I 
LA 

MeCN, -35°C 

y 
R 

(X") 2 

MX=NaBF 4, NaPF6, LiOTf etc; 

LA=Lewis acid=X", F" (X"=BF4", PF6" salts) 

Scheme 1.34 Synthesis of F-TEDA salts 

The tetrafluoroborate salts seem to be the best for commercialisation for cost-

effectiveness reasons. Fluorinating power was found to increase when increasing the 

electron-withdrawing power of the alkyl group R (CH3,C2H5, C8Hi7<CH2Cl<CF3CH2)70, 

73 
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OH 
OH 

O 

A . 
o:p =3:2 

(2-:4-F=2:l) 

OH 

R 
+ N 

C 6 H 5 C F ( C O C 2 H 5 ) 2 (X") 2 + 

o 
8 

rati o=2:l 
NHCOCH 

CHcSO.F OCF CH 
(100%) 

o:p =62:38 
0.77 =1:1 

1 C 6H 5CH(C0 2Et)2, Na + in THF, -10 to 20°C; 2 1-morpholinocyclohexene in DCM, -196 

to 20°C then HC1 aq; 3 C 6 H 5 OH in CH 3OH, 20°C; 4 l -HOCi 0 H 7 (50% excess) in 

CH3OH, -196 to 20°C; 5 2-HOCi 0H 7 in CH 3OH, -196 to 20°C; 6 C 6 H 5 NHCOCH 3 (100% 

excess) in boiling CH 3CN; 7 C 6 H 5 OCH 3 in wet CH 3CN, 40°C; 8 C 6H 5S0 2Na in CH 3CN, 

20°C. 

Scheme 1.35 Electrophilic fluorination using F-TEDA salts 
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1.6.d.Applications of F-TEDA-BF4 in C-F Bond Synthesis 

Lots of reactions using Selectfiuor™ have been carried out since 1992 due to its 

rapid commercialization74' 7 5 . Examples of the use of this electrophilic fluorinating 

reagent for fluorination reaction are reported below. 

1.6.d.i. Electrophilic Fluorination of Aromatics 

Aromatics with electron releasing groups to facilitate fluorination ' react with 

F-TEDA-BF4 under reasonable conditions to give mono- and difluorinated derivatives. 

Few examples of mono and disubstituted aromatics are presented below (Scheme 1.36). 

H , CH, 

F-TEDA-BF, 

CH 3CN, reflux 
+ 

16h 

(60%) 

F 

(20%) 

C6H5 CM 6 n5 

F-TEDA-BF, 
+ 

\ ^ CH 3CN, reflux 

16 h 

(36%) 

F 

(29%) 
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CH H X' H 

F-TEDA-BF 

CH 3CN, reflux 

24 h CH CH CH 

(65%) (32%) 

Scheme 1.36 

The regioselectivity of the fluorination of anthraquinones using F-TEDA-BF4 is 

important because of research on non-steroidal anti-inflammatory drugs. This has been 

discovered by doing some fluorination of the deactivated substrate methyl 4,5-

dimethoxy-9,10-anthraquinone-2-carboxylate (Scheme 1.37). 

OCH OCH, O 3 3 

C C C H 3 

OCH OCH, O O 3 
(22%) 

F-TEDA-BF 

CH 3 CN, reflux 
CO^CH 

lOd 
O OCH3 O p C H 3 OCH, O CH 3 

CO-.CH 

O 
(2%) 

Scheme 1.37 
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1.6.d.ii. a-Fluorination of Sulfides 

Recently, a-fluoro sulfides have proved to be an important part of fluorinated 

compounds. In fact, they are very valuable in modifying the biological activity of p-

lactam antibiotics77 and amino acids78. Finally, they are useful synthetic intermediates for 

medicinally active compounds79. 

Synthesis of fluoromethyl phenyl sulphide using XeF2 with thioanisole80 was 

repored by Zupan. The conversion of sulphides bearing ct-hydrogen atoms to the a-

fluoro sulphides was performed by Umemoto and Tomizawa using 7V-fluoropyridinium 

salts81. 

It has been demonstrated that sulphides containing a-hydrogens react rapidly 

with F-TEDA-BF4 in MeCN at room temperature giving rise to the fluorosulfonium salt 

which react with a base to produce the oc-fluoro sulfide8 1 (Scheme 1.38). 

F-TEDA-BF4 base 
RSCH2R, *- RS+(F)CH 2R, • RSFCHR, 

CH 3CN 

Scheme 1.38 

This process was applied to a range of aryl and alkyl sulphides (Scheme 1.39) in 

order to produce the fluorinated products in moderate yields. The fluorination of the 

aromatic sulphides forming monofluorinated products was fast and easy due to the 

nucleophilicity of the sulfur atom. Because of the unstability of the oc-fluoro sulphides to 

standard chromatography purification techniques, they were isolated as the 

corresponding sulfoxide (with NBS, H 2 0) or sulfone (with MCPBA). 
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V 1. F - T E D A - B F 4

 F Oxidation ^ F 
R - S - C - R 2 V R _ S - C - R 2

 Q x i d a t ' ° n ^ n ( 0 ) S - C 
j j ^ 2. Triethylamine ^ ^ 

Scheme 1.39 

Few examples of the synthesis of 2-fluoro sulfide, sulfoxide or sulfone 

/ ^ S C H 3 • , / V - S C H . F 

o 
II 

(48%) 

H 3 C ^ \ jfr— SCH3 ^ ^ C ~ \ / ^ S C H 2 F 
n 

O 

(61%) 

O 
II 

CI <v / ) — S C H 3 >• CI <\ / )—SCH 2 F 

(51%) 

i CH3SCH2COOEt • CH 3S0 2CHFCOOEt 
ii 

(58%) 

Scheme 1.40 

i=F-TEDA-BF4, triethylamine. 
ii=MCPBA. 
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1.6.d.iii. Synthesis of a-Fluoro Carbonyl Compounds 

Having a fluorine atom in the alpha position to a carbonyl group increases the 

electrophilicity of the carbonyl carbon atom and then, facilitates nucleophilic additions. 

Organic compounds containing an a-fluoro carbonyl moiety are important due to their 

applications in research on bioactive molecules . 

1) Via 3-Dicarbonyl Compounds 

The direct conversion of 1,3-dicarbonyl compounds to mono and difluoro 

derivatives using F-TEDA-BF4 was realised by Banks and co-workers under neutral 

conditions' ,83 

o o 

C H < 

F-TEDA-BF4 (1 equiv.) 

CH3CN, RT, 3 h 

O O 

CM N(CH 3) 2 

F 
(87%) 

N(CH 3) 2 

F-TEDA-BF4 (3 equiv.) 

CH3CN, RT, 647 h 

O O 

CM 6 J 1 5 N(CH 3) 2 

(91%) 

O o XX 
CM CM 6ll5 6ll5 

F-TEDA-BF4 (1 equiv.) 

CH3CN, RT, 5 h 

O O XX 
CM 6 l l 5 C 6 H 5 

(84%) F 

F-TEDA-BF4 (2 equiv.) 

CH3CN, RT, 192 h 

O O 

»- CM 6 A , 5 C 6 H 5 

(78%) 
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o o 
C 6 H 5 

o o 
F-TEDA-BF 4 (1 equiv.) 

O C 2 H 5 C H 3 C N , RT, 54 h 
C 6 H 5 - ^ O C 2 H 5 

F X 

X = H (87%), F (4%) 

O 

C H , 
F - T E D A - B F 4 

• 0 C H 3 C N , R T , 19 h 

(84%) 

Scheme 1.41 

2) Via Enol Ethers, Enamines and Imines 

a-Fluoro carbonyl compounds can also be prepared via fluorination o f enol 

ethers, enol acetates and silyl enol ethers using a variety o f N-F agents, followed by 

hydrolysis 

(Scheme 1.42). Selectfluor™ seems to be the most common electrophilic fluorinating 

agents used to perform this t ransformation 5 ' 8 4 ' 8 5 . 

9 OY + F O 

H 2 C - C - R 2 ^ H C = < ^ ^ R — C - C - R 2 

I I T ? I 
R, R, K 2 H 

R,, R 2 = alkyl, aryl Y = alkyl, COCH 3 , SiR 3 

Scheme 1.42 
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The electrophilic fluorination of enamines (Scheme 1.41) using Selectfluor™ and 

other N-F reagents followed by hydrolysis is a good way of making a-fluoro ketones"' ' 

8 5 as well . 

M / N R 3 T +. f ft 
H 2 C - C - R 2 * H C = < ; ^ R — C - C - R 2 

R, R, R 2 H 

R[ , R 2 = alkyl, aryl R 3 = alkyl 

Scheme 1.43 

3) Via Fluorination of Alkynes 

The fluorination o f substituted phenylacetylenes using Selectfluor™ in refluxing 

MeCN/H20 reported by Zupan and co-workers gave rise to oc,a-difluoroketones 

(Scheme 1.44). 

O F 
2.1 equi. F-TEDA-BF 4 M I 

P h — C = C - P h Ph— C - C - P h 
C H 3 / H 2 0 , reflux I 

F 

R= H, C H 3 , C (CH 3 ) 3 , Ph 

Scheme 1.44 

1.6.d.iii. Fluorination at Saturated Sites 

The transformation o f secondary and tertiary C-H bonds using Selectfluor™ was 

studied by Chambers and co-workers 4 4. 

38 



100% conv., 22% yield 

H H 

+ 

H H H 

8 1 % conv., 23% yield 

i=Selectfluor™, MeCN, reflux, 3.5-16h. 

Scheme 1.45 

It has been observed that the fluorination o f decalin using this N-F reagent took place on 

the secondary site rather than primary site as observed when fluorine was used. This 

could be due to the big size o f Selectfluor™ and consequently a greater steric 

requirement. 

1.6.e. Mechanistic Studies 

To understand the mechanism of N-F reagents86"91 several recent studies have 

been carried out. These are based on kinetics, electrochemistry or radical trapping. I f 

fluorination proceeded fol lowing a SET (Single Electron Transfer) a radical site next to 

the cyclopropane would be formed and ring opening would occur. I f an electrophilic 

process (Two Electron Transfer) occured during the reaction the derivative (12) would be 

observed (Scheme 1.46). 
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OMe 

two-electron process 

OMe 

^one-electron process 

p — X OMe 

X" OMe 

MeO OMe 

F - X 

1. F transfer 

2. MeOH 

OMe 

OMe 

Scheme 1.46 
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As shown in Scheme 1.46, i f the process proceeds via a heterolytic N-F cleavage, 

the cyclopropyl moiety w i l l not be opened, yielding the cc-fluoro acetal (12). I f a radical 

intermediate is involved in this process, it should rearrange and give compounds such as 

(13). The mechanism suggested by Umemoto et a l 9 1 involves a SET and subsequent F" 

transfer. It was found that the expected fluorinated dimethoxy acetal (12) was obtained in 

45% yield with no rearrangement occuring. Other fluorinating reagents have been 

compared using the same reaction to identify SET or Two Electron Transfer (Table 1.5). 

Fluorinating reagent Nucleophile Product (yield) Mechanism 

F-TEDA-BF 4 MeOH 12 (45%) Two- electron 

A^-fluoropyridinium 

Salt 

MeOH No reaction Not determined 

XeF 2 No nucleophile Various olefins 

Cyclopropyl 

dissapearance 

One-electron 

Table 1.5 

The reaction with xenon difluoride (XeF 2 ) provided several compounds 

containing olefins and ring-opened compounds. These data agree with the fact that xenon 

difluoride can give rise to a radical process. jV-fluoropyridinium gave no reaction under 

its optimal conditions. 

These mechanistic experiments conclude that Selectfluor™ proceeds via a two-

electron mechanism in reaction wi th vinyl ethers. 
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1.7. Conclusion 

We have seen that organofluorine compounds were highly useful but they rarely 

occur in nature. To be prepared, elemental fluorine and Selectfluor™ can be used. 

Selective direct fluorination can be achieved by encouraging both o f these 

reagents to act as electrophiles. 

In the next Chapters, we have reviewed our studies concerning the electrophilic 

fluorination o f hydrocarbon systems using both elemental fluorine and Selectfluor™. 
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Chapter Two: Fluorination of Ketones 

2.1. Introduction 

In this Chapter we have studied the fluorination o f cyclic and acyclic ketones 

using both elemental fluorine and Selectfluor™ and compare our results wi th the 

l i terature 9 2 ' 9 3 . The presence of an electron withdrawing group (ewg) should decrease the 

electron density of the adjacent C-H bond and therefore the fluorination would occur 

further away f rom the ewg. 

2.2. Fluorination of Ketones using Selectfluor™ 

2.2.a. Acyclic Ketones 

2.2.a.i. 2-Heptanone 

Fluorination o f 2-heptanone using Selectfluor™ was carried out by heating a 

solution containing a small excess of Selectfluor™ and 2-heptanone in acetonitrile for 

18h. The l 9 F N M R showed the presence o f one main peak corresponding to the 3-fluoro-

2-heptanone (14) (85% conv., 56% isolated yield) and other unidentified by-products. 

The a-fluoro derivative was isolated using preparative GC and subject to fu l l 

characterisation. 

O O 

F 

(14) 

85% conv., 56% isolated yield 

i = l . l eq o f Selectfluor™, MeCN, 82°C, 18h. 

Scheme 2.1 
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The structure o f the compound has been determined using mainly l 3 C N M R and the 1 9 F 

N M R . The carbonyl resonance detected at 8c=208.6ppm was found to have a coupling 

constant o f 25Hz which is consistent wi th a two-bond coupling constant between the 

carbon and f l u o r i n e 9 4 ' 9 5 . 

O 

25Hz CF 

Scheme 2.2 

1 J C - 1 9 F Couplings Values (Hz) 

'JCF 158-400 

2 J c F 20-40 

3 J c F Up 42 

Table 2.1 1 3 C - 1 9 F Coupling Constants 

2.2.a.ii. 2-Octanone 

Fluorination o f 2-octanone using Selectfluor™ was also carried out by heating a 

solution containing a small excess o f Selectfluor™ and 2-octanone in acetonitrile for 

18h. The 1 9 F N M R showed the presence of one major peak corresponding to the 3-

fluoro-2-octanone (15) (84% conv., 65% isolated yield) which was also isolated using 

preparative GC. 
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o o 

(15) 

84% conv., 65% isolated yield 

i = l . l eq o f Selectfluor™, MeCN, 82°C, 18h. 

Scheme 2.3 

For the same reason seen previously, the 3-fluoro-2-octanone was identified f rom the 1 3 C 

N M R . Here again, the carbonyl signal (8c=208.8ppm) was seen to be a doublet with a 

coupling constant of 25Hz. Therefore, the fluorine is on the carbon atom next to the 

carbonyl. 

O 

25Hz CF 

Scheme 2.4 

The direct formation o f cc-fluoro derivatives 9 2 from ketones encouraged us to investigate 

the fluorination o f a diketone. The presence o f two ewg should decrease the electron 

density on the adjacent C-H bond even more. 
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2.2.a.iii. 2,5-Hexanedione 

Fluorination o f 2,5-hexanedione using Selectfluor™ was attempted by heating a 

solution containing a small excess o f Selectfluor™ and 2,5-hexanedione in acetonitrile 

for 18h. The 1 9 F N M R showed the presence of the 3-fluoro-hexan-2,5-dione (16) (84% 

conv., 65% isolated yield) and another minor product in the ratio 8:1. Purification by 

column chromatography using 2:1 hexane/ethyl acetate was performed and gave a 

mixture o f the 3-fluoro-hexan-2,5-dione as well as hex-3-ene-2,5-dione (17), formed by 

elimination o f HF, in the ratio 2.2:1. 

O O O 

o o o 

(16) : (17) 

2.2 : 1 

84% conv., 65% yield (after column) 

i = l . l eq of Selectfluor™, MeCN, 82°C, 18h. 

Scheme 2.5 

The fluorination o f acetonyl acetone occurred at the alpha position to the carbonyl and 

this was also established by 1 3 C N M R as well . The carbonyl signal (8c=207.3ppm) was 

found as a doublet wi th a coupling constant o f 25.2Hz. 

O 

25.2Hz O CF 

Scheme 2.6 
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The formation o f the hex-3-ene-2,5-dione is due to dehydrofluorination o f 3-fiuoro-

hexan-2,5-dione during column chromatography (acidic medium). 

We have established that the electrophilic fluorination o f acyclic ketones using 

Selectfluor™ led to the formation of cc-fiuoro derivatives and therefore, the same 

methodology was applied to a range of cyclic ketones. 

2.2.b. Cyclic ketones 5 2' 9 2 

2.2.b.i. Cvclopentanone 

Fluorination o f cyclopentanone using Selectfluor™ was performed by heating a 

solution containing a small excess of Selectfluor™ and cyclopentanone in acetonitrile for 

18h. The l 9 F N M R o f the crude product obtained after work-up showed the presence of 

the 2-fluoro-cyclopentanone (18) (84% conv., 58% isolated yield) only. Purification by 

column chromatography using 1:1 hexane/ethyl acetate was carried out and the product 
* * 52 92 

was submitted to f u l l characterisation (consistent with the literature ' ). 

O O 6 & i 

(18) 

84%o conv., 58%o isolated yield 

i = l .1 eq o f Selectfluor™, MeCN, 82°C, 18h. 

Scheme 2.7 

The carbonyl signal was detected as a doublet (5c=211.9ppm) having a coupling constant 

o f 13.4Hz, slightly smaller than the one observed for the acyclic ketones but still 

consistent wi th a two-bond coupling between fluorine and the carbonyl. 
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13.4Hz J O CF 

Scheme 2.8 

2.2.b.ii. Cyclohexanone 

Fluorination o f cyclohexanone using Selectfluor™ was performed fol lowing the 

same process. The 1 9 F N M R o f the crude product obtained after work-up showed the 

presence of the 2-fluoro-cyclohexanone (19) (93% conv., 59% isolated yield) only. 

Purification o f the crude product was achieved by column chromatography using 2:1 

hexane/ethyl acetate and characterised using the same method as above. 

O O 

6 i 

(19) 

93% conv., 59% isolated yield 

i = l . l eq o f Selectfluor™, MeCN, 82°C, 18h. 

Scheme 2.9 

2.2.b.iii. Cvcloheptanone 

Finally, fluorination o f cycloheptanone using Selectfluor™ was carried out using 

the same process. The 1 9 F N M R of the crude product obtained after aqueous work-up 

showed the presence of the 2-fluoro-cycloheptanone (20) (73%) conv., 56% isolated 

yield) only. Purification o f the crude product was performed by column chromatography 
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using 2:1 hexane/ethyl acetate and characterisation of the product was carried out 

fol lowing the procedure described above. 

O O 

6 6 
(20) 

73% conv., 56% isolated yield 

i = l . l eq o f Selectfluor™, MeCN, 82°C, 18h. 

Scheme 2.10 

2.2.c. Mechanism 

It has been seen that the fluorination o f both acyclic and cyclic ketones led to the 

direct formation o f a-fluoro carbonyl derivatives. The postulated mechanism is the 

fol lowing (Scheme 2.11). 
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H + 
O c o 

Acidic medium 

J H 

H 
/ . 

O O 

Selectfluor™ 

Scheme 2.11 

The reaction medium is acidic due to Selectfluor™. Therefore, the protonation o f the 

carbonyl leads to formation o f the enol derivative. This reactive species would react with 

N-F fol lowing an electrophilic process giving rise to the oc-fluoro carbonyl derivative. 

Previous studies 9 6 showed that the enol content is at a maximum for cyclohexanone and 

at a minimum for cycloheptanone and cyclopentanone. That could explain the difference 

in conversion (the highest was observed for cyclohexanone and the lowest for 

cycloheptanone). These reactions are regiospecific and selective because the fluorination 

occurred only at the alpha position to the carbonyl. 

50 



The second part of this discussion chapter reports the direct fluorination of acyclic and 

cyclic ketones using elemental fluorine to compare the results wi th the one observed 

when Selectf luor™ was used. 

2.3. Fluorination of Ketones using Fluorine 

2.3.a. Acyclic ketone 

2.3.a.i. 2-Heptanone 

Direct fluorination o f 2-heptanone was carried out by passing an excess o f 

fluorine through a cooled (0°C) solution o f 2-heptanone and dry acetonitrile. After the 

usual aqueous work-up the crude product obtained contained 5- and 6-fluoro-2-

heptanone ((21) and (22)) detected by 1 9 F N M R (67% conv., 47% isolated yield) in the 

ratio 1:1.1. Purification was achieved by preparative GC and the products were obtained 

as a mixture o f isomers which could not be separated. They were submitted to fu l l 

characterisation. 

O O 

F 

F O 

u + 

(21) (22) 

1.1 

67%» conv., 47% isolated yield 

i=10% F 2 / N 2 , CH 3 CN, 0°C, 24h. 

Scheme 2.12 
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The identity and ratio o f the products was determined using , 3 C a n d l 9 F N M R . 6-

Fluoro-2-heptanone was identified due to a two-bond coupling constant between the 

terminal methyl and fluorine. 

In the present case the fluorination took place further away f rom the carbonyl (at 

5 and 6 position) because the electronegative effect o f that one decreases the electron 

density o f the alpha carbon. According to the l i t e r a t u r e 5 1 , 5 2 ' 9 4 ' 9 5 ' 9 7 the direct fluorination 

of ketones does not give rise to the a-fluoro derivative directly. The a-fluorination of 

ketones was successful using enol acetates94, pyruvic acid derivatives 5 1, trimethyl silyl 

derivatives and hydroxymethylene substituent as directing and activating group . 

In the present case we attempted the direct a-fluorination o f ketones using several 

catalysts which could promote the enolization of the ketone in order to produce a-

fluoroketones directly. 

Direct fluorination o f 2-heptanone was carried out by passing an excess of 

fluorine through a cooled (0°C) solution o f 2-heptanone, aluminium chloride and dry 

acetonitrile. After the usual aqueous work-up the crude product obtained contained 5-

and 6-fluoro-2-heptanone (21) and (22) (94% conv., 63% isolated yield) in the ratio 

1:1.3. Purification was achieved by column chromatography using 3:1 hexane/ethyl 

acetate and the products were submitted to f u l l characterisations. 

22.3Hz J O CF 

Scheme 2.13 

1). A l C h 98 
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o o o 

11 + 

F 

(21) : (22) 

1 : 1.3 

94% conv., 63% isolated yield 

i=10% F 2 /N 2 , A I C I 3 , CH 3CN, 0°C, 24h. 

Scheme 2.14 

No evidence of a-fluorinated derivative was found by l 9 F NMR. Nevertheless, a much 

better conversion was observed (from 47% without AICI3 to 94% when used). AICI3 

accelerated the reaction but did not catalyze the enolization process. This could be due to 

the fact that the electrophilicity of fluorine was enhanced when in presence of a Lewis 

Acid as seen below. 

5 + 8 _ 5 + 

F F - A I C I 3 

Scheme 2.15 

2). Triflic acid 

The fluorination of 2-heptanone was performed by passing an excess of fluorine 

through a cooled (0°C) solution of 2-heptanone, triflic acid (1 and 5 eq) and dry 

acetonitrile. After the usual aqueous work-up the l 9 F NMR of the crude product showed 

the presence of 5- and 6-fluoro-2-heptanone (21) and (22) as compared with previous 

experiment. 
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o o o 

+ 

F 

(21) : (22) 

1 : 1.3 

i=10% F 2 /N 2 , CF3SO3H, CH3CN, 0°C, 5h. 

Scheme 2.16 

Amount of CF3SO3H used Conversion (%) Products observed 

1 equivalent 50 

5- and 6-fluoro-2-heptanone 

(1:1.3) 

5 equivalents 30 

5- and 6-fluoro-2-heptanone 

(1:3.2) 

Table 2.2 

Triflic acid did not promote the formation of the enol either. It has been noticed that 

the conversion dropped down compared to the reference reaction (no catalyst). It seems 

that triflic acid slowed the reaction down and favours the formation of the 6-fluoro more 

than the 5-fluoro for unknown reason. 
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3). Selectfluor™ 

Because the end product of reactions involving Selectfluor™ is a very strong 

acid, we added Selectfluor™, in catalytic amount, to determine whether this would 

influence direct fluorination. 

The direct fluorination of 2-heptanone was performed by passing an excess of 

fluorine through a solution of 2-heptanone, Selectfluor™ and dry acetonitrile. After work

up the crude product was analyzed by 1 9F NMR and contained the same products in the 

ratio 1:1. 

O O O 

11 + 

F 

(21) : (22) 

1 : 1 

26% conv., 

i=10% F 2 /N 2 , Selectfluor™, CH 3CN, 0°C, 18h. 

Scheme 2.17 

Selectfluor™ used in catalytic amount is unable to promote the enolization of the ketone 

to give rise to the a-fluoroketone. 

4). BFi.EtiQ 

Fluorination of 2-heptanone was carried out following the same process and by 

using some BF3.E12O as catalyst. The l 9 F NMR of the crude product obtained after work

up showed the presence of a-fluoroketone as the major product as well as 5-fluoro-2-
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heptanone in the ratio 2:1. No evidence of the 6-fiuoro derivative was detected on the GC 

and 1 9F NMR. 

O O o 

I I 

21 22 

30% conv., 

i=10% F 2 /N 2 , BF 3 .Et0 2 , CH 3CN, 0°C, 18h. 

Scheme 2.18 

This catalyst seems to promote the enolization of the ketone giving rise to the a-

fluoroketone. There should be interaction between the Lewis Acid and the carbonyl as 

seen below. 

BF,.EtoO 3 

o O H 

H 

Scheme 2.19 

BF 3 .Et 20 is electron-deficient therefore one of the lone electron pairs of the oxygen tends 

to react with boron. This reaction occurred with a good selectivity. 
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5). Copper nitrate 

The direct fluorination of 2-heptanone was performed using the same process and 

copper nitrate as catalyst. After the usual aqueous work-up no evidence of 3-fluoro-2-

heptanone was shown by 1 9F NMR. The 5-and 6-fluoro-2-heptanone were detected in the 

ratio 1:1. 

O O O 

+ 

F 

(21) : (22) 

1 : 1 

32% conv., 

i=10% F 2 /N 2 , Cu(N0 3) 22.5H 20, CH 3CN, 0°C, 4h. 

Scheme 2.20 

There was no formation of the 3-fluoro-2-heptanone in that case. Copper nitrate does not 

favour the enolization process. The fluorination gave a lower conversion than reaction 

without copper nitrate. 

6). Cerium ammonium nitrate (CAN) 9 9 

The fluorination of 2-heptanone was carried out using the same methodology and 

CAN as catalyst. After the usual aqueous work-up the 1 9F NMR of the crude product 

showed the presence of 3-, 5- and 6-fluoro-2-heptanone (14), (21) and (22) in the ratio 

1:14:15. 
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o o o 

1 + 

o 

(21) (22) 

(14) 

(14):(21):(22), 1: 14: 15 

20% conv. 

i=10% F 2 /N 2 , CAN, CH 3CN, 0°C, 4h. 

CAN=(NH4)2Ce(N03)6 

Scheme 2.21 

The conversion of the reaction dropped down to 20% compared to reaction without 

CAN. 

Several conclusions concerning the use of these catalysts can be made. First of all, It has 

been noticed that Lewis Acids increase the reactivity of fluorine but have little effect on 

selectivity. Lewis acids seem to interact with fluorine by enhancing its electrophilicity 

rather than influencing the enol formation. 

Because Lewis Acids have an influence on the reactivity, they favour an electrophilic 

process(SE2). 

An SE2 process would be retarded by adjacent carbonyl: positions remote would be more 

reactive. It could explain the fact that relatively little enol would be formed. We cannot 
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rule out entirely a radical process because reaction of an electrophilic radical would also 

be retarded by the carbonyl. 

The final point is that fluorine is much less selective than Selectfluor™ because it is 

much more reactive. 

2.3.a.ii. 2,5-Hexanedione 

The direct fluorination of 2,5-hexanedione was performed by passing an excess of 

fluorine through a solution of 2,5-hexanedione and acetonitrile. After an aqueous work

up the crude product obtained was analyzed by l 9 F NMR. The 3-fluoro-hexan-2,5-dione 

(16) and 5 other unidentified fluorinated products in the ratio 1.2:1:2:1.7. Consequently, 

no purification was attempted. 

I I + 

o o 

(16) 

5 unidentified fluorinated 
products 

48% conv., 78% yield (compounds in crude products) 

i=10% F 2 /N 2 , CH 3CN, 0°C, 18h. 

Scheme 2.22 

The conversion is much lower than the one observed when Selectfluor™ is used. 

Nevertheless some fluorination occurred next to the carbonyl which was not detected 

when we ran the fluorination of 2-heptanone (without catalyst). But the reaction is less 

selective (6 different products were formed). The l 9 F NMR and GC-MS were not 

understood. 
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2.3.b. Cyclic ketones 

2.3.b.i. Cvclopentanone 

Fluorination of cyclopentanone was also carried out by passing fluorine through a 

solution of cyclopentanone and acetonitrile. The l 9 F NMR of the crude product obtained 

after work-up allowed us to identify the 2-fluoro-cyclopentanone (18) (compared to 

previous identification), 3-fluoro-cyclopentanone as well as a difluorinated product in the 

ratio 1:2.5:2. Several purifications by column chromatography failed. 

O O O O 6 4 & n + 

F 
(18) 

1 : 2.5 : 2 

38%conv., 99% yield 

i=10% F 2 /N 2 , CH3CN, 0°C, 18h. 

Scheme 2.23 

The presence of a triplet at 5F=-70.59ppm is consistent100 with a CF2. The only 

possibility to get a triplet would be that fluorines were next to the carbonyl. The fluorine 

signal at 8F=:-176.93ppm is consistent with a monofluorinated derivative which can be 

nothing else but 3-fluoro-cyclopentanone. We have detected the a-fluoro derivative by 
l 9 F NMR. It seems that the enolization was favoured in the case of cyclic compounds 

(enol more stable in cyclic systems) whereas none occurred when acyclic ketones were 

used. The fluorination was major at C-3 because this site is further away from the ewg. 
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2.3.b.ii. Cvclohexanone 

The fluorination of cyclohexanone using fluorine was performed using the same 

methodology. The crude product isolated after the usual work-up was analyzed by I 9 F 

NMR and contained a mixture of 2-, 3- and 4-fluoro-cyclohexanone in the ratio 1:3.7:10. 

Purification by column chromatography using 2:1 hexane/ethyl acetate allowed us to 

isolate 2- and 3-fluoro-cyclohexanone as a mixture of isomers. But none of the major 

derivative, 4-fluoro-cyclohexanone was recovered. 

O O o o 

6 n + + 

(19) (23) 

26% conv. 

i=10% F 2 /N 2 , CH 3CN, 0°C, 18h. 

Scheme 2.24 

2-Fluoro-cyclohexanone was identified by comparison with a previous experiment. 3-

Fluoro-cyclohexanone was determined from the 1 3C NMR. The carbon next to the 

carbonyl was detected by 1 3C NMR at 8c=31ppm (correct region for a CH 2 next to 

carbonyl) as a doublet with a coupling constant of 21 Hz (a two-bond carbon-fluorine 

coupling. The products distribution could be explained by the fact that the fluorination 

tends to take place further away from the ewg that is why the ratio is the following 2-

F<3-F<4-F. 
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2.3.b.iii. Cycloheptanone 

Direct fluorination of cycloheptanone was carried out using the same protocol. 

The crude product remaining after work-up contained a mixture of 2-, 3- and 4-fluoro-

cycloheptanone in the ratio 1:1.4:3.2. A purification by column chromatography using 

3:1 hexane/ethyl acetate was performed and gave a mixture of 3- and 4-cycloheptanone. 

O O o o 6 6-0 + + 

F 

(20) (24) (25) 

30% conv., 

ii=10% F 2 /N 2 , CH3CN, 0°C, 18h. 

Scheme 2.25 

The 2-fluoro-cycloheptanone was detected on the 1 9F NMR. The two other isomers were 

mainly identified from the C NMR. A three-bond coupling constant ( JCF =8.6HZ) was 

found between the carbonyl (§c=209.4ppm) and fluorine which is consistent with the 3-

fluoro-cycloheptanone. The third fluorinated derivative could only be the 4-fluoro-

cycloheptanone. 

Here again, the product distribution was explained by the fact that fluorination occurred 

at C-4 mainly (further away from carbonyl) then C-3 and C-2. As the other cyclic 

systems, the enolization was favoured as well using these reaction conditions. 
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2.3.c. Mechanism 

The formation of the a-fiuoroketone in the case of the cyclic ketones can be 

explained by a similar mechanism to the one postulated when Selectfluor™ was used. 

The enolization of the carbonyl would be promoted, using these reaction conditions, 

giving rise to the enol derivative. Then a concerted cyclic mechanism would follow to 

lead to the a-fluoroketone. 

+ H 
O 

6 H Acidic medium 

H O O 
v 

Scheme 2.26 

The formation of other derivative can be explained by an electrophilic substitution as 

follows. 
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F-F 

O 

x 
H ' ' + ^ F N C C H 3 

O 

HF + 

Scheme 2.27 

The substitution would occur following a SE2 process with a non classical 3 centre-2 

electrons. 

2.4. Conclusion 

The fluorination of cyclic and acyclic ketones using Selectfluor™ gave 

exclusively oc-fluoroketones as compared with the literature96. The reaction is 

regiospecific and very clean. The same ketones were submitted to direct fluorination 

using fluorine and a mixture of isomers was obtained in all cases. 

The direct fluorination occurred further away from the carbonyl in the case of acyclic 

ketones whereas a small amount of fluorination at the alpha site was observed when the 

cyclic ketones were used as the substrates. We also observed that the fluorination of 

cyclic ketones tends to occur mainly further away from the carbonyl and the reactions 

between fluorine and cyclic ketones led to products in lower conversion and they seem to 

be slower than the reaction with Selectfluor™. 
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Chapter Three: Fluorination of Aldehydes 

3.1. Introduction 

In Chapter Two it has been shown that the fluorination of various acyclic and 

cyclic ketones took place on the chain and at the alpha position of the carbonyl when 

Selectfluor™ was used. Given this result, the same methodology has been applied to a 

range of straight chain and aromatic aldehydes to compare the products observed by 

fluorination using fluorine or Selectfluor™. 

3.2. Fluorination of Heptanal using Fluorine 

Fluorination of heptanal was carried out by passing an excess of elemental 

fluorine, 10% (v:v) diluted in nitrogen, through a cool solution (0°C) of heptanal and dry 

acetonitrile. The 1 9F NMR of the solution showed the presence of heptanoyl fluoride 

(8F=+44.91ppm, compare to literature data100) in 66% yield and minor impurities relative 

to fluorination of the chain. The yield of acyl fluoride observed was calculated by adding 

a known amount of reference (fluorobenzene) in the NMR tube. Because the acyl 

fluoride is an unstable species some 3,5-dinitrobenzyl alcohol was added to the reaction 

mixture in order to isolate an ester derivative proving that we had an acyl fluoride 

intermediate. The 3,5-dinitrobenzyl alcohol was chosen due to its big size and the ease of 

the nucleophilic displacement. The crude product obtained after work up contained a 

major compound on the GC (84% yield). The (3,5-dinitrophenyl)methyl heptanoate (26) 

was isolated by column chromatography and identified by comparison with an authentic 

sample. 
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o o 

H 

o 

NO o 

T 
N 0 2 

(26) 

100% conv., 43% isolated yield 

i=10% F 2 /N 2 , CH 3CN, 0°C, 18h. 

ii= 3,5-dinitrobenzyl alcohol, CH 3CN, 82°C, 20h. 

Scheme 3.1 

The 1 3C NMR allowed us to identify the carbonyl of the ester functionality with a 

chemical shift found at 8c=173ppm. The carbons of the aromatic ring were identified 

between 118 and 149ppm. The aromatic protons were detected in the expected area as 

well (5H=8.5 and 9ppm). 

3.3. Mechanism 

3.3.a. Fluorination 

Elemental fluorine adds to the carbonyl function then dehydrofluorination gives 

rise to the acyl fluoride as shown below. 
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o F — F 
R -

H • 6 
H r 

.O-rF 
-HF O 

Scheme 3.2 

3.3.b. Nucleophilic displacement 

HO—R - R - C 

0 

OR 
+ 

Scheme 3.3 
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A C-F bond is very strong to break and it is more likely that the nucleophilic 

displacement occurs following an addition-elimination process as shown above (Scheme 

3.3). 

The 3,5-dinitrobenzyl alcohol adds to the carbonyl group followed by elimination of 

fluoride ion. Then, deprotonation of the oxygen gives rise to HF by combination with F". 

3.4. Fluorination of Heptanal using Selectfluor™ 

Fluorination of heptanal using Selectfluor™ was carried out by heating a solution 

containing a small excess of Selectfluor™ and heptanal in acetonitrile during 3 days. The 

aqueous work-up gave a crude product containing 6 unidentified fluorinated products in 

the ratio 4.2:2:3.9:1:7.4:6.6. No trace of acyl fluoride was detected at all on the 1 9F NMR. 

No purification was done. 

3.5. Fluorination of Decanal 

The direct fluorination of decanal was achieved by passing fluorine through a 

cool solution (0°C) of decanal and acetonitrile. The 1 9F NMR of the reaction mixture 

showed the presence of acyl fluoride in 70% yield (8F=+44.92ppm) and minor impurities. 

Again, the yield of acyl fluoride was evaluated by 1 9F NMR using a known amount of 

reference (same as previous experiment). The second step of the reaction was performed 

by adding some 3,5-dinitrobenzyl alcohol. The crude product obtained after work-up 

contained (3,5-dinitrophenyl)mefhyl decanoate (27). 
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o o 

H 

I I 

V 
o 

OR 

(27) 

100% conv., 55% isolated yield 

i=10% F 2 /N 2 , CH 3CN, 0°C, 18h. 

ii= 3,5-dinitrobenzyl alcohol, CH 3CN, 82°C, 20h. 

Scheme 3.4 

The structure of this compound was proved by C and H NMR. The presence of 

the carbonyl of the ester function was detected on the l 3 C NMR at 5c=173.4ppm. The 

aromatic carbons were found between 118 and 149ppm and the aromatic protons at 

8H=8.5 and 9ppm. 

It has been found that the fluorination reaction led to substitution of the aldehydic 

hydrogen and not of the chain. The process follows a two step reaction. First of all, the 

addition of the fluorine to the carbonyl gives rise to an acyl fluoride which is 

hydrolytycally unstable. This step is followed by an addition-elimination of 3,5-

dinitrobenzyl alcohol leading to a stable ester derivative. For comparison we also studied 

the fluorination of aromatic aldehydes to see where the fluorination would occur. 
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3.6. Fluorination of Benzaldchyde 

The direct fluorination of benzaldehyde was carried out following the same 

procedure. Despite a low amount of acyl fluoride (<1%) detected on the 1 9F NMR at 

5p=+17.88ppm, the second step was performed (trapping the acyl fluoride). After the 

usual work-up the crude product contained the ortho-, meta- and /?ara-fluoro-

benzaldehyde in the ratio 4.3:8.2:1 (Scheme 3.5). In addition, the ester derivative was 

detected on the GC-MS (1.5% area on GC). These three derivatives have been identified 

by comparing their 1 9F NMR chemical shifts with the literature data' 99 

o. .H 

+ 

C K , H 

+ 

i=10% F 2 /N 2 , CH 3CN, 0°C, 18h. 

ii= 3,5-dinitrobenzyl alcohol, CH 3CN, 82°C, 3d. 

43% conv. 

Scheme 3.5 

The conversion is lower than for straight chain aldehydes and the fluorination 

took place mainly on the ring. The ratio of the products is meta>ortho, para which is 

consistent with the electrophilic substitution of an aromatic derivative bearing an electron 

withdrawing group. 

The electron withdrawing group (ewg) increases the positive charge on the ring 

and consequently destabilizes it. Considering the inductive effect of the ewg on a-

complex, it has been seen that the ortho and para complexes have a positive charge at the 
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carbon bearing the ewg which is not the case for the meta complex. Therefore any - M or 

- I groups by removing electron density destabilizes the three complexes but mostly the 

ortho and para. Consequently an ewg is deactivating and meta-directing as well. 

3.7. Fluorination of Trifluoromethyl-para- Tolualdehvde 

The direct fluorination of trifluoromethyl-para-tolualdehyde was carried out by 

passing an excess of diluted fluorine in nitrogen 10% (v:v) through a solution of 

trifluoromethyl-para-tolualdehyde and acetonitrile. After having detected 50% of acyl 

fluoride and two other monofluorinated derivatives (50%) in the reaction mixture, 3,5-

dinitrobenzyl alcohol was added to the solution and heated up for one day. The usual 

aqueous work-up gave rise to a crude product containing (3,5-dinitrophenyl)methyl 4-

(trifluoromethyl)benzoate (28) and two fluorinated derivatives in the ratio 1:1 which 

were not isolated because they were present in a too small amount. 

O O H OR O H O H X X X X 
+ 

X X X X T T T 
CF CF CF CF 

O X X 11 

XX 

x 
CF 3 

(28) 

61%conv., 55% yield 

i=10% F 2 /N 2 , CH 3CN, 0°C, 18h. 

ii= 3,5-dinitrobenzyl alcohol, CH 3CN, 82°C, Id. 

Scheme 3.6 
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The structure of the two fluorinated derivatives has been found using the coupling 

constants between F and aromatic protons. 

First derivative 

2-fluoro-trifluoromethyl-para-tolualdehvde 

J F H meta= 2.1Hz 

O H 

H 
ortho= 9.6Hz FH 

H H 

CF 

6F=-120.26ppm (C-F, dd) 

8F= -63.69ppm (CF3, s) 

Scheme 3.7 
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Second derivative 

3-fluoro-trifluoromethyl-pflra-tolualdehyde 

O H 

H H 3 J F H ortho= lO.lppm 

H 

CF 3 J lz.Oppm FF 

J F H meta= 3.0ppm 

5F=-114.23ppm (C-F, dd) 

5 F= -62.67ppm (CF3, d) 

Scheme 3.8 

The ring is too deactivated by the presence of two electron withdrawing groups (ewg) 

and consequently the fluorination takes place on the carbonyl mainly. 

Our last fluorination reaction was done with an aromatic aldehyde containing an electron 

donating group (edg) to compare. 
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3.8. Fluorination of para-Tolualdehyde 

Fluorination of pora-tolualdehyde gave only <1% of acyl fluoride. Consequently, 

we worked the reaction up straight afterwards. The crude product contained only 3-

fiuoro-/?ara-tolualdehyde detected by l 9 F NMR, compared to literature data100. 

O H O H X X 
1 

CH CH 

64% conv. 

i=10% F 2 /N 2 , CH 3CN, 0°C, 18h. 

Scheme 3.9 

This result is consistent with aromatic electrophilic substitution. The methyl group (+1) 

should activate the substitution at the ortho and para position (para is occupied by the 

aldehyde function). The aldehyde should be me/a-orientating because of its - I effect. 

3.9. Mechanism 

3.9.a. Fluorination 

Depending on the nature (ewg or edg) of the group attached to the benzaldehyde 

ring, the fluorination wil l take place either on the ring or the fluorine will replace the 

aldehydic proton. This is due to the electronic effect coming from the ewg or edg. We 

have shown earlier that the fluorination occurred on the aromatic ring (Scheme 3.9) when 
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the /?ara-tolualdehyde (electron rich) was used whereas the fluorination of the 

trifluoromethyl-para-tolualdehyde (electron deficient) led to the ester derivative. The 

same mechanism can be postulated for the formation of the acyl fluoride (Scheme 3.10). 

F - F 
>• 

-HF 

R 
+ l F 

R R 

R=edg, H. 

Scheme 3.10 

When R=CH3 it has been shown that fluorine added to the meta position (towards CHO) 

as seen above. The positive charge present in the sigma complex is stabilized by the 

positive inductive effect of the methyl group. 

When R=H we have seen earlier that the fluorination of benzaldehyde occurred at the 

ortho, para and meta position with a preference for the meta one due to known electronic 

effects. 

H 
C - H 

HF 

T T R' R' R' 

R'=EWG. 

Scheme 3.11 
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Again, the fluorine adds to the carbonyl to give the acyl fluoride after 

dehydrofluorination. 

3.9.b. Nucleophilic displacement 

The addition of 3,5-dinitrobenzyl alcohol after direct fluorination led to the 

formation of a stable ester derivative when trifluoromethyl-para-tolualdehyde was used. 

This occurs following the same addition-elimination process seen in the section 3.3.b. 

P h — — ' HO—R 
V 

-•Ph— CHrF 

K R 

C?"R' 
H" 

V 
,0 

P h — + HF 
OR 

Scheme 3.12 

The addition of the 3,5-dinitrobenzyl alcohol followed by elimination of HF gives rise to 

the ester derivative. 

3.10. Conclusion 

A range of aldehydes (aliphatic and aromatic) has been fluorinated using fluorine 

to give rise to their respective acyl fluorides. These compounds are hydrolytically 

unstable and cannot be purified straight away. So, we had to trap them using 3,5-

dinitrobenzyl alcohol to get a stable ester derivative. 
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This methodology worked very well with straight chain aldehydes in high 

conversion. Concerning the aromatic aldehydes we have observed that the fluorination 

occurred in lower conversion because the aromatic species are less electron rich. 

It has been noticed that the fluorination took place on the ring when bearing an 

electron donating group (para-tolualdehyde) whereas it replaces the aldehydic proton 

first when the ring contains an electron withdrawing group (trifluoromethyl-para-

tolualdehyde). This has been explained using the stability and electron density of the 

aromatic ring. />ara-Tolualdehyde is richer than benzaldehyde itself so the fluorination 

occurred on the ring. Concerning the trifluoromethyl-/?ara-tolualdehyde, the aromatic 

was too deactivated. This is the reason why fluorine added to the carbonyl first. 

Fluorination of aldehydes was attempted using Selectfluor™ as well. But the 

results were very messy, the conversion low. Therefore, we did not push them further. 
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Chapter Four: Fluorination of Nitriles 

4.1. Introduction 

As the last part of our studies on the fluorination of hydrocarbon systems 

containing an electron withdrawing group (ewg), we investigate the fluorination of 

nnitriles using both elemental fluorine and. This methodology has been applied to 

aldehydes and ketones presenting a different regiospecificity for each. The fluorination of 

aldehydes took place on the carbonyl whereas the same process applied to ketones gave 

a-fluoro derivatives when was used and a mixture of isomers where fluorine was further 

away from the ewg when fluorine was used, as described in the previous chapters. We 

now discuss the effect of the cyano group on fluorination of various nitriles. 

4.2. Fluorination of Nitriles using Selectfluor™ 

4.2.a. Heptanenitrile 

The fluorination of heptanenitrile using was performed by heating a solution of 

heptanenitrile, a small excess of Selectfluor™ in acetonitrile overnight at reflux 

temperature. The aqueous work-up gave a crude product containing four 

monofluorinated derivatives identified as 6-, 5- and 7-fluoro-heptanenitrile in the ratio 

10:3.4:1:1.2. The minor compound which could be either 3- or 4-fluoro-heptanenitrile (a 

doublet of multiplet with a 2 J F H = 4 8 . 9 H Z was detected by L 9 F N M R ) was not recovered 

after purification. This one was achieved by column chromatography using 4:1 

hexane/ethyl acetate. A mixture of isomers consisting of 5-, 6- and 7-fluoro-

heptanenitrile ((29), (30) and (31)) was submitted to full characterisation and the results 

were consistent with the literature100. 
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(29): (30): (31): other derivative 

10 : 3.4 : 1 : 1.2 

9% conv., 

i = l . l eq of Selectfluor™, MeCN, 82°C, 18h. 

Scheme 4.1 

The position of fluorine on the chain was determined using 1 3C and 1 9F NMR. In the case 

of 5-fluoro-heptanenitrile the 1 3C NMR signal corresponding to the methyl (8c=9ppm) 

was a doublet presenting a coupling constant of 6Hz with fluorine. This was consistent 

with a JCF-

N 

6.0Hz J CF 

Scheme 4.2 

Concerning the 6-fluoro-heptanenitrile, the methyl detected by 1 3C NMR was a doublet 

(8c=20.8ppm) with a coupling constant of 23Hz, typical of a JCF. 
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2J r F=23.0Hz a 
Scheme 4.3 

The identity of the 7-fluoro-heptanenitrile was proved using 1 9F NMR. The signal 

observed was a triplet located at 5F=-219.10ppm corresponding to CH 2 F-CH 2 ". 

In this case the fluorination tends to take place further away from the cyano group which 

is consistent with an electrophilic attack. The fluorination is not as specific as it was in 

the case of the ketones. As seen above, it occured at different sites (both secondary and 

tertiary sites) but remote from the cyano function. This system seems to be too 

deactivated and only low conversion was observed under the reaction conditions used. 

4.2.b. 1,5-Dicyanopentane 

Fluorination of 1,5-dicyanopentane using Selectfluor™ was carried out following 

the same process as seen above for 5 days but no evidence of reaction was detected. The 

aqueous work-up gave a crude product from which the 1 9F NMR suggests the presence of 

five fluorinated derivatives seen on the l 9 F NMR in the ratio 1.4:1:5.5:12.3:11.7 but we 

were unable to detect those by GC. 

3JH C=26.0Hz 

N 
2J..,=48.0Hz HF 

Scheme 4.4 
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i = l . l eq of Selectfluor™, MeCN, 82°C, 18h. 

Scheme 4.5 

The system is even more deactivated in that case and less than 1% conversion was 

detected after 5 days. Therefore, no further investigation was carried out. 

4.3. Fluorination of Nitriles using Elemental Fluorine 

4.3.a. Octanenitrile 

Direct fluorination of octanenitrile was performed by passing an excess of 

fluorine through a cooled solution (0°C) of octanenitrile and acetonitrile. The crude 

product, obtained after the usual work-up, contained 5-, 6- and 7-fluoro-octanenitrile 

((32), (33) and (34)) in the ratio 13:1:6 respectively and minor impurities. Despite a low 

conversion (5% from NMR), purification by column chromatography using 4:1 

hexane/ethyl acetate allowed us to isolate the three isomers as a mixture. 

N (32) 

F F

 + 

^ N 
= N (33) 

+ 

N (34) 

(32): (33): (34) 

13 6 

i=10% F 2 /N 2 , MeCN, 0°C, 18h. 

Scheme 4.6 
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These compounds were identified using 1D and 2D NMR. It was more difficult to prove 

their structure as the NMR ( l 9 F, 1 3C and 'H) were complicated and the coupling between 

the methyl and fluorine (6-fluoro-octanenitrile) did not appear. 

The distribution products was not understood as the major compound (32) was the one 

having fluorine the closest to the cyano group. 

4.3.b. Heptanenitrile 

Fluorination of heptanenitrile using fluorine was carried out following the same 

methodology. The 1 9F NMR of the crude product after work-up contained the same four 

products as those observed when the reaction was performed using Selectfluor™. 5-, 6-

and 7-fluoro-heptanenitrile (in the ratio 40:32:4:1 respectively) were identified by 

comparison with authentic samples. 

N N 
N 

N N 

(29): (30): (31): other derivative 

7% conv., 

i=10% F 2 /N 2 , MeCN, 0°C, 18h. 

Scheme 4.7 

The results were very similar that those observed when Selectfluor™ was used. 

However, these systems are too deactivated towards electrophilic process and explained 

the very low conversion. 
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4.3.c. Other Systems 

Fluorination of 1,5-dicyanopentane, isobutyronitrile and azelanitrile (NC-(CH2)7-

CN) was attempted using the same methodology. But no further investigation was carried 

out as only 1% conversion was calculated from the 1 9F NMR. 

4.4. Conclusion 

We have observed that the fluorination using both Selectfluor™ and fluorine gave 

no useful product due to the very low conversion of the reactions. 

Nevertheless we managed to isolate several isomers showing that fluorination occured 

further away from the cyano group in both cases. 

The relative distribution of isomers in these processes is neither consistent with an 

electrophilic attack nor radical attack because the latter would involve an electrophilic 

atom. In either case, we would anticipate preferential attack at the most remote secondary 

positions and we have noted that this was not the case. 

It is possible that involvement of the cyano group occurs in directing the fluorination, 

either by an intramolecular or a bimolecular process but at this stage this is a speculation. 
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Chapter Five: Fluorination of Cyclic Ethers 

5.1. Introduction 

In Chapter I I , I II and IV we investigated the selective fluorination of hydrocarbon 

systems containing an electron withdrawing group (ewg). In general it was observed that 

the fluorination occurred at sites further away from the ewg, on the most electron rich C-

H bond (Chapter I I and IV). Given these results, we postulated that i f an electron 

donating group was attached to an alkyl chain it would increase the electron density of 

the adjacent C-H bond. Therefore, we decided to study the selective fluorination of cyclic 

ethers as they are commercially available. 

5.2. Fluorination of Ethers using Selectfhior™ 

5.2.a. Tetrahvdrofuran 

Fluorination of tetrahydrofuran using Selectfluor™ was carried out by heating a 

solution containing a small excess of Selectfluor™ and tetrahydrofuran in acetonitrile 

during 18h. The aqueous work-up gave a crude product containing 4 products detected 

by GC (57%, 13%, 18% and 11% area). The 1 9F NMR showed a mixture of peaks and 

corresponding to two isomers of 3-fluoro-2-(3-fluorooxolan-2-yloxy)oxolane (35) (100%) 

conv., 35% isolated yield). These products were detected as the major peak on the GC. 

Only one isomer was isolated after purification by column chromatography using 2:1 

hexane/ethyl acetate. The three other products were not isolated and could not be 

identified. 
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i 

o o o o 

(35) 

+ 3 other products 

(not isolated) 

100% conv., 35% isolated yield ((35)) 

i = l . l eq of Selectfluor™, MeCN, 82°C, 18h. 

Scheme 5.1 

The retention time of the product was too high to be a simple monofluorinated ether 

derivative. The identity of the compound was determined using 1 9F NMR (5F=-

189.94ppm) as well as , 3 C and 'H NMR. The molecule was determined to be completely 

symmetrical due to the fact that only 4 signals were detected on the 1 3 C and 'H NMR. 

The position of the fluorine on the ring was determined from the 1 3C and 'H NMR as 

well (Scheme 5.2). 

J 21.0Hz CF 

r, J . 33.0Hz CF 

o 

Scheme 5.2 

The carbon adjacent to the oxygens, with a distinctive shift of 8c=100.9ppm is coupled to 

the fluorine with a two bond coupling constant. Another two bond coupling constant was 

also observed between fluorine and the carbon far away from the ether function 

(5c=30.1ppm) as shown above. 
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c 
a H 

3JHF=10.0Hz 

Scheme 5.3 

A similar observation was seen on the H NMR where the hydrogen attached to the 

carbon adjacent to the oxygens is coupled to fluorine through a three bond coupling 

constant as shown above (Scheme 5.3). The value of the coupling constant is small 

therefore F and H would be in cis position (one in equatorial and the other in axial). 

The identity of this derivative was also consistent with electrospray mass spectrometry 

(chromatographic technique). Our compound was found to bind a sodium ion 

(MW=217g/mol=M++Na+). The cation coordinates with lone electron pair of the oxygens 

which means that there is affinity between the molecule and Na + (Scheme 5.4). 

5.2.a.i. Mechanism of Formation 

The product resulting from the fluorination of tetrahydrofuran is unusual and 

unexpected. We can postulate a mechanism for the formation of 3-fluoro-2-(3-

fluorooxolan-2-yloxy)oxolane (35) (Scheme 5.5) as shown below. 

1 
O O, , 0 

Na + 

Scheme 5.4 
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60 o o r Selectfluor™ HF 

+ + 0 OH 0 O r H-,0 

y 

o o o p X 
(35) 

Scheme 5.5 

First of all, fluorine should attack on the adjacent carbon to the oxygen because this 

carbon would give rise to the most stable carbocation due to the mesomeric effect of the 

oxygen. Next, a dehydrofluorination of the intermediate should lead to the formation of 

an alkene. The electron rich alkene wil l react with another molecule of Selectfluor™ to 

form the oxonium ion. This ion could be attacked by water during the work-up giving 

rise to an alcohol. This alcohol would react with another oxonium ion giving rise to 3-

fluoro-2-(3-fluorooxolan-2-yloxy)oxolane (35). 
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5.2.b. Tetrahydropyran 

Fluorination of tetrahydropyran using Selectfluor™ was performed following the 
same process. The crude product obtained after work-up was a mixture of two 
diastereoisomers of 3-fluoro-2-(3-fluoroperhydro-2H-pyran-2-yloxy)perhydro-2H-pyran 
(36) (100% conv., 40% isolated yield) in the ratio 1:1 from the GC. After purification by 
column chromatography using 2:1 hexane/ethyl acetate, only one isomer was recovered. 

O O O O 
I 

F F 

(36) 

100% conv., 40% isolated yield 

i = l . l eq of Selectfluor™, MeCN, 82°C, 18h. 

Scheme 5.6 

The structure of this derivative was proved by using 1 3C and 'H NMR. The l 9 F 

NMR chemical shift of this compound was very similar to the one concerning THF (8p=-

190.33ppm). The molecule was determined to be again completely symmetrical because 

5 signals were detected on the 1 3C and 'H NMR. 
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o o 

F 

2J r F=29.0Hz 

2.U=19.0Hz 

CF 3.0Hz 

Scheme 5.7 

The carbon adjacent to the oxygens is coupled to fluorine with a two bonds coupling 

constant of 29Hz. As well as C-3 (two bond) and C-4 (three bond coupling constant). 

distinguish the three bonds coupling constant between fluorine and this hydrogen as the 

multiplet was not clear. We therefore cannot distinguish trans or cis coupling between H 

and F. The structure was also proved using electrospray (ES+) which showed that the 

compound bound to sodium ion (MW=245.1g/mol=M++Na+) for the same reasons seen 

in section 5.2.a. 

1 
O O 

Scheme 5.8 

The signal of the hydrogen was observed as a multiplet on H NMR. We were not able to 
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+ Na 
O O o 

F F 

Scheme 5.9 

5.2.c. 1,4-Dioxane 

Fluorination of 1,4-dioxane using Selectfluor™ was carried out the same way as 

described previously. The crude product contained a compound detected at -141.7ppm by 
1 9F NMR which could be a difluorinated product (<1% conversion). The GC showed the 

presence of one compound (35%) and the starting material (65% area). A purification by 

column chromatography using 2:1 hexane/ethyl acetate gave rise to 2,5,7,10-

tetraoxabicyclo[4.4.0]decane (37) (77% conv., 36%) isolated yield). This compound was 

submitted to ful l characterisation. 

O O O 
I 

o o o 
(37) 

77% conv., 36%) isolated yield 

i = l . l eq of Selectfluor™, MeCN, 82°C, 18h. 

Scheme 5.10 

The structure of this product was determined by 1 3C and *H NMR in first place We also 

proved the identity of the compound by getting a crystal structure102 as seen in Scheme 

5.11. 
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Scheme 5.11 

5.2.c.i. Mechanism of Formation 

The product resulting from the fluorination of 1,4-dioxane is even more 

unexpected. Two mechanisms can be suggested for the formation of the derivative 

observed. 
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First mechanism 

H 
O O O C + H 

to 
o + 0 o FUO 

H H 

H 

0 0 0 O 
2HF 

O O o o 
H 

(37) 

Scheme 5.12 

1,4-Dioxane could be protonated is in the first place (acidic reaction medium) and give 

rise to a diol. This one would react with a difluorinated dioxane (detected by 1 9F NMR 

after work-up) to lead to 2,5,7,10-tetraoxabicyclo[4.4.0]decane (37) as seen above. 
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Second mechanism 

(X > 
+ o o N-F 

o o o 

o 

o 

o 
o o o o 

+ 

o o 

r1 

o o o o J 
o o o 

37 

Scheme 5.13 

1,4-Dioxane could be difluorinated and form an oxonium ion by loss of fluoride ion. An 

other 1,4-dioxane would stabilize the oxonium ion and react with fluoride ion and lead to 

ring opening. This is followed by nucleophilic displacement to lead to (37). 
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5.2.d. Hexamethylene oxide 

The fluorination of hexamethylene oxide using Selectfluor™ was performed as 
usual. After work-up the crude product contained 2-fluoro-5-(3-fluorooxepan-2-
yloxy)pentanal (38) (100% conv., 31% isolated yield) and another product in the ratio 
4:1 from the GC. Purification by column chromatography using 3:1 hexane/ethyl acetate 
gave the major derivative but the other product could not be isolated. 

The C and H NMR allowed us to identify the structure of this unusual 

derivative. The presence of a peak at 8c=200.3ppm in the 1 3C NMR indicated the 

presence of an aldehyde. The signal is a doublet with a coupling constant of 33Hz which 

is consistent with a two bond coupling constant between F and C. Therefore, one 

fluorine took place at the adjacent carbon to the carbonyl (Scheme 5.15). 

) C X 
o o o o 

(38) 

100% conv., 31% isolated yield 

i = l . l eq of Selectfluor™, MeCN, 82°C, 18h. 

Scheme 5.14 

J 33.0Hz CF 

O o o 
Scheme 5.15 
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X J 35.0Hz CF O o 

Scheme 5.16 

The carbon bearing the two oxygens was detected at 5c=104.3ppm by 1 3C NMR as a 

doublet with a coupling constant of 35Hz typical from a two bonds coupling constant 

between C and F. The fluorine is therefore on the carbon adjacent to it (Scheme 5.13). 

The aldehydic proton was detected by 'H NMR at 8H=9.77ppm (a doublet with a three 

bond fluorine-hydrogen coupling constant JHF =6.0HZ). 

The presence of two different signals (8F=-1 80.70 and -200.18ppm) in the ratio 1:1 were 

observed on the 1 9F NMR. This indicated that the molecule contained two fluorine atoms. 

5.2.d.i. Mechanism 

A possible mechanism for the formation of (38) is shown below (Scheme 5.17). 
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•dJ o o J ( ( Selectfluor™ HF 
N 

c y + H + OH 0 o o 

( H 

O O H O 

(38) 

Scheme 5.17 

The first three steps of formation of (38) could be explained the same way as seen 

in Section 5.2.a.i. It can be thought that a 7 membered ring oxonium ion is less stable 

than 6 and 5 ones. Therefore, all the molecules present in the solution would react with 

water to lead to the alcohol derivative. Finally, the alcohol could be protonated (acidic 

medium) and be attacked by another molecule of alcohol as observed in Scheme 5.17. 
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5.2.e. Other systems 

Fluorination of 2-methyl-tetrahydrofuran using Selectfluor™ was carried out by 

heating at reflux temperature (82°C) a mixture containing 2-methyl-tetrahydrofuran, a 

small excess of Selectfluor™ and acetonitrile. After two days, only 3% conversion was 

observed and so no further investigation was carried out. 

The fluorination of monoglyme using Selectfluor™ was attempted using 

monoglyme and Selectfluor™ in acetonitrile at reflux temperature but after 18h no 

reaction was detected. 

The fluorination of 18-crown-6 using Selectfluor™ was also attempted using 18-

crown-6 and Selectfluor™ in acetonitrile. The reaction was heated at reflux temperature 

but after 18h no reaction was detected either. 

5.3. Fluorination using Elemental Fluorine 

5.3.a. Tetrahydrofuran 

The direct fluorination of tetrahydrofuran using elemental fluorine was performed 

by passing an excess of fluorine diluted in nitrogen (10% v:v) in a cooled (0°C) solution 

of tetrahydrofuran in acetonitrile. The crude product obtained after the aqueous work-up 

contained three compounds detected by GC (28%, 35% and 37% area). The major 

derivative was 3-fluoro-2-(3-fluorooxolan-2-yloxy)oxolane (35) as seen previously 

(section 5.2.1) (same chemical shift on 1 9F NMR spectrum and GC retention time). 

Several purifications by column chromatography were attempted but failed. 
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11 

F 

o o 

(35) 

70% conv., 37%o yield 

i=4 eq 10% F 2 /N 2 , CH 3CN, 0°C. 

Scheme 5.18 

5.3.a.i. Mechanism 

Two slightly different mechanisms can be postulated (Scheme 5.19 and 5.20). 
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First mechanism 

o 7) O O ) r H F 

+ + 
o o o O H HnO 

X 

o o o 
X 

F F 

(35) 

Scheme 5.19 

The formation of the dimer is similar to the one described in Section 5.2.8.a. Fluorine 

attacks on the adjacent carbon to the oxygen to give a monofluorinated derivative. A 

dehydrofluorination should occur to give rise to an alkene. The electron rich alkene will 

react with another molecule of fluorine giving rise to an oxonium ion. Finally, an alcohol 

intermediate formed during the work-up would attack the oxonium and lead to (35). 
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Second mechansim 

0 

r H F 

O 0 O H •u X X 
HoO 

O 

F F 

(35) 

Scheme 5.20 

The difference occurs after the dehydrofluorination. The alkene formed could be 

difluorinated as shown above. Because fluoride is a good leaving group, it could be 

replaced by a hydroxy group (due to the aqueous work-up). This hydroxy compound 

could replace a fluorine on a difluorinated compound present in solution. The same dimer 

would also be observed in that case. 
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5.3.b. Tetrahydropyran 

Fluorination of tetrahydropyran using elemental fluorine was also carried out 

following the same conditions used for the direct fluorination of tetrahydrofuran. The 

crude product contained 4 fluorinated derivatives in the ratio 4:2.4:1.4:1. The 3-fluoro-2-

(3-fluoroperhydro-2H-pyran-2-yloxy)perhydro-2H-pyran (36) seen previously (section 

5.2.2) was detected as the major compound (same retention time and chemical shift on 

the 1 9F NMR). Again, purifications by column chromatography or preparative GC failed. 

.(X 
n 

F F 

+ 3 other fluorinated 
products 

(36) 

66% conv., 53% yield 

i=4 eq 10% F 2 /N 2 , CH 3CN, 0°C. 

Scheme 5.21 

5.3.c. 1,4-Dioxane 

Fluorination of 1,4-dioxane was also carried out using elemental fluorine 

following the same process as seen previously. The crude product was a mixture of 4 

fluorinated derivatives in the ratio 2:4:1:10 (which could not be identified) and 2,5,7,10-

tetraoxabicyclo[4.4.0]decane (37) (60% conv., 25% yield) detected as the major 

derivative by GC. 
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o o o 
11 + 3 other products 

O O o 

(37) 

60% conv., 25% isolated yield 

i=4 eq 10% F 2 /N 2 , CH 3CN, 0°C. 

Scheme 5.22 

5.3.d. Hexamethylene oxide 

The direct fluorination of hexamethylene oxide was performed using elemental 

fluorine as well and gave a crude product containing an unidentified polymer. Only an 

elemental analysis was available. 

O 

li Polymer 

100% conv. 

ii=4 eq 10% F 2 /N 2 , CH 3CN, 0°C. 

Scheme 5.23 

We did not find any suitable solvent to run the usual analysis (NMR, GC, GC-MS). We 

did manage to get a microanalysis. This polymer is constituted of 47.6% of carbon, 

6.94% of hydrogen and 1.33% of nitrogen (coming from the acetonitrile using as reaction 

solvent). Unfortunately, we could not speculate any structure. 
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5.3.e. Other systems 

Fluorination of 2-methyl-tetrahydrofuran using elemental fluorine was attempted 

using the same reaction conditions. After 18h a small amount of reaction was observed 

(5% conv.). No further investigation was carried out. 

The direct fluorination of monoglyme using F 2 was perfomed and gave a crude 

mixture containing the starting material (100% recovered on the GC). The l 9 F NMR 

suggested the presence of a product at -135.1ppm (signal was a doublet of triplet) but it 

was not detected on the GC. These results could suggest that the starting material does 

not have sufficient electron density to facilitate the fluorination reaction. 

o cr^ *- o-

i=4 eq 10% F 2 /N 2 , CH3CN, 0°C. 

Scheme 5.24 

Fluorination of 18-crown-6 using elemental fluorine gave a crude product mainly 

composed of the starting material (100% area on the GC). Again a small doublet of 

triplet was seen on the l 9 F NMR. No purification was performed due to an extremely low 

conversion. 
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5.4. Conclusion 

In summary, fluorination of cyclic ethers using both elemental fluorine and 

Selectfluor™ givers very unusual and unexpected compounds as we observed the 

formation of fluorinated dimers. 

By using Selectfluor™ fluorination of tetrahydrofuran and tetrahydropyran 

occurred in 100% conversion. Fluorine seems to be less reactive than Selectfluor™ 

towards cyclic ethers. The size of the ring seems to have an important effect as ring 

opening was observed (fluorination of hexamethylene oxide) when Selectfluor™ was 

used and a polymer was formed when fluorine was used. 

Surprisingly, the fluorination of 2-methyl-tetrahydrofuran (bearing a richer C-H 

site than tetrahydrofuran) did not proceed. It could be explained by the large size of 

Selectfluor™. This reagent not able to reach the tertiary site. However we do not have 

any explanation concerning the very low conversion observed when fluorine was used. 
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CONCLUSION 

Several conclusions can be made from our studies. First of all, the fluorination of 

ketones using both fluorine and Selectfluor™ gave different results. Only a-fluoro 

derivatives were isolated from the reaction using Selectfluor™, which is consistent with 

the literature92' 9 3 . The reactions were seen to be very clean and regiospecific. On the 

other hand, the fluorination of the same parent ketones using fluorine gave a mixture of 

isomers where fluorine takes place on a secondary site further away from the carbonyl 

(ewg). The fluorinations using elemental fluorine seem to be slower than those using 

Selectfluor™, occuring in lower conversion. 

The second Chapter of this thesis was relative to the fluorination of aromatic and 

aliphatic aldehydes using fluorine. It has been observed that the fluorination of straight 

chain aldehydes occurs exclusively on the carbonyl (and not on the chain as observed for 

the ketones) giving rise to acyl fluorides. The latter ones were too unstable to be directly 

isolated. They were transformed into ester derivatives much more stable. Purification 

was then easily performed. In the case of the aromatic aldehydes fluorine attacks the ring 

when bearing an electron donating group or displace the aldehydic proton when bearing 

an electron withdrawing group. This can be due to the electron density of the ring as seen 

in Chapter Three p.77. We also applied the Selectfluor™ methodology to compare. A 

complicated mixture was isolated after work-up but no acyl fluoride was detected at all. 

No further investigation was carried out. 

The last part of our studies on the fluorination of hydrocarbon systems containing 

an ewg was focused on the nitriles. No useful product was isolated due to very low 

conversion. The results obtained are not consistent with an electrophilic attack nor 

radical one. 

The last Chapter of this thesis was probably the most surprising. It has been seen 

that the fluorination of cyclic ethers using both fluorine gas and Selectfluor™ gave very 

unsual and unexpected derivatives (seen in Chapter Five). The formation of these 

compounds can be explained by several postulations described from p.84 to p. 104. Al l 

this work has to be extended to straight chain ethers. 
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The Use of Fluorine in the Laboratory 

The fluorine/nitrogen (50% F2/N2) mixture is presented in high-pressure gas 

cylinders. The rig used for our experiments is fitted with a 4.5 litre cyclinder which may 

be filled with 50% fluorine in nitrogen. Fluorine is delivered by a passivated stainless 

steel pipe to a passivated pipework rig fitted with Monel® valves. This rig can also be 

used to f i l l smaller cyclinders which are useful for small scale fluorinations. 
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Instrumentation and Reagents 

Reagents and Solvents 

Chemicals were used as received from suppliers (Aldrich, Lancaster, Fluka). 

Solvents were dried before use by standard methods. 

Elemental Analysis 

Carbon, hydrogen and nitrogen elemental analysis were performed on either a 

Perkin-Elmer 240 or a Carlo Erba Elemental Analyser. 

NMR Spectra 

'H, 1 3C and 1 9F NMR spectra were recorded on either a Varian Gemini 200, a 

Varian VXR 400S or Bruker AC250 and 500 NMR spectrometer. 

Mass Spectra 

Mass Spectra were recorded on either a VG 7070E spectrometer or a Fissons VG 

Trio 1000 linked to a Hewlett Packard 5790A gas chromatograph. 

Gas Liquid Chromatography Analysis 

Analyses were performed using a Hewlett Packard 5890A gas liquid 

chromatograph. 

F T / I R Spectra 

Infra Red spectra were carried out on a Perkin-Elmer 1600 FT IR spectrometer 

using KBr discs (for solid samples) or thin films between two KBr plates (for liquid 

samples). 
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Melting Points 

Melting points were recorded at atmospheric pressure and are uncorrected. 
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Chapter Six Experimental to Chapter Two 

6.1 Preparation of fluorinated cyclic and acyclic ketones using Selectfluor™ 

General procedure 

A reaction mixture containing a ketone and Selectfluor™ in dry acetonitrile was stirred 

at reflux temperature in a round bottom flask overnight. After this time, water (200ml) 

was added to quench the reaction. The organic layer was separated off and the aqueous 

one further extracted using dichloromethane (3x140ml). The extract was dried (MgSC^), 

filtered and the solvent removed under reduced pressure. Purification was achieved by 

column chromatography using hexane/ethyl acetate as eluent or preparative GC. 

a) . 2-Heptanone 

Selectfluor™ (17.04g , 48 mmol) and 2-heptanone (5.00g , 44 mmol) in dry MeCN 

(170ml) left, after work up, a brown crude product (4.67g). The 1 9F NMR allowed us to 

detect the presence of one monofluorinated derivative (85% conversion) and other by

products. The 3-fluoro-2-heptanone (3.26g, 56%) was isolated using preparative GC as a 

yellow liquid ; bp 130°C (Found : C, 63.4; H, 9.9%. C 7H 1 3FO requires C, 63.6; H, 9.8%); 

vmax/cm-1 1727 (C=0), 1078 (C-F); m/z (EI+) 132 (M+ 1%), 76 (8), 43 (100). NMR 

Table No.l 

b) . 2-Octanone 

Selectfluor™ (15.25g, 43 mmol) and containing 2-octanone (5.00g , 39 mmol) in dry 

acetonitrile (153 ml) gave, after work up, a yellow crude product (4.13g) containing one 

fluorinated product (84% conversion). The 3-fluoro-2-octanone (3.24g, 65%) was 

isolated using preparative GC as a colourless liquid; mp 151°C (Found : C, 65.4; H, 
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10.4%. C gH 1 5FO requires C, 65.7; H, 10.3%); Vmax/cm"1 1726 (C=0), 1081 (C-F); m/z 

(EI +) 146 ( M + , 4%), 111 (0.2), 99 (0.9), 76 (31), 55 (8). NMR Table No.2. 

c) . 2,5-Hexanedione 

Selectfluor™ (17.13g, 48 mmol) and 2,4-hexanedione (5.00g, 44 mmol) in dry 

acetonitrile gave, after work up, a black crude product (4.57g) containing 2 fluorinated 

products in the ratio 8:1 detected on the 1 9F NMR. An orange liquid (3.13g, 54%) 

isolated as a mixture of 3-fluoro-hexan-2,5-dione and its elimination product using 2 

hexane:l ethyl acetate; v m a x / c m " l 1715 (C=0), 1160 (C-F); (exact mass calcd for 

C 6H 9FO 132.058658, found 132.058773); m/z (EI +) 132 ( M + , 65%), 112 (2), 97 (22), 89 

(55) as 3-fluoro-hexan-2,5-dione. NMR Table No 3.v m a x/cm"l 1683 (C=C) as hex-3-

ene-2,5-dione. NMR Table No 4. 

d) . Cyclopentanone 

Selectfluor™ (23.24g, 66 mmol) and cyclopentanone (5.00g, 60 mmol) in dry MeCN 

(232ml) gave, after work up, a brown crude product (4.43g) containing one 

mono fluorinated product (from the 1 9F NMR) in 84% conversion. The 2-fluoro-

cyclopentanone (3.14g, 58% yield) was isolated using hexane/ethyl acetate (1:1) as a 

yellow liquid ; bp 165°C (exact mass calcd for C 5H 7FO 102.048093, found 102.048035); 

vmax/cm-1 1761 (C=0), 1000-1014 (C-F); m/z (EI +) 102 (M + , 5% ), 82 (M +-HF, 7), 

28(100). NMR Table No.5. 
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e). Cvclohexanone 

Selectfluor™ (19.92g, 56 mmol) and cyclohexanone (5.00g, 51 mmol) reacted in dry 

MeCN (199ml) to give a brown crude product (4.73g). The l 9 F NMR showed the 

presence of one monofluorinated compound (in 93% conversion). The 2-fluoro-

cyclohexanone (3.26g, 59% yield) was isolated using hexane/ethyl acetate (2:1) as a 

yellow liquid; bp 185°C (exact mass calcd for C 6H 9FO 116.063743, found 116.063692); 

vmax/cm-1 1733 (C=0), 1069-1087 (C-F); m/z (EI +) 116 ( M + , 37%), 72(12), 59(34), 

55(100), 42(63). NMR Table No.6. 

f). Cycloheptanone 

Selectfluor™ (17.43g, 49 mmol) and cycloheptanone (5.00g, 45 mmol) in dry MeCN 

(174ml) gave a brown crude product (4.81g) containing one monofluorinated derivative 

(from the , 9 F NMR) in 73% conversion. Analysis by GC-MS showed the presence of 2-

fluoro-cycloheptanone. This derivative (3.14g, 56% yield) was isolated using 

hexane/ethyl acetate (2:1) as a yellow liquid ; bp 177°C (exact mass calcd for C 7 H H F O 

130.079393, found 130.079362); Vmax/cm"1 1723 (C=0), 1010-1031 (C-F) ; m/z (EI + ) 

130 (M + ,2%), 110 (M + -HF, 2), 32(43), 28(100). NMR Table No.7. 

6.2 Preparation of fluorinated cyclic and acyclic ketones using elemental fluorine 

General procedure 

A solution consisting of ketone and acetonitrile (140ml) was prepared in a glass reaction 

vessel fitted with overhead stirrer. The solution was cooled to 0°C in a salt water bath 

using a HAAKE cryostat. Elemental fluorine in 10% dilution with nitrogen was passed 

through the solution at a rate of 13 mmol/h overnight. Some reactions have been done 
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using a catalyst to promote the formation of the a-fluorinated compound. The reaction 

mixture was poured into water (200ml), neutralised (NaHCOs) and extracted with 

dichloromethane (3x140ml) then dried (MgSC^). The excess of solvent removed under 

reduced pressure. Purification was achieved by column chromatography on silica gel 

using hexane/ethyl acetate as eluent. 

a) . 2-Heptanone 

Elemental fluorine (312 mmol) and 2-heptanone (5.00g, 44 mmol) in dry MeCN (140 

ml) gave a brown product (4.25g) after reaction. The 1 9F NMR showed the presence of 2 

major fluorinated compounds in the ratio 1:1.1. The 5- and 6-fluoro-heptanone (3.61g, 

63% yield) were isolated using hexane/ethyl acetate (3:1) as a yellow liquid; (exact mass 

calcd for C 7 H 1 2 0 112.088815, found 112.088795); vmax/cm-1 1717 (C=0), 1083-1170 

(C-F); m/z (CI) 150 (M + + NH4 +), 130 (M + -NH 4

+ ) as 5-fluoro-heptanone and 6-fluoro-

heptanone. NMR Tables No.8 and 9. 

b) . 2- Heptanone and catalysts 

1) Using 1 equivalent of triflic acid 

Fluorine (66 mmol), 2-heptanone (3.76g, 33 mmol) and triflic acid (4.95g, 33 mmol) 

gave a brown crude product (4.04g) containing some starting material (50% area by GC), 

5-fluoro-2-heptanone and 6-fluoro-2-heptanone (7% and 9% area by GC); 8F (188 MHz, 

CDC13) -132 to -140 (3.8F, m), -174.65 (7.8F, m), -184.72 (6F, m), -188 to -208 (7.7F, 

m), -218 to -228 (IF, m), -218 to -236 (2.2F, m); m/z (El) 132 ( M + , 0.2%), 112 (9), 97 

(12), 83 (5), 69 (17), 58 (34), 43 (100). 
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2) Using 5 equivalents of triflic acid 

Fluorine (66 mmol), 2-heptanone (3.76g,33 mmol) and triflic acid (24.75g, 165 mmol) 

gave an orange crude product (4.97g) containing some starting material (70% area by GC 

), 5-fluoro-2-heptanone and 6-fluoro-2-heptanone (3% and 8% area by GC); 8 F (188 

MHz, CDC13) -123.21 (7.78F, m), -173.19 (32.43F, m), -181 (3.75F, m), -182.87 

(10.25F, m), -184 to -226 (0.16F, m), -226 to -240 (20.68F, m); m/z (EI +) 132 ( M + , 

0.2%), 112 (9), 97 (12), 83 (5), 69 (17), 58 (34), 43 (100). 

3) Using 10% of Selectfluor™ • 

Fluorine (234 mmol), 2-heptanone (5.34g, 47 mmol) and Selectfluor™ (1.67g, 4.7 

mmol) gave an orange crude product (6.92g) containing some starting material (74% area 

by GC), 5-fluoro-2-heptanone and 6-fluoro-2-heptanone (11% and 11% area by GC); § F 

(188 MHz, CDC13) -66 to -144 (0.32F, m), -151.08 (5F, m), -172.63 (45.7F, m), -182.8 

(40.4F, m), -184 to -210 (1.80F, m), -216 to -240 (6.9F, m); m/z (EI +) 132 ( M + , 0.2%), 

112 (9), 97 (12), 83 (5), 69 (17), 58 (34), 43 (100). 

4) Using 2 equivalents of BF 2 .E t 2 Q 

Fluorine (234 mmol), 2-heptanone (6.30g, 55 mmol) and BFj.E^O (15.69g, 111 mmol) 

gave a brown crude product (4.46g) containing some starting material (70% from GC ), 

the 3-fluoro-2-heptanone (12%) and 5 other unidentified products. The 1 9F NMR showed 

the presence of 3-fluoro-2-heptanone (detected by 1 9 F NMR); 5 F (188 MHz, CDC13) -60 

to -106 (1.61F, m), -109.7 (0.1F, m), -112.95 (0.6F, m), -149.57 (2.1F, m), -190.1 (8.5F, 

m), -195.3 (6.6F, m); m/z (EI +) 132 ( M + , 4%), 76(12), 43(100). 
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5) Using 10% of copper nitrate 

Fluorine (52 mmol), 2-heptanone (2.28g, 20 mmol) and copper nitrate (0.46g, 2 mmol) 

gave a yellow crude product (3.54g) containing starting material (76% area by GC), the 

6-fluoro-2-heptanone and the 5-fluoro-2-heptanone (12% and 12% area by GC); 8 F (188 

MHz, CDC13) -112 to -148 (1.00F, m), -169 (42.9F, m), -178.9 (45.7F, m), -182 to -190 

(1.3F, m), -220 to -230 (0.3F, m); m/z (EI +) 132 ( M + , 0.2%), 112 (9), 97 (12), 83 (5), 69 

(17), 58 (34), 43 (100). 

6) Using 0.6 equivalent of Cerium Ammonium Nitrate 

Fluorine (26 mmol), 2-heptanone (4.90g, 43 mmol) and CAN (12.06g, 22 mmol) gave a 

yellow crude product (3.78g) containing starting material (80% area by GC). The 3-, 5-

and 6-fluoro-heptanone in the ratio 1:14:15 were detected from the 1 9F NMR; 5F 

(188MHz, C D C I 3 ) -172.66(15F, m), -182.85 (15F, m), -189.84 (IF, m). 

7) UsinglO%ofAlCU 

Fluorine (312 mmol), 2-heptanone (5.02g, 44 mmol) and A I C I 3 (0.58g, 4.4 mmol) in dry 

acetonitrile gave a dark orange crude product (4.78g) containing starting material (6% 

area by GC). 5- and 6-fluoro-heptanone were detected on the 1 9F NMR, 8 F (188MHz, 

C D C I 3 ) -172.92 (1.3F, m), -183.20 (IF, m). 

b). 2,5-Hexanedione 

Elemental fluorine (234 mmol) and 2,5-hexanedione (6.73g, 59 mmol) in dry acetonitrile 

gave an orange crude product after work up. The 1 9F NMR showed the presence of the 3-

fluoro-acetonyl acetone and 5 other unidentified fluorinated products in the ratio 
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1.2:1:2:1.7; 8F (188MHz, CDC13) -69.13 (2F, m), -127.56 to -129.03 (IF, 3d, 2 J H F 53, 

2 J H F 54, 2 J H F 53), -137.76 (1.7F, dd, 2 J H F 54 , 4 J H F 6.4), -189.56 (1.2F, dtq, 2 J H F 47.6, 3 J H F 

25.6, 4 J H F 4.5). Analysis by GC-MS confirmed the presence of 3-fluoro-hexan-2,5-dione. 

c) . Cyclopentanone 

Elemental fluorine (234 mmol) and cyclopentanone (4.96g, 59 mmol) in dry acetonitrile 

(140ml) gave a dark orange crude mixture (5.12g). The 1 9F NMR showed the presence of 

2- and 3-fluoro-cyclopentanone and a difluorinated compound (presumably the 2,2-

difluoro-cyclopentanone) in the ratio 1:2.5:2. Purification by column chromatography 

was attempted several times using different eluents. It has not been possible to get any 

pure isomer. Analysis by GC-MS allowed us to identify the 2-fluoro (by comparison 

with previous experiment done using Selectfluor™); 5F (188MHz, CDC13) -70.99 (2F, t 

or dd, 3 J H F 8.3), -177.25 (2.5F, dm, 2 J H F 45.7), -195.83 (IF, dm, 2 J H F 51.1). 

d) . Cyclohexanone 

Elemental fluorine (234 mmol) and cyclohexanone (5.78g, 59 mmol) in dry acetonitrile 

(140ml) gave a brown crude containing 3 fluorinated products. The 1 9F NMR showed the 

presence of 2-, 3- and 4-fluoro-cyclohexanone in the ratio 1:3.7:10. The 2- and 3-fluoro-

cyclohexanone (2.86g, 42% yield) were isolated in the ratio 2:1 using hexane/ethyl 

acetate (3:1) as a yellow liquid; (exact mass calcd for C 6H 9FO 116.063743, found 

116.063639); vmax/cmA Mil (C=0), 1032 (C-F); m/z (EI +) 116(M+, 37%), 55(100), 

42(63), 39(39) as 2-fluoro-cyclohexanone and 3-fluoro-cyclohexanone. No trace of the 

major compound was found after column. NMR Tables No 2 and 10. 
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e). Cvcloheptanone 

Elemental fluorine (234 mmol) and cycloheptanone (6.61 g, 59 mmol) in dry acetonitrile 

(140ml) gave an orange crude (6.45g). Analysis by l 9 F NMR showed the presence of 2-, 

3- and 4-fluoro-cycloheptanone in the ratio 1:1.4:3.2. A purification by column using 3:1 

hexane/ethyl acetate allowed us to get the 3- and 4-fluoro-cycloheptanone (3.27g, 43% 

yield) obtained in the ratio 1:3 as a yellow oil; (exact mass calcd for C 7 HnFO 

130.079393, found 130.079362); vmax/cm"1 1703 (C=0), 1004 (C-F); m/z (EI +) 130 

( M + , 97%), 110 (M + -HF, 23), 86 (36), 74 (91), 68 (100), 55 (97) as 3-fluoro-

cycloheptanone and 4-fluoro-cycloheptanone. NMR Tables No 11 and 12. 
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Chapter Seven Experimental to Chapter Three 

7.1 Preparation of acvl fluorides 

General procedure 

A solution containing an aldehyde (straight chain or aromatic one) and acetonitrile 

(140ml) was placed in a flask fitted with overhead stirrer. The solution was cooled to 

0°C. Elemental fluorine in nitrogen (10% dilution) was passed through the solution at a 

rate of 13 mmol/h overnight. Then, some 3,5-dinitrobenzyl alcohol was added to the 

reaction mixture and heated up at 82°C. After cooling the reaction mixture was poured 

into water (200ml), neutralised (NaHC0 3) then extracted with dichloromethane 

(3x140ml). This extract was dried (MgSC^) and the excess of solvent was removed under 

reduced pressure. Purifications were achieved by column chromatography using 

dichloromethane as eluent. 

a). Nucleophilic substitution of chloride using heptanovl chloride and 3,5-

dinitrobenzvl alcohol (reaction test) 

A mixture consisting of heptanoyl chloride (l.Og, 7 mmol) and 3,5-dinitrobenzyl alcohol 

(l.Og, 5 mmol) in dry acetonitrile (50ml) was stirred at room temperature. The reaction 

mixture was poured into water, extracted (dichloromethane) and dried (MgS0 4). The 

organic phase was evaporated to give an orange crude product (1.93g) containing some 

heptanoyl chloride (7% by GC) and a major compound (93% by GC). The (3,5-

dinitrophenyl)methyl heptanoate (1.34g, 62%) was isolated by column chromatography 

using 100% dichloromethane as a pale yellow solid; mp 39-41°C; v m ax/cm"l 1743 

(C=0), 1541 (C-N0 2); (Found: C, 54.0; H, 5.8; N , 8.9 C 1 4 H 1 8 N 2 0 6 requires C, 54.2; H, 

5.9; N, 9.0%); m/z (EI +) 223(54), 181(48), 129(13), 43(100). NMR Table No 13. 
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b). Heptanal 

Elemental fluorine (234 mmol) was passed through a solution of heptanal (6.61g, 58 

mmol) and dry acetonitrile (140ml). The 1 9F NMR of the solution showed the presence of 

heptanoyl fluoride (8F=+44.91ppm) in 66 % yield evaluated by using a known amount of 

fluorobenzene as reference. After, 3,5-dinitrobenzyl alcohol (5g, 25 mmol) was added to 

the reaction mixture. This solution was heated up for 20h and gave rise to a brown crude 

product (8.56g) containing one major compound on the GC (84% conv.). No more acyl 

fluoride was detected on the 1 9F NMR. The ester derivative (3,5-dinitrophenyl)methyl 

heptanoate (7.76g, 43%) was isolated as a pale yellow solid after column 

chromatography; mp 38-40°C (Found: C, 53.9; H, 5.8; N , 8.9 C 1 4 H 1 8 N 2 0 6 requires C, 

54.2; H, 5.9; N , 9.0%). NMR Table No. 13. 

c) . Decanal 

Elemental fluorine (234 mmol) was passed through a solution of decanal (9.05g, 58 

mmol) in dry acetonitrile (140ml). Decanoyl fluoride (70% yield) was detected by l 9 F 

NMR ((5F=+44.92ppm) after direct fluorination reaction using a known amount of 

fluorobenzene as reference. No presence of other fluorinated compound was shown. 

Then, 3,5-dinitrobenzyl alcohol (5g, 25 mmol) poured into the reaction mixture and 

submitted to reflux (82°C) overnight. After work up, no more acyl fluoride appeared on 

the NMR. The (3,5-dinitrophenyl)methyl decanoate (11.13g, 55%) was isolated as a 

white solid after column; VmaxAcirr1 1745 (C=0), 1546 (C-N0 2); mp= 32-33°C; 

(Found: C, 57.7; H, 6.9; N, 7.7 C 1 7 H 2 4 N 2 0 6 requires C, 57.9; H, 6.9; N , 7.9%); m/z (EI +) 

352 ( M + , 3%), 223(42), 181(100), 171(31), 135(60), 69(51), 57(60), 55(88), 43(97). 

NMR Table No. 14. 

d) . Benzaldehvde 

Elemental fluorine (234 mmol) was passed through a solution of benzaldehyde (6.15g, 

58 mmol) and dry acetonitrile (140ml). Less than 1% of benzoyl fluoride was detected in 
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the reaction mixture by 1 9F NMR using the same method as above. Three major 

fluorinated derivatives were present in solution. Despite a very low conversion into acyl 

fluoride, 3,5-dinitrobenzyl alcohol (4.09g, 21 mmol) was added to the previous reaction 

mixture. After 3 days at reflux temperature and the usual work up, the crude brown crude 

product (9.68g) contained 3 monofluorinated (in the ortho, meta and para positions) 

benzaldehyde derivatives (43% conv.) in the ratio 4.3:8.2:1; 6 F (188MHz, CDC13), -

103.54 (IF, m), -112.09 (5F, m), -121.65 (2.3F, m); m/z (EI +) 124 ( M + , 98%), 123(100), 

95(69) for the three compounds (detected in the same peak on the GC-MS). The NMR is 

consistent the literature100. The attempt of purification failed. 

e). Trifluoromethvl-pflra-tolualdehvde 

Elemental fluorine (234 mmol) and trifluoromethyl-pam-tolualdehyde (10.32g, 58 

mmol) in dry acetonitrile (140ml) gave a reaction mixture containing some acyl fluoride 

(50% yield on the 1 9F NMR) and two minor fluorinated compounds. 3,5-Dinitrobenzyl 

alcohol (5.00g, 25 mmol) was poured into the previous mixture. After one day heating 

and the usual work up, a brown crude product (3.80g) was obtained. The l 9 F NMR did 

not show any more acyl fluoride. The two minor compounds were still present in solution 

in the ratio 1:1 and identified as 2-and 3-fluoro-trifluoromethyl-para-tolualdehyde from 

the 1 9F NMR; 8F (188MHz, CHC13) -120.26 (C-F, dd), -63.69 (CF3, s) as the 2-

fluorotrifluoromethyl-^ra-tolualdehyde and 5 F (188MHz, CHC13) -114.23 (C-F, dd), -

62.67ppm (CF3, d). The (3,5-dinitrophenyl)methyl 14-(trifluoromethyl)benzoate (11.85g, 

55%) was isolated after purification as a white solid ; Vmax/cm"1 1713 (C=0), 1547 (C-

N 0 2 ) , 1135-1413 (C-F); mp 137-139°C (Found: C, 48.2; H, 2.4; N , 7.4 C 1 5 H 9 N 2 0 6 F 3 

requires C, 48.6; H, 2.5; N , 7.6); m/z (EI +) 371 ( M + , 0.03%), 197(1), 173(100). NMR 

Table No. 15. 
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f). ggra-Tolualdehyde 

Elemental fluorine (234 mmol) and /?ara-tolualdehyde (14.04g, 117 mmol) in dry 

acetonitrile (140ml) gave a mixture containing only compound on the 1 9F NMR at 8F=-

115.9ppm. After the usual work up and drying, a brown crude product (13.65g) was 

obtained which contained the 3-fluoro-para-tolualdehyde (64% conv., 100% yield); 5F 

(188MHz, CDC13), -115.93 (30F, m), -213.29 (3F, t, 2 J F H 47); m/z (EI +) 138 ( M + , 83%), 

137(100), 109(82) as compared with the literature100. 

g). Fluorination of heptanal using Selectfluor™ 

Selctfluor™ (17.04g, 48 mmol) and heptanal (5.00g, 44 mmol) in dry acetonitrile gave a 

brown crude product (4.66g) after work up. The 1 9F NMR showed the presence of 6 

fluorinated products in the ratio 4.2:2:3.9:1:7.4:6.6. 5F (188MHz, CHC13) -103.53 (t, 3 J H F 

17.5), -118.25 (m), -124.80 (d, 2 J H F 53.4), -142.54 (m), -175.14 (m), -213.71 (m). 
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Chapter Eight Experimental to Chapter Four 

9.1 Preparation of fluorinated nitriles using Selectfluor™ 

General procedure 

A reaction mixture containing a nitrile and Selectfluor™ in dry acetonitrile was stirred at 

reflux temperature in a round bottom flask overnight. After this time, water (200ml) was 

added to quench the reaction. The organic layer was separated off and the aqueous one 

further extracted using dichloromethane (3x140ml). The extract was dried (MgS04), 

filtered and the solvent removed under reduced pressure. 

a). Heptanenitrile 

Selectfluor™ (17.59g, 49.5 mmol) and heptanenitrile (5.00g, 45 mmol) in dry 

acetonitrile gave a yellow crude product (4.04g) containing 4 fluorinated compounds in 

the ratio 10:3.4:1:1.2. Despite a low conversion a purification by column using 

hexane/ethyl acetate (4:1) gave a mixture of 5-, 6- and 7-fluoro-heptanenitrile (1.3g, 26% 

yield) as a colourless product and in the ratio 1.1:7.5:1; Vmax/cm~l 2246 (C=N), 1135 

(C-F); m/z (EI +) 100(M+-HF, 3%), 82(84), 55(59), 41(100) as 5-fluoro-heptanenitrile. 

NMR Table No. 16. 

m/z (EI +) 129(M+0.1%), 100(M+-HF, 31), 82(4), 55(16), 41(100) as 6-fluoro-

heptanenitrile. NMR Table No. 17. 

m/z (EI +) 100(M+-HF, 3), 82(84), 55(59), 41(100) as 7-fluoro-heptanenitrile. NMR Table 

No. 18. 
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b). 1,5-Dievanopentane 

Selectfluor™ ( l l . l l g , 31.3 mmol) and 1,5-dicyanopentane (3.47g, 28.5 mmol) were 

stirred and heated up together in dry acetonitrile during 5 days. After the usual work up, 

the crude product (2.9g) was submitted to GC and 1 9F NMR. The first one showed the 

presence of the starting material only. A mixture of 5 unidentified fluorinated products in 

the ratio 1.4:1:5.5:12.3:11.7 were detected by l 9 F NMR in <1% conversion. No further 

investigation was carried out. 

9.2 Preparation of fluorinated nitrites using elemental fluorine 

General procedure 

A solution containing a nitrile and acetonitrile (140ml) was placed in a glass vessel with 

overhead stirrer. The solution was cooled to 0°C. Elemental fluorine in 10% dilution in 

nitrogen was passed through the solution at a rate of 13 mmol/h overnight. Then, either 

1,4-dimethoxybenzene or anisole were added in some cases to the reaction pot and 

heated up several hours. The reaction mix was poured into water (200ml), neutralised 

(NaHCC»3) then extracted with dichloromethane (3x140ml). This extract was dried 

(MgS04) and the excess of solvent was removed under reduced pressure. 

a). Octanenitrile 

Elemental fluorine (234 mmol) and octanenitrile (1.70g, 14 mmol) in dry acetonitrile 

gave an orange crude product (1.77g) after work up The 1 9F NMR showed the presence 

of mixture of several fluorinated compounds as the NMR was not clear. The 5-, 6- and 7-

fluoro-octanenitrile (0.86g, 43%) as a yellow liquid after column chromatography using 

hexane/ethyl acetate (4:1); v m a x / c m " l 2247 (C=N), 1132 (C-F) (exact mass calcd for 

C 8 H 1 4 FN 142.103203, found 142.103065); 
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m/z (EI+) 142(M+, 1%), 122(3), 100(70), 65(100) as 6-fluoro-octanenitrile. NMR Table 

No.19. 

m/z (EI+) 142 (M+, 12%), 122 (53), 114 (77), 94 (100) as 5-fluoro-octanenitrile. NMR 

Table No.20. 

m/z (EI+) 142 (M+, 4%), 122 (13), 114 (40), 101 (100), 94 (56) as 7-fluoro-octanenitrile. 

NMR Table No.21. 

b) . Heptanenitrile 

Elemental fluorine (234 mmol) and heptanenitrile (3.66g, 33 mmol) in dry acetonitrile 

(140ml). The reaction was worked up and submitted to 1 9F NMR. The orange crude 

product (4.72g) contained 5-, 6- and 7-fluoro-heptanenitrile as well as 3- or 4-fluoro-

heptanenitrile in the ratio 40:32:4:1; 5 F (188MHz, CDC13) -172.51 (dm, 2 J F H 52), -182.20 

(dm, 2 J F H 47.3), -184.06 (dm, 2 J F H 48.1), -218.11 (tt, 2 J F H 47.3, 3JF H 22.7). 

c) . 1,5-dicvanopentane 

Elemental fluorine (234 mmol) was passed through a solution of 1,5-dicyanopentane 

(7.20g, 59mmol) and acetonitrile (140ml). An orange crude product (7.19g) was obtained 

after work up. Analysis by 1 9F NMR showed the presence of two fluorinated compounds 

in the ratio 1:2.3. No further investigation was carried out due to 1% conversion. 
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Chapter Nine Experimental to Chapter Five 

8.1 Preparation of fluorinated dimers of cyclic ethers using Selectfluor™ 
General procedure 

A reaction mixture containing a cyclic ether and Selectfluor™ in dry acetonitrile was 

stirred at reflux temperature in a round bottom flask overnight. After this time, water 

(200ml) was added to quench the reaction and the reaction mixture was neutralised 

(NaHCCb). The organic layer was separated off and the aqueous one further extracted 

using dichloromethane (3x140ml). The extract was dried (MgS0 4), filtered and the 

solvent removed under reduced pressure. Purification was achieved by column 

chromatography using hexane/ethyl acetate as eluent. 

a). Tetrahydrofuran 

Selectfluor™ (10.86g, 30.58 mmol) and tetrahydrofuran (2.00g, 27.8 mmol) in dry 

MeCN gave a brown crude product after reaction (1.28g) presenting one peak on the 1 9F 

NMR. The 3-fluoro-2-(3-fluorooxolan-2-yloxy)oxolane (1.84g, 35%) was isolated as a 

yellow liquid after column (2:1); voWcm" 1 1135-1413 (C-F); (Found C, 50.17; H, 

6.46. Calc. for CgHi2F 2 0 3 requires C, 49.48; H, 6.23%); the difference observed between 

the two results could be explained by the fact that the the sample was not completely free 

of solvent; m/z (ES+) 217.1 (M ++Na +). NMR Table No.22. 
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b). Tetrahvdropvran 

Selectfluor™ (4.54g, 12.79 mmol) and tetrahydropyran (l.OOg, 11.62 mmol) in dry 

MeCN gave an orange crude product (3.5 lg) after work up. The 1 9F NMR of the crude 

showed the presence of 2 fluorinated compounds in the ratio 1:1. The 3-fluoro-2-(3-

fluoroperhydro-2H-pyran-2-yloxy)perhydro-2H-pyran was obtained as a slightly yellow 

product (1.18g, 40%) after column (2:1) (Found C, 55.19; H, 7.25. Calc. for Ci 0 Hi 6 F 2 O 3 

requires C, 54.05; H, 7.26%); same explanation as above; m/z (ES+) 245.1 (M ++Na +). 

NMR Table No.23. 

c) . 1,4-Dioxane 

Selectfluor™ (8.87g, 25 mmol) and 1,4-dioxane (2.00g, 22.70 mmol) in dry MeCN gave 

a dark orange crude product (1.06g) after work up. The l 9 F NMR of the crude showed the 

presence of one major peak (<1% conv.) and a major peak on the GC (100% yield). A 

white solid, 2,5,7,10-tetraoxabicyclo[4.4.0]decane, was isolated (1.18g, 36%) after 

column (2:1); mp 139-140°C; (Found C, 50.90; H, 7.29 Calc.for C 6 H 1 0 O 4 requires C, 

49.31; H, 6.90%); m/z (EI +) 146 ( M + , 0.5%), 86(38), 73(100). NMR Table No.24. 

d) . Hexamethylene oxide 

Selectfluor™ (7.8lg, 22 mmol) and hexamethylene oxide (2.00g, 20.00 mmol) in dry 

MeCN gave after reaction, a brown crude (1.56g) containing 2 peaks on the l 9 F NMR as 

two different fluorines in the same molecule. The 2-fluoro-5-(3-fluorooxepan-2-

yloxy)pentanal was isolated as a yellow oil (1.56g, 31%) after column (3:1); (Found C, 

57.50; H, 8.21. Calc. for C1 2H2oF203 requires C, 57.59; H, 8.05%); m/z (CI +) 268 

(M + +NH4 + ), 250 (30), 183 (6), 134 (40), 99 (100). NMR Table No.25. 
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e). 2-Methyl-tetrahydrofuran 

Selectfluor™ (9.08g, 25.6 mmol) and 2-methyl-tetrahydrofuran (2.00g, 23.3 mmol) in 

dry MeCN gave a brown crude product (1.74g) containing 5 fluorinated products 

detected on the 1 9F NMR after work up. No purification was done because of only 3% 

conversion observed on the 1 9F NMR. 

f). Monoglvme 

Selectfluor™ (8.68g, 24.4 mmol) and monoglyme (2.00g, 22.2 mmol) in dry MeCN gave 

a brown crude product (1.45g) containing the starting material only (100% recovery from 

the GC). No 1 9F NMR signal was detected. 

g). 18-Crown-6 

Selectfluor™ (2.96g, 8.33 mmol) and 18-crown-6 (2.00g, 7.58 mmol) in dry MeCN gave 

an orange crude product (2.19g) containing the starting material only (100% recovery 

from the GC). No 1 9F NMR signal was detected. 

8.2. Preparation of fluorinated dimers using elemental fluorine 

General procedure 

A solution containing a cyclic ether and acetonitrile (140ml) was placed in a flask fitted 

with overhead stirrer. The solution was cooled to 0°C. Elemental fluorine in 10% dilution 

in nitrogen was passed through the solution at a rate of 13 mmol/h overnight. The 

reaction mixture was poured into water (200ml), neutralised (NaHCC*3) then extracted 

with dichloromethane (3x140ml). This extract was dried (MgSC^) and the excess of 
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solvent was removed under reduced pressure. Purifications were attempted by column 

chromatography using hexane/ethyl acetate as eluent. 

a) . Tetrahydrofuran 

Elemental fluorine (234 mmol) was passed through a solution of tetrahydrofuran (4.25, 

59 mmol) and dry acetonitrile. After an aqueous work up, three compounds were 

detected by GC in the ratio 2:1:3.4. The major compound was 3-fluoro-2-(3-

fluorooxolan-2-yloxy)oxolane detected on the GC and the 1 9F NMR. The brown crude 

product (4.18) was submitted to purification several times preparative GC, columns using 

different eluents but these attempts failed. 

b) . Tetrahvdropyran 

Elemental fluorine (234 mmol) reacted with tetrahydropyran (4.96g, 59 mmol) in dry 

acetonitrile to give a brown crude product (3.01g) containing the same compound seen 

previously as major compound and 4 others fluorinated derivatives in the ratio 

4:2.4:1.4:1. Several attemps of purification were attempted but they all failed. 

c) . 1,4-Dioxane 

Elemental fluorine (234 mmol) was passed through a solution of 1,4-dioxane (10.29g, 

117 mmol) in dry acetonitrile. The fluorine NMR of the crude product showed the 

presence of 4 different compounds in the ratio 2:4:1:10. The major compound has been 

extracted as a white solid from the crude product by adding some dichloromethane. The 

2,5,7,10-tetraoxabicyclo[4.4.0]decane (4.25, 25%) was obtained; (Found C, 50.43; H, 

7.26 Calc.for C 6 H 1 0 O 4 requires C, 49.31; H, 6.90%). Difference explained previously. 

NMR data and GC-MS already given previously. 
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d). Hexamethylene oxide 

Elemental fluorine (234 mmol) and hexamethylene oxide (5.9g, 59 mmol) in dry 

acetonitrile gave an orange then brown crude product giving rise to an unidentified 

polymer (7.26g). It was impossible to find any suitable solvent to run any analysis. We 

only did manage to get the microanalysis of this compound: C, 47.6; H, 6.94; N , 1.33% 

(presumably coming from the acetonitrile). No further investigations were attempted. 

e) . 2-Methyl-tetrahydrofuran 

Elemental fluorine (234 mmol) and 2-methyl-tetrahydrofuran (10.06g, 117 mmol) in dry 

MeCN gave a black oil (8.54g). Only the starting material was 100% recovered by GC. 

The 1 9F NMR was messy and could not be understood. No purification was done because 

of the very low conversion (5%). 

f) . Monoglyme 

Elemental fluorine (234 mmol) and monoglyme (5.3lg, 59 mmol) in dry acetonitrile 

gave a colourless crude product after work up. The GC-MS showed the presence of the 

starting material only. Analysis by 1 9F NMR allowed us to detect a compound presenting 

a doublet of triplet at -135.08ppm which could fit with a monofluorinated derivative on 

the secondary site. The conversion was too low to do any purification. 

g) . 18-Crown-6 

Elemental fluorine (234 mmol) and 18-crown-6 (15.57g, 59 mmol) in dry acetonitrile 

gave a crude product containing a solid. The GC-MS showed the presence of the starting 

material only. Analysis by l 9 F NMR allowed us to detect a compound presenting a 

doublet of triplet which could fit with a monofluorinated derivative. Again, the 

conversion was too low to do any purification. 
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Appendix One: Nuclear Magnetic Resonance 

Table No.l 3-Fluoro-2-heptanone (14). 

Table No.2 3-Fluoro-2-octanone (15). 

Table No.3 3-Fluoro-hexan-2,5-dione (16). 

Table No.4 Hex-3-ene-2,5-dione (17). 

Table No.5 2-Fluoro-cyclopentanone (18). 

Table No.6 2-Fluoro-cyclohexanone (19). 

Table No.7 2-Fluoro-cycloheptanone (20). 

Table No.8 5-Fluoro-2-heptanone (21). 

Table No.9 6-Fluoro-2-heptanone (22). 

Table No. 10 3 -Fluoro-cyclohexanone (23). 

Table No. 11 3-Fluoro-cycloheptanone (24). 

Table No. 12 4-Fluoro-cycloheptanone (25). 

Table No. 13 (3,5-dinitrophenyl)methyl heptanoate (26). 

Table No. 14 (3,5-dinitrophenyl)methyl decanoate (27). 

Table No. 15 (3,5-dinitrophenyl)methyl 4-(trifluoromethyl)benzoate (28). 

Table No. 16 5-fluoro-heptanenitrile (29). 

Table No. 17 6-fluoro-heptanenitrile (30). 

Table No. 18 7-fluoro-heptanenitrile (31). 

Table No. 19 5-fluoro-octanenitrile (32). 

Table No.20 6-fluoro-octanenitrile (33). 

Table No.21 7-fluoro-octanenitrile (34). 

Table No.22 2,5,7,10-tetraoxabicyclo[4.4.0]decane (35). 

Table No.23 2-fluoro-5-(3-fluorooxepan-2-yloxy)pentanal (36). 

Table No.24 3-fluoro-2-(3-fluorooxolan-2-yloxy)oxolane (37). 

Table No.25 3-fluoro-2-(3-fluoroperhydro-2H-pyran-2-yloxy)perhydro-2H-pyran (38). 
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Table No.l 3-Fluoro-2-heptanone (14) 

F 

6 4 n 
o 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

-189.94 m - IF -

1 3 C 

208.6 d 2 J C F 25.0 C-2 

95.5 d ' J C F 183.0 C-3 

31.5 d 2 J C F 21 C-4 

26.5 d 3JCF3 C-5 

25.9 s - C-l 

22.3 s - C-6 

13.8 s - C-l 

'H 

0.85 m - 3H C H 3 (H-7) 

1.31 m - 4H H-5, H-6 

1.68 m - 2H H-2 

2.19 m - 3H C H 3 (H-l) 

4.65 m 1H H-3 
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Table No.2 3-Fluoro-2-octanone (15) 

F 

3 8 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

, y F 

-189.96 m - IF -

, 3 C 

208.8 d 2 J C F 25.0 C-2 

96.0 d 'JCF 185.0 C-3 

31.8 d 2JCF21 C-4 

31.3 s - C-6 

25.9 s - C-l 

24.1 d 3JCF3 C-5 

22.4 s - C-7 

13.9 s - C-8 

'H 

0.89 m - 3H C H 3 (H-8) 

1.31 m - 4H H-6, H-7 

1.39 m 2H H-5 

1.80 m 2H H-4 

2.25 m - 3H CH3 (H-l) 

4.65 m 1H H-3 

131 



Table No.3 3-Fluoro-hexan-2,5-dione (16) 

o 

F 0 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

-189.88 dtq 2 J F H 4 8 . 1 , 3 J F H 

24.6, 4 J F H 4.7 
IF 

1 3 C 

207.3 d 2JCF25.2 C-5 

202.9 s - C-2 

90.9 d ' J C F 183.8 C-4 

44.8 d 2JCF21.4 C-3 

29.6 s - C-6 

25.6 s - C-l 

'H 

2.19 s - 3H C H 3 (H-5) 

2.35 s - 3H CH 3 (H-1) 

3.09 dd 3JHF 25, 3JHH 5 
2H H-3 

4.86 dt 2 J H F 4 8 , 3 J h h 5 1H H-4 

132 



Table No.4 Hex-3-ene-2,5-dione (17) 

2 / 1 

O 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

202.9 s C-2, C-5 

137.5 s C-3, C-4 

27.5 s C- l , C-6 

'H 

2.16 s 6H CH 3 (H- l ) , CH 3 6H 
(H-6) 

6.63 s 2H 
H-3, H-4 
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Table No.5 2-Fluoro-cyclopentanone (18) 

5 

Or o 
3 

F 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

-195 .77 dm 'JFH 52 I F -

l 3 C 

211.9 d 2JCF13.4 C-l 

91.2 d 'JCF 190.4 C-2 

33.9 d 'JCF 1 C-5 

28.7 d 2JCF 17.6 C-3 

15.7 d 3JCF8.1 C-4 

'H 

1.6-2.4 m 6H H-3, H-4, H-5 

4.72 ddm 2 J „ F 5 0 . 5 , 3 J H H 9 1H H-2 
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Table No.6 2-Fluoro-cyclohexanone (19) 

o 

4 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

L Y F 

-188.71 dm 'JFH48 I F -

1 3C 

205.6 d 2JCF 14.5 C-l 

92.6 d 'JCF 189.0 C-2 

40.1 s - C-6 

34.1 d 2JCF 18.7 C-3 

26.8 s - C-5 

22.6 d 3JCF 9.4 C-4 

'H 

1.3-1.7 m 6H H-3, H-4, H-5 

2.24 m 2H H-6 

4.74 ddm 2 J H F 49.2, 3 J H H 10.2 1H H-2 
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Table No.7 2-Fluoro-cycloheptanone (20) 

o 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

-184.57 ddm l J F H 48.3, 3J F H 24.6 IF -

1 3C 

208.5 d 2 J C F 18.3 C-l 

95.2 d ' J C F 184.0 C-2 

39.8 s - C-7 

31.1 d 2JCF21 C-3 

28.1 s - C-5 

24.9 d 3JCF 6.9 C-4 

22.9 s - C-6 

'H 

1.4-2.0 m 8H H-3, H-4, H-5, H-6 

2.24 m 2H H-7 

4.74 ddm 2 J H F 49.0 , 3 J H H 8, 
% H 3.5 

1H H-2 
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Table No.8 5-Fluoro-2-heptanone (21) 

o 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

i y F 

-183.82 dm 2 J F H 51 IF -

, 3 C 

208.2 s - C-2 

94.8 d ' J C F 166.5 C-5 

38.9 d 3 J C F 3.4 C-3 

36.1 d 2 J C F 20.5 C-4 

30.0 s - C-l 

28.2 d 2JCF 20.9 C-6 

9.31 d 3JCF 5.7 C-7 

'H 

0.9 t 3 J H H 7-6 3H CH 3 (H-7) 

1.58 m - 4H H-4, H-6 

2.09 m - 3H CH 3 (H- l ) 

2.47 tm 3 J H H 6.8 2H H-3 

4.39 dm 2 J H F 49.6 1H H-5 
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Table No.9 6-Fluoro-2-heptanone (22) 

F 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

l 9 F 

-173.19 dm 2 J H F 4 8 IF -

, 3 C 

208.6 s - C-2 

90.7 d ' J C F 164.0 C-6 

43.2 s - C-3 

29.9 s - C-l 

28.5 d 2 J C F 20.9 C-5 

20.9 d 2JCF22.3 C-7 

19.4 d 3JCF4.5 C-4 

'H 

1.26 dd 3JHF 24.4 3H CH 3 (H-7) 

1.58 m - 4H H-4, H-5 

2.09 m - 3H CH 3 (H- l ) 

2.41 tm 3JHH 8 2H H-3 

4.71 dtt 2 JHF48, 3 J H H4.8, 
JHH 5.8 

1H H-6 
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Table No.10 3-Fluoro-cyclohexanone (23) 

o 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

L 9 F 

-186.94 dm 2JFH 46 I F -

, 3 C 

209.9 s - C-l 

87.2 d ' J C F 169 C-3 

38.0 s - C-6 

31.04 d 2JCF21.0 C-2 

26.9 d 2JCF 12.0 C-5 

22.7 d 2 J C F 23.0 C-4 

'H 

2.0-.2.4 m - 8H H-2, H-4, H-5, H-6 

4.45 dm 2J H F45.6 1H H-3 
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Table No.ll 3-Fluoro-cycloheptanone (24) 

o 

3 
F 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

1 9F 

-176.52 dtt 2 J F H 46.0, 3 J F H 

27.0, 4 J F H 9 
IF -

1 3C 

209.4 d 3JcF 8.6 C-l 

88.3 d 'JCF 170.0 C-3 

48.9 d 2JCF 23.0 C-2 

42.9 d 2J C F20.9 C-7 

35.4 d 3JCF7.8 C-4 

23.4 s - C-5 

23.2 s - C-6 

'H 

1.2-3.0 

4.68 

m 

d 2 J H F 45.5 

12H 

1H 

H- l ,H-2 , H-4, H-
5, H-6, H-7. 

H-3 
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Table No.12 4-Fluoro-cycloheptanone (25) 

5 
O 

3 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

I9p 

-174.77 dtt 2JFH 52, 3JFH 29, 
Jpn 7 

I F -

l 3C 

213.2 s - C-l 

91.4 d ' J C F 169.0 C-4 

44.0 s - C-7 

36.1 d 3JCF 8.6 C-2 

35.0 d 2 J C F 20.9 C-3 

29.2 d 2J C F22.4 C-5 

17.2 d 3JCF7.8 C-6 

•H 

1.2-3.0 

4.99 

m 

dm 2J H F49.0 

12H 

1H 

H - I , H-2, H-3, H-
5, H-6, H-7. 

H-4 
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Table No.13 (3,5-dinitrophenyl)methyl heptanoate (26) 

o 
10 8 

NO 

4 
13 

N 0 2 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

" C 
173.1 s C-7 

148.6 s C-ll .C-13 

140.8 s C-9 

127.7 s C-10, C-14 

118.4 s C-12 

63.5 s C-8 

33.9 s C-6 

31.4 s C-5 

28.7 s C-4 

24.7 s C-3 

22.4 s C-2 

13.9 s C-l 

•H 
0.87 t 

3JHH 7.2 3H CH 3 (H- l ) 

1.29 m - 6H H-2, H-3, H-4 

1.66 m - 2H H-5 

2.44 t 
3 J H H 7.6 2H H-6 

5.29 s - 2H H-8 

8.54 m - 2H H-10, H-14 

8.99 m 1H H-12 
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Table No.14 (3,5-dinitrophenyl)methyl decanoate (27) 

o 
8 I I 13 

2 NO, 
4 

16 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

"C 
173.4 s C-10 

148.9 s C-13, C-15 

141.1 s C-12 

127.9 s C-13, C-17 

118.6 s C-15 

63.8 s C - l l 

34.2 s C-9 

32.1 s C-8 

29.6 s C-7 

29.5 s C-6 

29.4 s C-5 

29.3 s C-4 

25.1 s C-3 

22.9 s C-2 

14.0 s C-l 

' H 
0.80 t 

3JHH 7.0 3H CH 3 (H- l ) 

1.21 

1.60 

m 

m 

- 12H 

2H 

H-2, H-3, H-4, H-
5, H-6, H-7. 

H-8 

2.37 t 
3JHH 6.0 2H H-9 

5.23 s - 2H H- l 1 
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8.47 m - 2H H-13, H-17 

8.93 m 1H H-15 
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Table No.15 (3,5-dinitrophenyl)methyl 4-(trifluoromethyl)benzoate (28) 

N 0 2 

0 

N 0 2 

13 

4 iT ^ 4 

3 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

164.8 s - C-6 

148.7 s - C-10, C-12 

140.0 s - C-8 

134.8 q 
2JCF33.0 C-2 

132.0 s - C-5 

130.3 s - C-4 

128.1 s - C-9, C-13 

125.8 q 
3JCF4.0 C-3 

123.4 q 
1 J C F 271.0 C-l 

118.8 s - C-l 1 

64.7 s - C-7 

'H 
5.58 s - 2H H-7 

7.76 d 3JHH 8.4 2H H-3 

8.21 d 3JHH 8.0 2H H-4 

8.65 d 4JHH 2.0 2H H-9, H-13 

9.05 d 4JHH 2.0 1H H - l l 
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Table No.16 5-fluoro-heptanenitrile (29) 

C = N 7 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

-183.23 dm 2 J F H 46.0 IF -

1 3C 
119.6 s - C-l 

94.5 d l J C F 168.0 C-5 

33.3 d 2 J C F 21.0 C-4 

29.9 d 2 J C F 20.0 C-6 

24.4 d 3 J C F 5.0 C-3 

16.9 s - C-2 

9.1 d 3JCF 6.0 C-7 

' H 
0.95 t 3JHH 7.2 3H CH 3 (H-7) 

1.4-1.8 m - 6H H-3, H-4, H-6 

2.39 td 3 J H H 6.0 , 5 J H K 2.0 2H H-2 

4.39 dm 2JHF49.0 1H H-5 
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Table No.17 6-fluoro-heptanenitrile (30) 

F 

C — N 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

1 9F 
-173.63 dm 2 J F H 49.0 IF -

, 3 C 
119.5 s - C-l 

90.3 d ' J C F 164.0 C-6 

35.8 d 2 J C F 21.0 C-5 

25.0 s - C-3 

24.2 d 3 J C F 5.0 C-4 

20.8 d 2 J C F 23.0 C-7 

16.9 s • C-2 

' H 
1.29 dd 3 J H H 6.0, 3 J H F 24.0 3H CH 3 (H-7) 

1.4-1.8 m - 6H H-3, H-4, H-5 

2.33 t 3JHH 7.0 2H H-2 

4.62 dm 2JHF49.0 1H H-6 
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Table No. 18 7-fluoro-heptanenitrile (31) 

C = N 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

1 9F 
-219.10 tt 2 J F H 48.0, 3 J F H 26.0 IF -

1 3C 
119.4 s - C-l 

83.7 d ' J C F 164.0 C-7 

28.1 s - C-4 

27.9 d 2 J C F 21.0 C-6 

25.1 s - C-3 

21.3 d 3 J C F 4.0 C-5 

16.8 s C-2 

'H 
1.4-1.8 m - 8H H-3, H-4, H-5, H-6 

2.34 t 3JHH 7.0 2H H-2 

4.44 dt 2 J „ F 4 7 . 0 , 3 J H H 6.0 2H H-7 
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Table No.19 5-fluoro-octanenitriIe (32) 

F 

C = N 
8 

Chemical shifts 
(PPm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

1 9 F 
-182.28 dtt 2 J F H 47.9, 3 J F H 

24.0, 4 J F H 9.0 
IF -

119.3 s - C-l 

94.7 d ' J C F 167.0 C-5 

33.5 d 2 J C F 21.4 C-4 

27.9 d 2JCF21.3 C-6 

24.9 s - C-3 

24.1 d 3JCF4.2 C-7 

16.6 s - C-2 

13.4 s - C-8 

'H 
0.85 tm 3JHH 6.0 3H H-8 

1.3-1.6 m 2H H-2 

2.2-2.4 m 2 J H H 47.0, 3 J H H 6.0 8H H-3, H-4, H-6, H-7 

4.38 dm 2 J H F 46.7 1H H-5 
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Table No.20 6-fluoro-octanenitrile (33) 

7 

8 

5 3 

| 4 2 
F 

1 
^ C = N 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

i 9 F 
-176.35 dm 2JFH 49.3 IF -

, 3 C 
119.1 s - C-l 

92.8 d ' J C F 167.0 C-6 

36.8 d 2 J C F 20.6 C-5 

33.6 d 2JCF21.4 C-7 

24.9 s - C-3 

17.9 d 3JCF 5.0 C-4 

16.5 s C-2 

8.9 s - C-8 

'H 
0.77 tm 3JHH 6.8 3H H-8 

1.13-1.17 m - 1H H-7 

1.3-1.6 m - 8H H-3, H-4, H-6, H-7 

2.2-2.4 m V 4 6 . 7 2H H-2 

4.3 dm 2JHF 53.3 1H H-6 
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Table No.21 7-fluoro-octanenitrile (34) 

F 

C = N 
8 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

1 9 F 
-173.27 dtm 2 J F H 48.1, 3 J F H 

IF -
18.0, 

119.1 s C-l 

90.2 d C-7 
' J C F 164.0 

36.2 d C-6 
2 J C F 20.6 

28.1 s C-3 

23.9 d C-5 
3JCF4.6 

22.3 s C-4 

20.5 d C-8 
2 J C F 23.0 

16.6 s 
-

C-2 

'H 
1.13-1.17 m 3H H-8 

2.2-2.4 m - 10H H-2, H-3, H-4, H-
5, H-6. 

4.49 dm V 5 1 . 7 1H H-7 
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Table No.22 3-fluoro-2-(3-fluorooxolan-2-yloxy)oxolane (35) 

3 2 / \ 2 3 
o i o 1 o 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

l 9 F 
-189.94 dm 2 J F H 53.0 2F -

l 3 C 
100.9 d 2JCF33.0 C-l 

95.3 d 'JCF 177.0 C-2 

66.7 s - C-4 

30.1 d 2JCF21.0 C-3 

'H 
2.02-2.3 m - 4H H-4 

3.90-4.14 m - 4H H-3 

4.93 ddd 2JH F52.4, 3 J h h 4.8 , 2H H-2 
4JHH 0.8 

5.40 d 3 J H F 10.0 2H H-l 
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Table No.23 3-fluoro-2-(3-fluoroperhydro-2H-pyran-2-yloxy)perhydro-2H-pyran 

(36) 

CL 1 . 0 . 1 . 0 
5 5 

3 F F 3 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

1 9 F 
-190.33 dm 2 J F H 48.0 2F -

, 3 C 
93.2 d 2JCF 29.0 C-l 

87.8 d ' J C F 173.0 C-2 

62.8 s - C-5 

25.3 d 2 J C F 19.0 C-3 

20.8 d 3 J C F 3.0 C-4 

'H 
1.4-2.2 m - 8H H-3, H-4 

3.56-3.98 m - 4H H-5 

4.36 

4.96 

ddd 

m 

2 J H F 48.0, 3J H H 6.5, 
JHH 3.8 

2H 

IH 

H-2 

H-l 
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Table No.24 2,5,7,10-tetraoxabicyclo[4.4.0]decane (37) 

J 2 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

l 3 C 
91.7 s - - C-l 

62.5 s - - C-2 

'H 
3.67 and 4.03 m - 8H H-2 

4.68 s - 2H H-l 
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Table No.25 2-fluoro-5-(3-fluorooxepan-2-yloxy)pentanal (38) 

10 9 4 3 

2 X 1 8 . F 
11 

12 O ' 7 ^ 0 H O 

Chemical shifts 
(ppm) 

Multiplicity Coupling 
Constants (Hz) 

Relative Intensity Assignment 

i y F 

-180.70 m - IF C H F r C H O 

-200.18 
, 3 C 

dm 2 J F H 51.0 IF CHF 8 

200.3 d 2 J C F 33.0 C-l 

104.3 d 2JCF 35.0 C-7 

104.2 d 2 J C F 35.0 C-7 

96.4 d 'J CF 171.0 C-8 

94.9 d ' J C F 178.0 C-2 

67.4 s - C-6 

64.7 s - C-12 

30.7 d 2 J C F 21.0 C-9 

30.2 s - C-l 1 

30.1 d 2 J C F 18.0 C-3 

30.06 d 2 J C F 16.0 C-3 

29.04 s - C-5 

22.9 d 2 J C F 21.0 C-10 

21.1 2d 3JCF3.0 C-4 

'H 
1.4-2.2 m - 12H H-3, H-4, H-5, H-

9, H-10, H - l l . 
3.47 dt 2 J H H 10.0, 3JH H 6.0 1H H-6 

3.57 dt 2 J H H 12.0, 3JH H4.0 1H H-12 
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3.75 m - 2H H-6, H-12 

4.51 dm 2 J H F 48.0 1H H-8 

4.57 d 3 J H H 6.0 1H H-7 

4.60 d 3 J H F 7.0 1H H-7 

4.77 ddd 2 J H F 49.6, 3 J H H 8.0, 1H H-2 
3JHH 5.0. 

9.77 d 3 J H F 6.0 1H H-13 
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Appendix Two: Crystal Data of (37) 
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Table 1. Crystal data and structure refinement 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

Z 

Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 28.99° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F 2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

for 02srv079. 

s079 

C6 H|o 0 4 

146.14 

120(2) K 

0.71073 A 

Monoclinic 

C2/c 

a = 15.7692(7) A a= 90°. 

b = 7.0192(3) A p= 92.69(1)°. 

c = 11.5111(5) A 7 = 90°. 

1272.7(1) A 3 

8 

1.525 Mg/m3 

0.129 mm"1 

624 

0.42 x 0.05 x 0.03 mm3 

2.59 to 28.99°. 

-20<=h<=21, -9<=k<=8, -15<=K=15 

4933 

1690 [R(int) = 0.0565] 

99.8 % 

None 

0.9961 and 0.9478 

Full-matrix least-squares on F 2 

1690/0/131 

0.940 

Rl = 0.0371, wR2 = 0.0896 

R l = 0.0629, wR2 = 0.0993 

0.350 and -0.221 e.A"3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A 2 x 103) for 

02srv079. U(eq) is defined as one third of the trace of the orthogonalized U'J tensor. 

Atom X y z U(eq) 

0(1) 3347(1) 668(1) 8774(1) 21(1) 

0(4) 4364(1) 2419(1) 10556(1) 23(1) 

0(5) 3763(1) 4681(1) 9356(1) 21(1) 

0(8) 4016(1) 2373(1) 7398(1) 22(1) 

C(2) 3415(1) -124(2) 9927(1) 24(1) 

C(3) 3589(1) 1436(2) 10801(1) 22(1) 

C(6) 3726(1) 5477(2) 8201(1) 24(1) 

C(7) 3443(1) 3978(2) 7334(1) 22(1) 

C(9) 4115(1) 1612(2) 8518(1) 19(1) 

C(10) 4350(1) 3148(2) 9422(1) 19(1) 

Table 3. Bond lengths [A] and angles [°] for 02srv079. 

0(1)-C(9) 1.423(2) O(5)-C(10) 1.420(2) C(2)-C(3) 1.504(2) 

0(1)-C(2) 1.439(2) 0(5)-C(6) 1.440(2) C(6)-C(7) 1.504(2) 

O(4)-C(10) 1.401(2) 0(8)-C(9) 1.398(2) C(9)-C(10) 1.532(2) 

0(4)-C(3) 1.443(2) 0(8)-C(7) 1.444(2) 

C(9)-0(l)-C(2) 110.1(1) 0(8)-C(7)-C(6) 110.3(1) 

C(10)-O(4)-C(3) 112.4(1) 0(8)-C(9)-0(l) 108.0(1) 

C(10)-O(5)-C(6) 110.0(1) O(8)-C(9)-C(10) 111.8(1) 

C(9)-0(8)-C(7) 112.8(1) O(l)-C(9)-C(10) 111.7(1) 

0(1)-C(2)-C(3) 109.8(1) O(4)-C(10)-O(5) 107.9(1) 

0(4)-C(3)-C(2) 110.3(1) O(4)-C(10)-C(9) 111.6(1) 

0(5)-C(6)-C(7) 109.8(1) O(5)-C(10)-C(9) 111.1(1) 
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Table 4. Anisotropic displacement parameters (A 2x 103) for 02srv079. The anisotropic 

displacement factor exponent takes the form: -2TI2[ h 2 a * 2 U u + ... + 2 h k a* b* U 1 2 ] 

Atom U " U 2 2 U « U 2 3 U 1 3 U 1 2 

O(l) 24(1) 20(1) 19(1) KD -1(1) -3(1) 
0 ( 4 ) 27(1) 24(1) 17(1) 0(1) -4(1) 0(1) 
0(5) 29(1) 18(1) 17(1) 0(1) 2(1) 3(1) 
0(8) 26(1) 23(1) 16(1) -2(1) 1(1) 2(1) 
C(2) 28(1) 21(1) 21(1) 3(1) KD 0(1) 
C(3) 28(1) 21(1) 18(1) 2(1) 3(1) 3(1) 
C(6) 32(1) 20(1) 20(1) 3(1) 3(1) 2(1) 
C(7) 23(1) 25(1) 19(1) 2(1) -1 (1 ) 1(1) 
C(9) 20(1) 19(1) 18(1) -1(1) 1(1) 1(1) 
C(10) 20(1) 20(1) 17(1) -2(1) -1 (1 ) 0(1) 

Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A 2x 10 3 ) for 02srv079. 

Atom X y z U(eq) 

H(21) 2864(10) -720(20) 10050(13) 24(4) 
H(22) 3874(9) -1 100(20) 9983(13) 22(4) 
H(31) 3116(10) 2340(20) 10772(13) 18(4) 
H(32) 3662(9) 910(20) 11576(14) 21(4) 
H(61) 3310(10) 6530(20) 8196(14) 27(4) 
H(62) 4293(10) 6030(20) 8032(14) 25(4) 
H(71) 2862(9) 3550(20) 7489(13) 21(4) 
H(72) 3478(10) 4410(20) 6536(15) 26(4) 
H(9) 4596(9) 670(20) 8476(12) 13(3) 
H(10) 4940(9) 3640(20) 9290(12) 13(3) 

Table 6. Torsion angles [°] for 02srv079. 

C(9)-0(l)-C(2)-C(3) 59.60(14) C(2)-O(l)-C(9)-C(10) -56.16(14) 

C(10)-O(4)-C(3)-C(2) 56.11(15) C(3)-O(4)-C(10)-O(5) 69.98(14) 

0(l)-C(2)-C(3)-0(4) -58.89(15) C(3)-O(4)-C(10)-C(9) -52.41(14) 

C(10)-O(5)-C(6)-C(7) 60.31(14) C(6)-O(5)-C(10)-O(4) -179.89(10) 

C(9)-0(8)-C(7)-C(6) 54.94(14) C(6)-O(5)-C(10)-C(9) -57.22(14) 

0(5)-C(6)-C(7)-0(8) -58.17(15) O(8)-C(9)-C(10)-O(4) 173.89(10) 

C(7)-0(8)-C(9)-0(l) 71.21(13) O(l)-C(9)-C(10)-O(4) 52.81(14) 

C(7)-O(8)-C(9)-C(10) -51.97(14) O(8)-C(9)-C(10)-O(5) 53.35(15) 

C(2)-0(l)-C(9)-0(8) -179.39(10) O(l)-C(9)-C(10)-O(5) -67.74(14) 
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