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Abstract 
Quinoline/ 2H-chromen-2-one and derivatives thereof, have been found to undergo 

electrophilic substitution by elemental fluorine in concentrated sulfuric acid as reaction 

medium. This work has enabled a series o f fluorinated derivatives to be prepared. 

MeO 

MeO 

10% F j / N2 (v:v) 

H2SO4 (>98%) 

1°C 

(19) 

MeO 

(60) 

lO^/oFj/ N2 (v:v) 

CH2SO4 (>98 %) 

1 °C 

MeO 

Furthermore, several direct fluorination microreactors have been designed and 

subsequently evaluated regarding scale-out, and thus the fluorination o f a number o f 

organic compounds was achieved using microreactor technology. 

1 
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Accompanying Compact Disc 

Full infra red spectra, mass spectrometry spectra and X-ray crystal structure data, where 

relevant, and further microreactor pictures and diagrams are supplied on the CD. 
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Chapter 1.0: General Introduction-Elemental Fluorine 
1.1 Fluorine in Nature 

Fluorinated organic natural products are rarely found in nature, indeed there are less than 

twenty biological examples currently known. Some of these natural fluorine 

containing compounds can be seen in figure 1.1. 

OH 

o 

Me 

HO^C X COgH 
HO 'COgH 

OH 

HjN CO2H 

CO.H 

(+ several others) 

H „ N - S - 0 

HO OH 

Fig 1.1 

A further ten fluoro-organic compounds have been identified from geological 

sources, one of these being volcanoes; they include amongst them CHCI2F, CHCIF2, 

CCI3F, and even CF4. On the other hand, natural products containing chlorine, bromine, 

and iodine, are more numerous in nature. This appears at first glance to be somewhat 

surprising considering that fluorine has been estimated as the thirteenth most abundant 

element in the earths' crust. For comparison chlorine has been estimated as the 20'*', 



bromine the 46**̂  and iodine the 60*.^ However, unlike the other halogens, most of the 

fluorine present is biologically unavailable. 

Fluorine can also be found in various mineral deposits, and the majority of is in 

the form of complex inorganic compounds at low concentration. Fortunately, minerals 

exist from which fluorine may be extracted, the most important being fluorspar (fluorite, 

CaFa). Other rare simple minerals containing fluorine are known, some examples are: 

villaumite (NaF), sellarite (MgF2), yttrocerite (Ca3Ce2Y2F6), fluoropatite Ca5(P04)3F, and 

cryolite (NaaAlFe).^ 

Simple inorganic compounds such as HE, AlF, MgF, and CaF have also been 

detected in stars and interstellar space.^"9 Unlike the majority of the other elements, the 

origin of fluorine is still debated and several pathways have been postulated (See Fig 

1.2). 10' 11 Likely nucleosynthetic routes include stellar hydrogen and helium burning 

areas, which are depicted in figure 1.2.12 jg worth noting that these processes take 

place at extremely high temperatures, typically millions of degrees, as such atom nuclei 

and electrons become separated, i.e. a plasma state. As a result, hydrogen burning 

involves protons, and similarly helium burning involves a particles. 



Hydrogen Burn ing Pathway 

P ^ \ P -l 

1 V 150 ^15N ^ 14[v| ^ 150 ^15|vJ J^—^ 160 

7 

7 p ^ ; 7 p L 

Hel ium Burn ing Pathway 

/3+ ^ P 

14N 

a I 
A J L I S F 

Fig 1.2: a = alpha particle, = positron, y = gamma ray, p = proton, and n = neutron 

(Curly arrows indicate reaction; e.g. ''*N(P) ^ ' ^ 0 ( y ) means that a nitrogen-14 nuclei 

undergoes a nuclear reaction with a proton to give an oxygen-15 nuclei and a gamma 

ray.) 

The natural scarcity of fluorine containing organic compounds has therefore made 

the area of organo-fluorine chemistry a novel branch of chemistry. In fact, the majority of 

all fluorochemicals are derived indirectly f rom fluorspar (CaFa), the main fluoride source 

for the production of hydrogen fluoride. Hydrogen fluoride is then used in the preparation 

of many known fluorinated compounds, although, elemental fluorine is often required for 

the preparation of many compounds, such as perfluoro-organic compounds and transition 

metal fluorides. ^ 3 



1.2 Properties of Carbon-Fluorine Bonds 

The introduction of one or more fluorine atoms into an organic compound can impart 

unique chemical and physical properties to the compound, when compared to the un-

fluorinated derivative. Several properties of fluorine are listed below (See Table 1.1): 

1) Fluorine is the most electronegative element (Pauling scale), hence the 

introduction of fluorine can perturb the overall electronic properties of the 

molecule due to the fact that carbon-fluorine bonds are more polarised than other 

carbon-halogen bonds. 

2) Fluorine forms the strongest single bond to carbon (485kJmor'), often causing 

compounds containing fluorine, especially those containing multiple fluorine 

atoms to have increased thermal stability. 

3) Fluorine has a relatively small bond length and Van der Waals radii giving it a 

steric size similar to that of oxygen. Steric effects arising from the introduction of 

a fluorine atom are unlikely to disturb the structure any more than the introduction 

of oxygen. 

4) Fluorine possesses three non-bonding electron pairs, which results in weak 

intermolecular interactions between perfluorinated compounds. 

Table 1.1: Properties of C-X bonds 14-16 

Property F CI Br I H 0 

Electronegativity 

(Pauling) 
4.0 3.0 2.8 2.5 2.1 3.6 

C-X bond energy (kJmol ') 485 327 285 213 411 358 

Bond Length (A) 1.35 1.77 1.94 2.14 1.09 1.43 

Mean van der Waals radii (A) 1.47 1.75 1.85 1.98 1.20 1.52 



1.3 Physical Properties of Elemental Fluorine 

At ambient temperature, elemental fluorine exists as a pale yellow-green gas. Further 

properties of fluorine, along with properties of the other halogens for comparison, are 

presented in table 1.2. 

Table 1.2: Selected physical properties of the non radioactive halogens^ 

Property F CI Br I 

Atomic Number 9 17 35 53 

Melting Point o f X z f C ) -216.8 -101.0 -7.25 113.6 

Boiling Point ofX2C 'C) -188.1 -34.0 59.5 185.2 

lonisation Energy of X- (Umol'^) 1680.6 1255.7 1142.7 1008.7 

Electron Affinity of X- (klmol ' ) 332.6 348.5 324.7 295.5 

Bond Dissociation Energy of X2 (klmoF^) 158.8 242.6 192.8 151.1 

Bond Distance X-X (A) 143 199 228 266 



1.4 Reactivity of Elemental Fluorine 

Fluorine is known to be the most reactive element, and consequently can form 

compounds with all elements except helium, neon, and argon. The handling of elemental 

fluorine would not be possible, i f it was not for the fact that some metals form protective 

surface films of metal fluoride, which prevents further fluorination taking place. 

Consequently, metals/ alloys found to be suitable for the handling of fluorine, namely, 

copper, nickel, and alloys thereof, are pre-treated with increasing concentrations of 

fluorine before actual use. 

The reactivity of elemental fluorine is mainly due to two facts, which are: 

1) The F-F bond is very weak (See Table 1.2) 

2) Fluorine forms very strong bonds with many other elements. Several fluorine 

bond strengths are tabulated in Table 1.3 

Table 1.3: Fluorine bond strengths^^ 

Bond Type Bond Strength (kjmol^) 

F-F 159 

C-F 485 

H-F 565 

Si-F 565 



1.5 Applications of Fluorinated Compounds 

The unique properties of fluorine containing compounds (discussed in section 1.2) have 

led to fluorochemicals being used in a wide range of areas. They have found use in areas 

such as agrochemicals, pharmaceuticals, polymers, and high performance materials 1^ 

Perfluorocarbons have also found many uses in medicine, examples include blood 

substitutes and ultrasound contrast agents. 18-20 Example fluorocarbon compounds and 

their use are presented in table 1.4. 

Table 1.4: Applications of fluorine containing materials 

Application Example 

CFsCHBrCl, FluothaneTw 
Anaesthetics 

CFsCHBrCl, FluothaneTw 

CHCIFCF2OCHF2, EnfluraneTM 

Inert Fluids 033 
-(CF2CF2)n-, PTFE 

Polymers Polymers 
-(CF2CClF)n-, PTFCE 

Refrigerants CF3CH2F 

Several reasons exist for the inclusion of fluorine atoms into biologically active 

molecules;^! the introduction of fluorine can influence the distribution, clearance, extent 

of metabolism, and interaction with the pharamalogical target. Furthermore, the 

development of sophisticated non-invasive techniques based on fluorine NMR and 

positron emission topography allows the study of fluorinated drugs in-vivo. Areas of 

treatment include antidepressants, anti-inflammatory, antimalarial, antibiotics, 

antipsychotics, antiviral, and anaesthetics. Examples of fluorinated drugs are given in 

figure 1.3. 



MeO 

H \ 

,0 
/ 

Me 

Linezoid, (Zyvox , Pharmacia and Upjohn) 

Antibiotic22 

Fig 1.3 

5-Ruoroprimaquine, 

Antimalarial23 

1.6 The Isolation of Fluorine: A Brief History 

Fluorine derives its name from the early use of fluorspar (CaF2), which was described by 

Agricola as a flux (latin fluor, flowing) in 1529. Later in 1670, Schwandhard found that 

glass was etched when exposed to fluorspar treated with strong acid. Scheele first 

identified fluorine in 1771, although he did not isolate the element in its pure form, but as 

a crude preparation of hydrofluoric acid. Numerous other workers have also tried 

unsuccessfully to isolate fluorine, including Davy, Faraday, Gay-Lussac, Lavoisier, 

Thenard, and Fremy.5, 24 

Davy's attempt involved passing an electric current through hydrofluoric acid 

containing water. Although no fluorine was evolved, he observed that the electrical 

resistivity increased with decreasing water content. Fremy is known chiefly for the 

preparation of a salt, which is named after him 'Fremy's salt' and consists of KF.HF. 

Fremy's salt allowed the preparation of relatively pure hydrofluoric acid upon thermeil 

decomposition. Fremy also conducted electrochemical experiments with pure 

hydrofluoric acid and found that the pure acid could not be electrolysed. He also 

conducted experiments in platinum apparatus using molten salts of potassium and 

calcium fluoride and succeeded in generating a small amount of a pungent gas, which 

was probably fluorine before rendering the apparatus unusable. 

The actual isolation of fluorine was attributed to Moissan in 1886 where fluorine 

was obtained from the electrolysis of hydrofluoric acid containing a small amount of 



potassium fluoride derived from Fremy's salt. As a result of that work, Moissan became 

the first elemental fluorine experimentalist. 

Many other workers have made important contributions to the fluorine 

preparation process, although, Cady's method involving the electrolysis of KF.2HF is 

effectively the process used currently (See Section 1.7.2).5. 24, 25 

1.7 Production of Fluorine 

Fluorine is produced by the electrolysis of molten KF.2HF and has been discussed in the 

literature at great length. For a comprehensive discussion the reader is directed to that 

literature and to the references cited therein.25-32 

1.7.1 Generation of Hydrogen Fluoride 

As briefly described in section 1.6, hydrofluoric acid is an important intermediate in the 

manufacture of elemental fluorine, which is generated by heating a mixture of sulfuric 

acid and fluorspar (CaF2), as can be seen in Figure 1.4. 

CaF2 + H2SO4 " CaSÔ  + 2HF Fig 1 4 

A limited source of hydrofluoric acid has also been derived from depleted 

uranium hexafluoride, a by-product of the uranium-235 enrichment process.33, 34 

1.7.2 Production of Fluorine by Electrochemical Methods 

Industrial scale fluorine production did not exist until world war I I , when at that time, 

fluorine was required for the manufacture of enriched uranium-235 via the generation of 

UFfi, and in the materials for handling the aforementioned compound.35 As briefly 

mentioned in section 1.7, fluorine is prepared by the electrolysis of a KF.2HF molten 

mixture, at a temperature between 72-110°G. Addition of a small quanity of lithium 

fluoride to the electrolyte or the use of porous anodes improves the fluorine cell 

operation. Since fluorine production is continuous and not a batch process, hydrogen 



fluoride is continually passed into the electrolyte at such a rate that the composition of the 

electrolyte is always constant. 

Other small scale methods have been described for fluorine generation. The 

electrolysis of a solid mixture of LaFs containing between 3-10 mol % of BaF2 evolves 

fluorine.36 Alternatively, fluorine has been evolved at n-type Ti02 electrodes when in an 

anhydrous hydrofluoric acid/ sodium fluoride solution. This process also requires 

irradiation with electromagnetic radiation at 365 nm, which matches the band gap of the 

electrode.37 

1.7.3 Production of Fluorine by Chemical and Other Methods 

Various chemical means of producing fluorine have been described in the literature. A 

fluorine containing chlorine-oxy compound,38 and the di- and tri-oxygen difluorides 

have been found to produce fluorine upon their decomposition.39 Several 

tetrafluoroammonium salts and transition metal fluorides also produce fluorine upon 

displacement with Lewis acids.40-43 in fact, one transition metal complex has been used 

to recover fluorine from fluorine containing waste gas streams.^ Fluorine is liberated by 

the decomposition of alkali metal fluorochlorides.45 Highly fluorinated fullerenes have 

also been observed to eliminate fluorine in prolonged storage in solvent and at elevated 

temperatures .46 Figure 1.5 depicts some of the aforementioned preparations of elemental 

fluorine. 

KaNiFg + 2BiF5 *• 2K\B\Fe + Uif^ + 

NF^BF, • NF3 + BF3 + F2 

KCIF4 KCI + 2F2 

Fig 1.5 
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However, it should be noted that, none of the above compounds are found 

naturally and they cannot be made without elemental fluorine, hence electrolysis is only 

practical route to elemental fluorine. 

1.8 Electrophilic Fluorination of Organic Compounds 

It is not the aim of this thesis to comprehensively review electrophilic fluorination by 

reagents other than elemental fluorine. Several reviews have already been published, 

which more than adequately cover these areas and the reader is directed to that literature 

and to the references cited therein.47-50 

Radical fluorination, an important alternative fluorination procedure, will be 

briefly described in this thesis, so as to place the work of electrophilic fluorination into 

context. 

Fluorination by the use of electrochemical methods^l"^^ QJ- high valent transition 

metal fluorides54 has been reviewed previously and the reader is directed to that 

literature and to the references cited therein. 

1.8.1 Radical Fluorination of Organic Compounds 

Direct fluorination of organic compounds under radical conditions proceeds via a chain 

reaction (See Table 1.5).55, 56 Propagation and termination steps being highly 

exothermic, more than offset the endothermic fluorine-fluorine bond cleavage initiation 

step. The energy released in the termination step is sufficient to cause carbon-carbon 

bond cleavage (C-C bond strength 346kJmor') and consequently, i f the reaction is not 

controlled and this energy is not dissipated quickly enough, carbon-carbon bond cleavage 

will prevail. 

11 



Table 1.5: Fluorine and Chlorine Radical Enthalpy 

Step Reaction 
X = F X = CI 

AH (kJmor^) AH (kJmol" )̂ 

Initiation 

1 X2 " 2X* +159 +243 

Propagation 

2 RH + X' > R ' + H X -131 +8 

3 R' + X2 ^ R X + X' -314 -107 

Termination 

4 R' + X' • R X -472 -349 

5 R' + R' •RR -351 -351 

Numerous radical fluorination reactions proceed vigorously at ambient 

temperature, but fluorine molecules are known to be only slightly dissociated at this 

temperature (See Fig 1.6). This led early workers to propose an alternative initiation 

process as illustrated in Fig 1.7.5^"59 

F2 - 2F-

K~2 XIO-22 

Fig 1.6 

o u ^ Y ». n . V X = F,+28kJmo|-i 
RH + X^ R + X + H X x = CI.+249kJmo | i 

Fig 1.7 

Radical fluorinations are known to be unselective with respect to chlorine and 

bromine radicals. The selectivity of fluorine, chlorine, and bromine radicals is presented 

in table 1.6. It follows therefore, that extremely reactive fluorine radicals are not desired 

for the selective fluorination of organic compounds. 
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Table 1.6: Selectivity of different radicals X* for primary, secondary, and tertiary 

hydrogen atoms at 300K 

X' Primary C-H Secondary C-H Tertiary C-H 

F 1 1.2 1.4 

CI 1 3.9 5.1 

Br 1 82 1600 

1.8.2 Electrophilic Fluorination of Organic Compounds 

There has been much debate concerning electrophilic fluorination.60-63 However, it is 

highly probable that there are species in which fluorine is electrophilic in nature. The 

involvement of free "F*" in solution is undoubtedly no more probable than the existence 

of free FT, that is to say that it must be stabilised by some nucleophilic component. The 

involvement of F2*' appears to be highly unfavourable to even invoke the probability of 

such an intermediate,64 and explains why the observation of such species has not been 

made in solution. Experimentally, it has been found that fluorination performed in the 

presence of Lewis acid or in reaction media, which have a high permittivities and/or are 

acidic, resulted in fluorinated products, which are highly suggestive of an electrophilic 

process.65 it has also been suggested (See Fig 1.8) that fluorine interacts with high 

permittivity/ acidic solvents giving rise to polarised elemental fluorine. In fact Cotti and 

Legon have observed an interaction been between acetonitrile and fluorine.66, 67 

(5+ X = Solvent 
F - F " F - - F - X (i.e. MeCN) 

6* H-Y = Acid 
F - F " F - - F - H - Y (i.e. H2SO4) 

Fig 1.8 

Elemental fluorine has been calculated to be a very weak base,68 70 although 

theoretical results indicate that upon protonation, the fluorine-fluorine bond distance 

increases.^ 1' ^2 Furthermore, it is predicted that the interaction between a proton and F2 
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(F2H^) resembles that of a complex between F* and HF,^3 ground state of which is 

predicted to be a triplet. However, ground state triplets are seldom invoked as 

intermediates in electrophilic halogenation reactions, and indeed, one would expect them 

to suppress radical processes by simple analogy to radical reactions carried out in the 

presence of oxygen. Molecular oxygen possessing a triplet ground state, suppresses 

radical reactions, and therefore thoroughly degassed solvents are required in order to 

perform free radical reactions. Recently, a condensed phase theoretical study has been 

applied to homolytic/ heterolytic bond breaking processes in polyethers. The study 

concluded that heterolytic cleavage is preferable in protic media. The approach of a 

solvent proton carrying a partial positive charge favourably localised the two electrons of 

the bond in question, at one side of the bond.^4 

These aforementioned observations, suggest that electrophilic fluorination would 

take place more favourably in strong acid. Interestingly, fluorination in strong acids 

results in high conversions and yields of fluorinated products, which are suggestive of 

electrophilic processes.65 Attempted electrophilic fluorination undertaken in non-acidic/ 

polar media, usually results in intractable material. Further proof for the existence of 

electrophilic fluorine has been provided recently.^^ Selectfluor®, a commercial N-F 

reagent, has been shown to unambiguously react in an electrophilic manner. Furthermore, 

a theoretical treatment concerning fluorination of an aromatic compound also revealed 

that fluorination occurs via a SN2 mechanism having a transition state involving 

nucleophilic attack on fluorine, i.e. fluorine is electrophilic in nature.^^ 

Fluorination performed in highly polar/ acidic media is further complicated by 

two possible electrophilic pathways,^^ which are unfortunately difficult to distinguish 

between, as depicted in figure 1.9. The two possible routes are: i) fluorine interacts with 

solvent, or ii) fluorine forms an intermediate species with the solvent, such as an 0-F 

intermediate. That being so, the partial involvement of both mechanisms cannot be 

dismissed, and indeed neither proposed pathway disagrees with the concept of 

electrophilic fluorination. 
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F - F • F - - F - H O Y Y O - F 

C — H 

Fig 1.9 

1.9 Direct Fluorination Using Elemental Fluorine (1996-Present) 

To provide good review overlap, published work involving the use of elemental fluorine 

will be reviewed thoroughly from 1996 to the present day; work published before 1996 

has been reviewed thoroughly by several other workers and the reader is directed to that 

literature and to the references cited therein.65, 78-80 fhe order of the literature 

presented here in this discussion, will be influenced by chronological factors. 

1.9.1 Direct Fluorination of Aromatic Compounds 

The direct fluorination of 4-fluorobenzoic acid has been studied in a wide range of 

solvents by Chambers.^^ The highest yields of 3,4-difluorobenzoic acid can be obtained 

by using either sulfuric or methanoic acids. On the other hand, solvents having a low 

permittivity/ low acidity, such as l,l,2-trichloro-l,2,2-trifluoroethane and 2,2,2-

trifluoroethanol, performed poorly, having none or little conversion to 3,4-

difluorobenzoic acid. However, one can assume that high proportions of uncharacterised 

material was produced in these solvents as a result of unselective reactions.^^ 

Further work by Chambers and Moilliet, demonstrated that direct fluorination of a 

wide range of 1,2-, 1,4-, and 1,3,4-substituted benzenes may be carried out efficiently, i f 

methanoic/ sulfuric acids are used as the reaction medium (See Figs 1.10 and l . l l ) . ^ ! " ^ ^ 
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COaH 

10% F2/N2 (v:v) 

HCO2H or H2SO4 

COgH 

NO, 

10%F2/N2(v:v) 

100c 

Solvent % Conversion % Yield 

HCO2H 63 50 

H2SO4 75 81 

Fig 1.10 

NO, 

Me 
lOyoFg/NjCviv) 

H2SO4 

2 0 % 

NO, 

4 0 % 

Me 

CHO 

10%F2/N2(v:v) 

OMe '^a®^'' 

CHO 1 CHO 
1 

CHO 
1 c , F rS r 'OMe F"^ ̂ Y ' ^ O M e 

OH OH OH 

6 0 % 5 % 1 % 

~OMe 

Fig 1.11 

Pasenok has also found that the direct fluorination of 1,4-disubstituted benzenes 

could be achieved efficiently when performed in polyfluoroalkylsulfonic acids.^^, 87 

Later work by Bowden showed that hydrofluoric acid/ water^^ mixtures were also 

excellent reaction solvents (See Fig 1.12). Direct fluorination reactions performed in 

hydrofluoric acid/ water mixtures were most efficient when 80% HF solutions were used. 

16 



OMe OMe 

IpyoFg/Ng (v:v)_ 

"C^FgSOgH 

25°C 

lOyoFg/Ng (v:v) 

NO, 9 2 % 

80% HF, 

0°C 
(aq) 88% Conversion 

73 % yield 

Fig 1.12 

Chirakal has reported the synthesis of '^F labelled derivatives of L-DOPA by the 

use of ['^F]F2 (See Fig 1.13).^^ Interestingly, the regioselectivity of fluorination differed 

depending on the type of medium used. Use of HF or HF /BF3 as reaction medium gave 

the 2- and 6-FDOPA derivatives as major products in a 1:2 ratio respectively. However, 

the use of trifluoroacetic acid (TFA), methanoic acid, ethanoic acid, or mixtures thereof, 

as reaction medium, resulted in the 2- and 5-FDOPA derivatives being the major 

products, generally in roughly equal proportions. 

CO„H 

r/oFg/Ne 

HF 
-65°C 

CO„H CO„H COM 

Fig 1.13 

The regioselectivity for the 2- and 6- positions in strong acid was rationalised by 

neighbouring group assistance by the -NH3* group, figure 1.14 shows the proposed 

involvement. Direct fluorination in strong acid resulted in participation of the -NH3* 

group, and hence, preferred fluorination at the 2- and 6-positions. On the other hand, use 

of weaker acids resulted in fluorination at positions ortho to the hydroxyl groups, namely 

the 2- and 5-posifions. 
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CO^H 

Fig 1.14 

The extent to which fluorination occurred in the reaction, was found to be high for 

strong acids and low for weaker acids; for example, radiochemical yields obtained using 

HF or H F / B F 3 mediums, were 30 and 40% respectively. However, this contrasts to 0 and 

6% yield in ethanoic and methanoic acids respectively (Maximum radiochemical yield 

achievable using ['*F]F2 equals 50%). 
18 

Furthermore, the preparation of F labelled L-tyrosine and L-a-methyltyrosine 

has been achieved using a similar methodology (See Fig 1.15).90 Fluorination was 

performed in a range of solvents, although highest radiochemical yields were obtained 

using TFA or anhydrous HF. Radiochemical yields were found to be 28 and 30% 

respectively, for TFA and anhydrous HF. 

R = H, Me 

[isFJFg/Ne 

aHF 
-65°C 

Fig 1.15 

Chambers has also reported the direct fluorination of aromatic compounds using 

nitric acid as reaction medium.^l Although, fluorination in nitric acid led to the 

formation of nitrated derivatives (See Fig 1.16), in fact, fluoro-nitration took place. 
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Conversions were quantitative under the reaction conditions, although yields of 

fluorinated products were moderate. 

F 1 F 
1 

F 
1 s 10%F2/N2 rS J HNO3 V V RT T 1 

26% 24% 

F 

s 10%F2/N2 rV HNO3 

1 RT T 
COgH COgH 

15% 

100% Conversion 

NO2 

CO2H 

28% 

100% Conversion 

Fig 1.16 

The fluorodesilylation of 4-fluorotrimethylsilylbenzene has been reported by Coe 

and Stuart to give 1,4-difluorobenzene as the major product. However, early experiments 

whilst giving high conversions, unfortunately gave undesirable yields of fluorodesilylated 

products.92, 93 Subsequent experiments showed that addition of boron trifluoride, or the 

addition of acid improved the yields by encouraging electrophilic substitution of the -

SiMes group by assisting fluorine polarisation. As well as the major product, there was 

also significant quanfities of 2,5-difluorotrimethylsilylbenzene formed by envisaging ipso 

attack by fluorine at the silyl position, followed by a 1,2-migration of the silyl group. The 

driving force for the migration is thought to be carbocation stabilisation. Unsurprisingly, 

the respective fluorination of 2- and 2,4-difluoro silyl derivatives under similar conditions 

also gave poor results. 

Greenhall has been able to fluorinate several naphthalene derivatives by direct 

fluorination methodology,94 using acetonitrile and methanoic acid mediums. One 
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equivalent of fluorine gave a low conversion (37%), although a high selectivity for the 

monofluoro derivative was achieved (85%). The formation of a significant quantity of a 

demethylated geminal-difluoro by-product, was also observed (See Fig 1.17). Higher 

equivalents of fluorine increased the conversion, (2 equivalents, 81% conversion) 

although at the expense of the monofluoro derivative (46%Yield). 

MeCN 
5°C 

Fig 1.17 

The high temperature direct fluorination of [60]fullerene, in the presence of nickel 

and manganese (II) fluorides has been studied by Chilingarov.95 Over short reaction 

periods the addition of MnF2 was found to promote selective formation of CeoFig, whilst 

over longer periods, CeoFig was found to be the major product. Selectivity is thought to be 

due to the adsorbance of fluorine onto the MnF2 surface, whereby it reacts with Ceo, 

rather than via higher manganese fluorides. Other work performed by Touhara has 

demonstrated that the internal surface of carbon nanotubes may be selectively fluorinated 

if the outer surface is protected by an inert material.96 

Elemental fluorine has also been used to accomplish bromination, chlorination, 

and iodination of a range of aromatic compounds (See Fig 1.18).97, 98 Chambers found 

halogenation involving bromine, chlorine and iodine behaved in an analogous manner to 

fluorination, in that the highest conversions and yields were obtained when strong acid 

was used as reaction medium. Moreover, it was subsequently found that high conversion 

and yields could also be obtained i f a relatively small amount of sulfuric acid was used in 

conjunction with a co-solvent such as CF2CICCI2F. However, the use of inter-halogen 

compounds resulted in the formation of mixed halogen products in roughly equal 

proportions. 
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10%F2/N2 

I2 
H2SO4 

10%F2/N2 

I2 
H2SO4/ CFjCICI jF 

N02 NO, 

A . 

J -
10% F2/N2 

f Br2 
1 
F 

H2SO4 1 
F 

39% 

63% 

65% 

NO, 

10% Fg/Ng 
ICI 

H2SO4 

NO, 

45% 44% 

100% Conversion 

Fig 1.18 

1.9.2 Direct Fluorination of Heteroaromatic Compounds 

Fluorination and halogenation of quinolines and 2H-chromen-2-ones is highly relevant to 

this thesis and will be discussed in detail, in chapters 2 and 3. 

Very little work has been published concerning the direct fluorination of 

heteroaromatics, since the last review of the area.65 However, Barrio has reported that 

the direct fluorination of several purine derivatives resulted in the formation of 8-

fluoropurines, in reasonable yield (See Fig 1.19). The procedure was also used in the 

preparation of '^F derivatives.^3, 99-101 
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OH 

N NH, 
Eton/ NH^OH 4^" '(aq) 

RT 

OH 

N NH, 

R = b-D-ribofuranyl 
R = (2-hydroxyethoxy)methyl 

Fig 1.19 

46% yield 
52% Yield 

1.9.3 Direct Fluorination of Hydrocarbons 

The selective electrophilic fluorination of a range of hydrocarbons has been reported. 

Chambers reports that fluorination could be achieved in acetonitrile, using 10% F2 at 0°C. 

102, 103 Conversions and yields were moderate to good, but where compounds 

possessed a number of similar sites, fluorination resulted in mixtures of products (See Fig 

1.20). Furthermore, no fluorination was observed at primary C-H sites. 

MeCN 
0°C 

53% Conversion 
63% Yield 

10% Fj/Nj 

MeCN 
2-: 3-: 4-: 5-fluoro decanes in a 
2.6, 1.2,1.1, 1.0 ratio 

61% Conversion 
63% Yield 

10%F2/N2 

MeCN 
0°C 

68% Conversion 
54% Yield 

Mechanism 

Fig 1.20 
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Interestingly, retention of stereochemistry was observed when tertiary C-H bonds 

were fluorinated. This phenomenon was rationalised by electrophilic attack by "F^" on 

the C-H bond via a three-centre-two-electron bonded intermediate. Similar work, found 

that the fluorination of hydrocarbons in the presence of boron trifluoride resulted in the 

formation of amide derivatives (See Fig 1 . 2 1 ) , w h i c h was rationalised by initial 

fluorination, followed by Lewis acid assisted ionisation. Subsequent nucleophilic attack 

by acetonitrile and aqueous work-up, finally gave amide products. 

10% Fg/Ng 

MeCN 

0°C 

B F , 

NHCOMe 

MeCN 

aqueous work-up 
B F , 

39% Conversion 
67% Yield 

Fig 1.21 

Recently, the direct fluorination of 1,4-disubstituted cubane derivatives has been 

described by Lagodzinskaya,105 where 2-fluoro-l,4-disubstituted derivatives were 

obtained, as well as several difluorinated isomers (See Fig 1.22). Initial experiments 

performed in TFA were unsuccessful and the addition of sodium or potassium ethanoates 

was required. Fluorination is subsequently thought to occur by the in-situ formation of 

acetyl hypofluorite. 
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HOgC 

,C02H 
50-80% F2/N2 

CF3CO2H 
NaOAc ^ ^ 2 ^ 

.C02H 

-10to-15°C 

H O g C / 

.COgH 
F 

HOgC 

HO2C 

.COgH 

Fig 1.22 

1.9.4 Direct Fluorination of Carbonyl Compounds 

Direct fluorination of carbonyl compounds, in particular, 1,3-dicarbonyl derivatives with 

elemental fluorine has been reported. Chambers has found that high conversions and 

yields of fluorinated products can be obtained if fluorination is performed in methanoic 

acid. 106, 107 Fluorination of 1,3-dicarbonyls resulted in the formation of 2-fluoro 

derivatives (See Fig 1.23), although, 2,4- and 2,2-difluoroderivatives were also formed, 

the latter of the two being produced only i f both substituents on the 2-position were 

hydrogen. 

O O 
10% F2/N2 

HC02H 
10-15°G F 

Fig 1.23 

O 

Furthermore, the extent to which fluorination took place was found to be directly 

related to the enol content of the dicarbonyl. For instance, for carbonyl compounds where 

the rate of enolisation was high or the enol content was high, then high yields of 

fluorinated products were obtained. However, the opposite was true when the enol 

content/ rate of enolisation was low. The reactivity order was found as follows: 1,3-

diketones > 1,3-ketoesters > 1,3-diesters, the 1,3-diester being unreactive under 
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analogous reaction conditions. That being so, high yields of fluorinated 1,3-diesters 

derivatives can be obtained by fluorinating the sodium salt of the l,3-diester.l08-l 10 

Recently, various workers have published modifications and improvements to the 

dicarbonyl fluorination methodology. The effects of changing fluorine concentration and 

fluorine flow rate have been described by Ishihara,m where preferred results were 

obtained i f during the reaction, the flow rate of dilute fluorine increased, whilst at the 

same time, increasing the fluorine concentration. Bowden, has independently reported 

that the fluorination of 1,3-dicarbonyls may be achieved in high yield when HF/water 

mixtures are used,88 whilst Casteel reports that F2/N2/O2 gas mixtures are 

advantageous.! 12 Furthermore, Umemoto has described that the fluorination of 1,3-

dicarbonyls in the presence of catalytic amounts of salts/acids, also produces high yields 

of fluorinated products, ̂  13, 114 ^^d Nuki has reported the fluorination of dicarbonyls as 

solventless reactions containing small amounts (up to 10%) of various acids. 

Further work by Chambers, has demonstrated that the preparation of fluorinated 

phosphonates may be achieved by using similar fluorination methodology. 1 

Additional work by Chambers has also described the fluorination of cyclic 

ketones, he mentions that cyclic 2,2-difluoro-l,3-dicarbonyl derivatives were formed 

readily, due to their high ability to enolise again after initial mono-fluorination (See Fig 

1.24). However, the formation of the analogous 2,2-difluoro open chain systems is 

prevented due to slow enolisation after initial mono-fluorination. 

O ^ j ^ ^ ^ O 
1 I 10% 

HCO2H 

Me Me 5°C Me Me Me' Me 

Fig 1.24 

A preparation that enables the exclusive synthesis of monofluorinated dicarbonyl 

derivatives has been reported by Sato (See Fig 1.25),118 where the direct fluorination of 

a-hydroxymethylene substituted 1,3-dicarbonyls, which mainly exist in their enol form. 
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results in the generation of a monofluoro derivative. This intermediate then undergoes 

facile deformylation to give an un-substituted 2-fluoro-l,3-dicarbonyl system. This 

process appears to be limited to diester derivatives, due to the fact that the diketo and 

ketoesters could feasibly undergo fluorination to give undesired 2,4-difluoro derivatives, 

as described earlier by Chambers. ̂  06, 107 

OH O O O 

3%F^N, ^ ° \ A q ^ ^ Y ^ O 

U M e MeCN I J ^ M e J U M B 

Me Me Me 

Fig 1.25 

Chambers has used a somewhat similar methodology, i.e. the use of trapped enols, 

such as silyl ether and enol acetates, to prepare a-fluorocarbonyl compounds (See Fig 

1.26).119-121 jhe fluorination of enol acetates/ silyl ethers in acetonitrile or methanoic 

acid was found to give high conversions and good yields of a-fluorocarbonyl compounds. 

Fluorine has also been used to prepare fluorinated 1,3-ketoamides, with 

acetonitrile or methanoic acid as reaction solvent, although highest yields of 2-fluoro 

adducts were obtained in methanoic acid. 1̂ 2 

AcO 

HCOgH 

5°C 

Fig 1.26 

Further work, has described that the fluorination of carbonyl compounds may be 

catalysed by the addition of transition metal salts to the reaction, in particular copper (II) 

salts. 123, 124 Catalysis was only found to be possible when the fluorination was 

performed in acetonitrile, where the catalytic effect of the transition metal was explained 

based on the fact that metal ions complexed with the carbonyl compound, thereby 

increasing the rate of enolisation. 
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1.9.5 Direct Fluorination of Alkene Compounds 

The preparation of exo and endo difluorides of 2-cyano-7-oxabicyclo[2.2.1]hept-5-en-2-

yl acetate has been described by Toyota. 125 Fluorination was performed using 5% F2/N2 

at low temperature (-78°C) (See Fig 1.27). The exo-difluorinated derivative was found to 

be the major product, whilst the emio-difluorinated product constituted a minor 

component; yields were 53 and 9% respectively. 

5% Fg/Ng 

C F C I J C H C U EtOH \ . F V . 
OAc ^ ^ OAc ^ OAc 

5 : 4 : 1 

.780C 53% Yield go/, yield 

Fig 1.27 

The fluorination of highly electron rich alkenes has also been reported, where 

Chambers describes that the formation of fluoride salts may be achieved by the direct 

fluorination of tetrakis(dimethylamino)ethene (See Fig 1.28). 126 

2F 
Me,N NMe, IOOX.F^N, " ^ ^ a N ^ N M e , 

Me^N^^NMe^ Me^N NMe^ 
0°C 

Fig 1.28 

Feiring has found that the direct fluorination of aryl substituted perfluoroalkenes, 

gave perfluoroalkyl derivatives in poor to moderate yields (21-60%) (See Fig 1.29). 1̂ 7 

Direct fluorination was found to be successful i f performed at a low temperature, and 

with a low concentration of fluorine in nitrogen (1.5%). The use of higher concentrations 

of fluorine resulted in a complicated mixture due to aryl ring fluorination. Improved 

yields of arylperfluoroalkanes were observed i f the aryl ring possessed electron-

withdrawing groups, which deactivate the ring toward electrophilic substitution. 
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OCF=GF, 

1.5% Fg/Ng 

CFCI3/ CHGI3 

-78°C 

OC„F 

X = H, 24% Yield 
X X = NO2, 60% Yield 

OCF=CFOC3F7 

1.5% F2/N2 

GFCI3/ CHCI3 

-78°C 

OGF2CF2OC3F, 

X = H, 21% Yield 
X = 3-NO2, 50% Yield 
X = 3,5-di-G02Me, 52% Yield 

Fig 1.29 

The direct fluorination of un-fluorinated, partially fluorinated, and 

perfluoroalkenes has been described by Moldavskii,128 VV^Q studied gas and Hquid phase 

fluorination. Perfluoroalkenes were found to give far superior yields of the desired 

perfluoroalkanes than their hydrocarbon counterparts (See Table 1.7). The fluorination of 

perfluoroalkenes in an inert solvent, usually the perfluoroalkane product, resulted in far 

less decomposition, due to reduced localised hotspot formation. The solubility of fluorine 

would also be improved in this reaction by the use of the perfluoroalkane solvent. The 

addition of CUF2 and C0F3 as catalysts were also found to be beneficial for liquid phase 

fluorination. 
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Table 1.7: Gas and liquid phase fluorination of alkenes 

Alkene Solvent 
Major Products 

(% Yield) 

Reaction 

Conditions 

r c ) 

Gas-Phase 

Huorination 
CF2=CF2 - C2F6 (92); CF4 (8) -40 to 40 

CH2-CH2 - C2F6 (8); CF4 (86) -40 to 30 

CF2=CFCF3 - C3F8 (99); CF4 (1) -27 to 20 

CF3CF=CFCF3 - C5F,2 (88); CF4 (12) 0to60 

Liquid-Phase 

Fluorination 
CF2=CFCF3 none C3F8 (92); CF4 (6) -26 to 22 

CF2=CFCF3 C3F8 
C3Fg (>99); CF4 

(trace) 
-26 to 22 

1.9.6 Fluorination at Heteroatoms 

1.9.6.1 Fluorination at Nitrogen Centres 

The preparation of some N-fluoroaztridine derivatives has been discussed by Prati (See 

Fig 1.30),129 fluorination under conditions which allowed H-bonding, (N-H:::0=C) 

resulted in the exclusive formation of the N-fluoro derivative A. Fluorination under 

conditions where the H-bonding was not allowed, for example in the presence of 

triethylamine, resulted in the formation of a mixture of N-fluoro derivatives A and B. 

Likewise, the fluorination of the 3-trifluoromethyl analogue under H-bonding conditions 

gave the expected N-fluoro derivative A' . Unfortunately, fluorination of the 3-

trifluoromethyl analogue under identical non H-bonding conditions resulted in 

unidentifiable products. 
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Fig 1.30 

This was later rationalised on the basis that the addition of the - C F 3 group lowered the 

nucleophilicity of the aziridine nitrogen resulting in complications that stem from the fact 

that the triethylamine nitrogen would react preferentially with fluorine. 

Many reports detail the preparation of numerous new N-F reagents, all of which 

were prepared by treatment of the parent compound, typically, secondary/ tertiary 

amines, pyridine derivatives, or amide alkali metal salts, with elemental fluorine. Yields 

of the N-fluoro products were generally high. 130-136 'p^g synthesis of some asymmetric 

N-F reagents has also been described.137, 138 

1.9.6.2 Fluorination at Oxygen Centres 

Fluorination on oxygen can result in the generation of RO-F electrophilic fluorinating 

agents,48 and in some cases, such as water, it is well documented that passing fluorine 

through a wet solution of acetonitrile results in the formation of a HOF.MeCN complex. 

This complex has been shown to be a powerful oxidising and epoxidising agent. 1^9, 140 

Further work, has demonstrated that secondary alcohols may be oxidised to their 

corresponding ketones by the action of elemental fluorine on the parent alcohol. 141' 142 

Moreover, the use of in-situ generated HOF.MeCN/ HOF.HCO2H was found to be useful 

for affecting the transformation of ketones into esters, via a Baeyer-Villiger reaction. 
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1.9.6.3 Fluorination at Sulfur Centres 

Recently, a convenient synthesis to substituted sulfurpentafluorides has been described. 

Bowden has reported, that by fluorinating a sulfur containing precursor (See Fig 1.31), 

sulfurpentafluorides be obtained in moderate yield. 143, 144 Aryl-disulfides/thiols are 

found to undergo fluorination on sulfur, ultimately giving rise to aryl-SFs derivatives, via 

the formation of aryl-SFs intermediates. Higher yields of -SF5 derivatives were obtained 

i f the reaction was allowed to warm to room temperature during the reaction. Fluorination 

of the aryl-SFs intermediate was more efficient at higher temperature. 

10% Fj/Ng rf lOroFg/Ng 

MeCN MeCN 
0 , N .50c O . N ' ^ . 5 ^ 0 , N 

(2-/3-/4-) (2-/3-/4-) (3-/4-) 

2-NO2 0% (Did not form -SF5 derivative) 
3- NO2, 39% Yield 
4- NO2'41% Yield 

Fig 1.31 

However, unlike the fluorination of 3-/4-nitrophenyl disulfides, which gave the 

corresponding -SF5 derivatives, 2-nitrophenyl disulfides did not proceed further than the 

intermediate -SF3 stage. In the case of aryl thiols, oxidation of the thiol to the disulfide 

was observed to occur first, before fluorination. 

Klapotke has discussed the synthesis of fluoro azido-carbondisulfide from azido-

carbondisulfide.145 Fluorination of the aforementioned compound was performed at low 

temperature (-100°C) in SO2CIF and gave a moderate yield (40%) of the fluorinated 

derivative (See Fig 1.32). 

N3SCS-SCSN3 2̂ F S C S N , 
SOgCIF 

-lOOoC 40% Yield 

Fig 1.32 
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A preparation resulting in the synthesis of c/5-2-fluorocyclopropane-l-carboxylic 

acid, starting from a sulfoxide precursor, has been described by Toyota (See Fig 

1.33). 146 Initially fluorination took place on the sulfoxide sulfur, which was followed by 

the elimination of HF and fluorine migration to the cyclopropane ring. Further 

fluorination of the sulfoxide, followed by hydrolysis gave the sulfone, while reductive 

desulfonylation gave the desired product. 

COJBu 

5% Fg/Ng 
MeGN 
-20°G 

C02tBu F 

H Ph 
F 

-HF 

C O J B u 

Cis starting material 

Trans starting material 

Trans = 35% Yield 
Cis = 14% Yield 

Trans = 16% Yield 
Gis = 26% Yield 

F migration 

C02tBu 
F2 H2O 

C02tBu 

-2HF 

Fig 1.33 

Chambers has reported that diaryl-l,3-dithiolanes can be converted into their 

corresponding difluoromethylene derivatives in high yields (69-81%) by treatment with 

fluorine and iodine (See Fig 1.34).147-149 Huorine is bubbled through an anhydrous 

solution of iodine in acetonitrile, containing the 1,3-dithiolane. 
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MeGN Me' 
RT 

10%F2/N2 

H2O/ MeGN 
RT 

Fig 1.34 

81% Yield 

89% Yield 

Interestingly, i f the reaction is performed in the absence of iodine and in wet 

acetonitrile then difluoromethylene groups are not obtained, but instead, high yields (70-

89%) of the corresponding ketones are obtained. However, the actual mechanism of 

ketone formation has not yet been established conclusively. Further work, investigated 

the ability of the fluorine/ iodine system to convert thio-glycosides into glycosyl fluorides 

which were obtained in moderate yields (40-57%). 

1.10 Radical Fluorination of Organic Compounds 

Several radical fluorinations have been reported and these may be classed into two 

distinct groups: partially fluorinated and perfluorinated compounds. 

1.10.1 Partially Fluorinated Compounds 

The radical fluorination of partially halogenated ethers, utilising porous aluminium 

fluoride (PAF) support, has been described by Sekiya (See Fig 1.35).1^0 Fluorination of 

1,1,2,2-tetrafluoroethylether gave a- and P-fluorinated products in 58 and 31% yield 

respectively, with a conversion of 32%. Fluorination of the related 2-chloro-1,1,2-

trifluoro ethyl methyl ether gave a-fluorination in 95% yield with conversion being 29%. 

Repetition of the experiments under analogous conditions, but using a three-fold excess 

of fluorine, or without the porous aluminium fluoride support, resulted in charring. 
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F2 

CF,H -100 to-200c ^ CF^H '-'-z^-

58% Yield 31% Yield 

32% Conversion 

Me^Q-CF^^^^^^ .100to-20°C ' ' ' ^ ^ " ^ ' ^ ' " C C I F H 29% Conversion 

950/̂  Yield 

Fig 1.35 

Ue has found that the solventless fluorination of y-butrolactone with 20% F2 at 

30°C gives a-, P-, and y-fluoro derivatives in 15, 38, and 29% yield respectively, with a 

conversion of 60% (See Fig 1.36). 151 Numerous difluoro by-products were also detected 

in this reaction, with a total composition of 17%. 

Q Q 

F P 20% Fg/Ng 
30°C 

a - F 

Fig 1.36 

1.10.2 Perfluorinated Compounds 

Adcock, Chambers, Lagow, and Moldavskii, have all reported the preparation of 

perfluoro compounds, namely: perfluoroalkanes,128, 152 perfluoro ethers, 128, 153 

perfluoro-crown ethers, 1̂ 4 perfluoro-spiro-crown ethers,155, perfluoroketonesl56 and 

the first synthesis of a perfluoro-carbohydrate (See Fig 1.37). 1̂ 7 
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Fig 1.37 

C F C F , 3 p o 
C F , 

20% Yield 

Unfortunately, yields of a majority of the aforementioned compounds were low, 

typically between 13-20%, the exceptions being perfluorocongressane and perfluoro-

[30]-crown-10 ether, which were obtained in 45 and 50% yield respectively. Low yields 

were attributed to ring opening and to the presence of partially fluorinated derivatives. 

However, high yields of perfluorinated ethers and polyethers were achieved by the use of 

different fluorinating conditions (See Fig 1.38). 153 Partially fluorinated ethers and 

polyethers were found to be efficiently perfluorinated if fluorination was performed with 

the assistance of UV light or i f fluorination was performed at a relatively high 

temperature (140°C). It is worth pointing out that the use of partially fluorinated 

compounds is due the fact that the introduction of partially fluorinated side chains lowers 

the reactivity of the molecule toward elemental fluorine, and hence enables smooth 

perfluorination to be achieved. The lack of the aforementioned groups would result in a 

vigorous reaction, and as a result, fluorinated tars and fragmentation products will be 

obtained. 

CF2CHFCF3 

C F 3 C H F C F 2 V , 0 
O 

C F 2 C H F C F 3 

5-50% F2/N2 

20°C 
UV radiation 

Fig 1.38 

C3F7 

F. F 93F7 

C F , 

C F 3 C 3 F , 

73% Yield 

Fluorination performed with the assistance of UV light resulted in the best yield 

of perfluorinated material, typically between 50-73% yield. However, the fluorination of 

polyethers required the use of a partially fluorinated solvent, due to the viscosity of the 

polyether being very high. Both the polyether and the solvent underwent perfluorination 
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using the aforementioned reaction conditions. Complementary work has also been 

described by Moldavskiil^S ^vho showed that the fluorination of partially fluorinated 

ethers and hydrocarbons occurred more efficiently in an inert solvent, in this case usually 

the perfluorinated product, than in the gas phase. 

Okazoe has recently described an efficient synthesis of perfluoro(alkoxyalkanoyl) 

fluorides, which are then used in the synthesis of perfluorovinyl e t h e r s . T h e synthesis 

involves reacting a primary alcohol hydrocarbon with a perfluorinated acyl fluoride, 

which is actually used as the fluorination solvent, as shown in figure 1.39. Perfluorination 

is achieved by using F2/N2 mixtures between 20-50%, the resultant perfluorinated ester is 

then cleaved by sodium fluoride to yield two molecules of perfluorinated acyl fluoride. 

Thermal decarboxylation is then used to form perfluorovinyl ethers in 180% yield, based 

on the perfluorinated acyl fluoride starting material. The process has been given the 

acronym PERPECT, which is the abbreviation of perfluorination of an esterified 

compound then thermal elimination. The PERFECT process has been used to prepare 

several other perfluorinated acyl fluorides in generally high yield. 

M e ^ ^ O ^ H 

C 3 H , 

O H 

2 0 - 5 0 % FJN 

3 

9 0 - 9 3 % Yie ld 
3 

(Solvent) 
(Solvent) 

NaF 

140°C 

C3F7 (X2) 

9 9 % Yie ld 

Fig 1.39 

Recently, Pashkevich has studied the kinetics concerning the gas-phase 

fluorination of 1,1,1,2-tetrafluoroethane to perfluoroethane.159 j ^ g reaction was found to 
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have autocatalytic character, which is related to the thermal dissociation of fluorine. It 

was also concluded that vibrationally excited HF might be the cause of the autocatalytic 

effect by encouraging the dissociation of fluorine. Furthermore, it was discovered that the 

radical chain is hindered by fluorine atoms adsorbing onto the reactor wall, thereby 

effectively reducing the concentration of fluorine atoms. Additional studies, revealed 

that cycling the reaction temperature was beneficial to the reaction. The presence of HF 

in the reaction was not found to noticeably influence the reaction product distribution. 

Conversions and product selectivity can be maximised by diluting the fluorine, recycling 

the partially fluorinated products, and by the utilisation of a two/ three stage reactor. 

1.11 Direct Fluorination Technology 

Moissan, was first to observe the action of elemental fluorine on organic compounds, 1^1 

and concluded that most reactions commenced immediately with combustion and even 

detonation. The added danger of handling anhydrous HF, did not help the development of 

fluorine chemistry for a number of years. Most potential workers thought at that time that 

elemental fluorine was too dangerous and of little practical use, an opinion still held 

today by some researchers. ̂ 62 However, the desire to investigate the possibility that 

elemental fluorine could be a useful reagent, must have been a great challenge, and in 

fact, the outcome of that work led to the development of many fluorination technologies, 

which will be briefly described below. 

1.11.1 Liquid-Phase Fluorination Technology 

Major advances concerning the use of liquid-phase fluorination were made during the 

early part of last century (-1920 to 1930's). The work performed by Fichter, Bockmiiller, 

Bancroft, Humiston, and Bigelow, showed that fluorination, albeit poly/per-fluorination 

could be achieved in a much more controllable manner if the substrate is 1) diluted in 

relatively inert solvent, 2) fluorine is diluted with an inert gas, and 3) the reaction is 

performed at low temperature. These observations ultimately led to a process which is 

still used today, although the present emphasis is more related to the selective 

fluorination of organic compounds. However, improvements to the fluorination 
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conditions were required to accomplish this change, such as the use of Lewis acids or the 

use of acidic/ polar reaction mediums.65, 163 

Recently, several reports concerning the use of gas-liquid fluorination 

microreactors have been described. It was reported that higher conversions and yields 

were obtained through better control of the reaction conditions. These reports will be 

discussed in far more detail, later in this thesis. ̂ 64-171 

The development of a liquid phase perfluorination process has also been discussed 

by Scherer.172 jj j t^js process, fluorination occurs at ambient temperature and under the 

influence of UV light, however, a partially fluorinated organic compound is required. The 

partially fluorinated compound is slowly added into a perfluorocarbon solvent, which has 

been saturated with elemental fluorine, UV radiation generates a high concentration of 

fluorine radicals, which inhibits the formation of oligomers. High yields of perfluorinated 

products have been obtained. 

A similar fluorination process has been described by Lagow.65 The substrate is 

slowly added to a rapidly stirred inert solvent, such as a chlorofluorocarbon or 

perfluorocarbon, simultaneously, a large excess of fluorine is also added into the reaction. 

Perfluorination may be achieved by increasing the concentration of fluorine radicals, 

which is accomplished by the addition of a highly reactive hydrocarbon. The hydrocarbon 

reacts spontaneously with fluorine, generating a high concentration of fluorine radicals. 

1.11.2 Vapour-Phase Fluorination Technology 

Vapour-phase fluorination technology developed initially in the 1930's, allowed the 

perfluorination of a range of compounds to be performed under much more control.51 

Fredenhagen and Cadenbach originally developed vapour phase fluorination 

methodology, in which the fluorination of organic compounds was performed over 

copper, iron, silver or cerium packing agents. Higher yields of perfluorinated products 

were obtained, although, they were still relatively low. Further improvements were made 

by Bigelow, who modified the operation and design of the reactor.173-175 Additional 

work carried out by Musgrave found that the highest yields were obtained using gold 

plated copper packing. ̂  ̂ 6 x̂ e technique of vapour phase fluorination was further 
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advanced by Bigelow, with the development of a jet fluorination reactor in which no 

metal packing was required. High yields of perfluorinated compounds were obtained 

using the jet fluorination reactor.1^7, 178 

1.11.3 LaMar Fluorination Technology 

Lagow and Margrave developed the LaMar perfluorination process,56 which involves a 

reactor possessing several fluorination zones, each zone having progressively increased 

temperature and fluorine concentration. The organic compound is condensed at low 

temperature into a tube filled with copper packing. Highly diluted fluorine is then passed 

through the reactor, as the organic substrate becomes fluorinated, it becomes more 

volatile and evaporates into the next reaction zone until perfluorination is achieved. 

Unfortunately, the process takes several days and is a batch process. An example of the 

LaMar fluorination process is given in figure 1.40.1^9 

\ // 
LaMar F luor ina t ion^ / p 

9 6 % Y ie ld 

Fig 1.40 

1.11.4 Aerosol Fluorination Technology 

Adcock has achieved perfluorination using aerosol fluorination methodology. 1̂ 0 Sodium 

fluoride is sublimed generating very small particles, onto which the organic compound is 

adsorbed. Using a carrier gas of helium, these coated particles are blown through a 

reactor that has increasing temperature and concentration of fluorine along its length. 

Finally, the particles now coated in fluorinated material, are passed through a UV 

finishing stage, which ensures that little or no hydrogen remains giving high yields of 

fluorinated products. The role of the sodium fluoride in the process is thought to be that 
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of a heat-sink. A further benefit to this process is that it is a continuous process. An 

example of aerosol perfluorination is shown in figure 1.41.1^6 

O 

P 
Aerosol F luor inat ion 

Fig 1.41 

CHgCICHCICHgCI ^i:^"^-^ 2 6 % Yie ld 

1.5 Chapter 1.0 Summary 

Organofluorine compounds have been found to be extremely useful compounds and 

materials; however, they do not occur naturally and hence they must be prepared by a 

variety of synthetic methods. As a result, many fluorination technologies have been 

developed, which enables elemental fluorine to be used as a reagent in their synthesis. Be 

that as it may, while numerous elemental fluorination perfluorination technologies are 

known, there are still at present relatively few are concerned with the use of elemental 

fluorine for selective fluorination. 
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Chapter 2.0: The Direct Fluorination of N-Heterocycles 

2.1 Introduction 

2.1.1 General Introduction 

Prior to this current work, the synthesis of fluorinated quinolines has been accomplished 

by a number of routes, namely by the: 

i) Use of N-F, 0-F, and XeF2 electrophilic fluorinating agents^^, 181-183 

ii) Use of the Balz-Schiemann reaction 184-186 187, 188 

iii) Use of the halogen exchange (Halex) reaction 1^^" 

iv) Use of functionalised pre-fluorinated benzenes, which are then subject to 

cyclisation, for example, the Skraup quinoline synthesis^^^, 186, 193 

There are a number of disadvantages with the aforementioned routes, for example, 

with the possible exception of (i), all synthetic methodologies require multistep 

procedures; moreover none of the classes of reagents mentioned in (i) can be made 

without involving the use of elemental fluorine. 

We were therefore interested in exploring the use of elemental fluorine for the 

preparation of fluoro-quinolines and fluoro-isoquinolines, the results of which we will 

describe in this chapter. 

Before the current work is discussed, literature concerning the preparation of 

fluorinated quinoline and isoquinoline derivatives will be reviewed in section 2.2. 

2.1.2 Electrophilic Attack on Quinoline/ Isoquinoline 

Electrophilic halogenation of quinoline (1) or isoquinoline (44) is complicated by 

uncertainties relating to the mechanism. The predicted positional reactivity for the 

conjugate acid of quinoline ( l ) i s 8 > 5 > 6 > 7 , and is consistent with the observed 

products obtained from electrophilic substitution, in the presence of Bronstead or Lewis 

acids.194-196 
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If electrophilic substitution in sulfuric acid is considered, the quinoline 

heterocyclic ring acquires a positive charge via protonation of the ring nitrogen, and 

therefore electrophilic attack on the heterocyclic ring is disfavoured. 

Electrophilic attack at C-5 (or C-8) on the conjugate acid would give rise to a 

Wheland intermediate in which two canonical forms are possible without perturbing the 

pyridinium system, as shown in scheme 2.1. On the other hand, electrophilic attack at C-6 

(or C-7) results in only one canonical form, as depicted in scheme 2.2. One can predict 

that electrophilic attack at the 5- or 8-positions results in greater stability of the 

intermediate species than for the 6- and 7-positions. However, to predict the relative 

reactivity between the 5-/8- and 6-/7- positions, an additional approach is required in 

conjunction with the aforementioned discussion. 

H. .X 

7-
H H (a) 

" H " ( b ) 

Scheme 2.1: (a) Electrophilic attack at C-5; (b) electrophilic attack at C-8 

H 

(a) 

H + I + 
H 

( b ) 

Scheme 2.2: (a) Electrophilic attack at C-6; (b) electrophilic attack at C-7 

Consideration of the charge delocalisation in C-5 and C-8 Wheland intermediates 

reveals that electrophilic attack at C-8 is favoured over attack at C-5 (See Scheme 2.3). 

Attack at C-5 would result in an additional positive charge at the already positive 
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nitrogen, whereas in C-8 attack this would not occur. Similar arguments can be used to 

explain the fact that electrophilic attack at C-6 is favoured over attack at C-7 (See 

Scheme 2.4). It is worth noting that neither approach solely on its own can predict the 

overall relative reactivity 

H X 

(5+ 

H H X 

Scheme 2.3 

X 5+ 6+ 

H H 

Scheme 2.4 

Experimentally, the yields of 5- and 8- derivatives are similar in distribution and 

one rationalisation for this similarity may be derived from the fact that substitution at the 

8-position requires an unfavourable close approach by the attacking electrophile to the 

adjacent positively charged nitrogen, which may severely hinder the process.1^4-196 

Furthermore, rate constants for hydrogen exchange and nitration upon the conjugate acid 

have showed such wide variation that it has been suggested that no unique order of 

susceptibility to electrophilic attack and that no single reactivity index can be used as a 

measure of electrophilic reactivity towards quinoline.196 

Electrophilic halogenation of quinoline under neutral conditions appears to be in 

the order 3 > 6 > 8, however this is not expected and after the ring nitrogen, which is the 

most reactive centre towards electrophiles, the positional reactivity is predicted to be 5 > 

8 = 6 > 3. The explanation for this difference in reactivity, is that halogenation under 

neutral conditions results in the initial reversible formation of a 1,2-addition product (1,4-

addition is also possible), which subsequently gives rise to substitution at the 3-, 6-, and 
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8-positions. This mechanism takes account of the fact that the 3-, 6-, and 8-positions can 

all conjugate with a lone pair on the ring nitrogen, as shown in scheme 2.5. 

3-posit ion 6-posit ion 

Scheme 2.5 

8-posit ion 

Predicted positional reactivity for the conjugate acid of isoquinoline (44) using 

similar arguments to quinoline is 5 > 8 > 7 > 6, and is consistent with the observed 

products obtained from electrophilic substitution, in the presence of Bronstead or Lewis 

acids (See Schemes 2.6 to 2.9).1^4, 197 Interestingly, the relative reactivity's of the 6-

and 7- positions in isoquinoline (44) are reversed, however this change can be predicted 

from delocalisation considerations. 

It has been found that the positional reactivity of isoquinoline (44) under neutral 

conditions i s 4 > 7 = 5 > 8 and can be explained in a similar manner to quinoline. 

\\ 1 
(a) 

X H X H 

Scheme 2.6: (a) Electrophilic attack at C-5; (b) electrophilic attack at C-8 
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H + 

Scheme 2.7: (a) Electrophilic attack at C-6; (b) electrophilic attack at C-7 

H X 

6+ 6* ^ H X 

Scheme 2.8 

X (5+ (5+ < 5 V ' ' ' ' ' ^ ^ ^ ^ ^ > ' ' ' ' " \ . 

. . . . I 

X -s* 

Scheme 2.9 

2.2 Methods for Preparing Fluorinated Quinolines/ Isoquinolines 

2.2.1 Electrophilic Fluorination 

Several accounts describing the electrophilic fluorination of substituted quinolines 

involving replacement of hydrogen by fluorine have been reported, and these are shown 

in figure 2.1. Rozen has successfully used acetyl hypofluorite to fluorinate 6-

methoxyquinoline (17) at the 5-position to give (18),181 whilst trifluoromethyl 

hypofluorite has been used by Gershon to prepare 5,7-difluoro-8-hydroxyquinoline from 

5-fluoro-8-hydroxyquinoline.l82 O'Neill has recently described the successful 

fluorination of 6-methoxy-8-nitroquinoline (23) at the 5-position by using N-

fluorobenzenesulfonimide (NFSI) to give (24),23 and xenon difluoride has been used by 

Anand to prepare 5-fluoro-8-hydroxyquinoline from 8-hydroxyquinoline.l83 However, 

all of the above reagents require elemental fluorine for their preparation. 
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(17) 

(23) 

2.2.2 Balz-Schiemann Reaction 

X e F , 

CF3OF 

A c O F 

NFSI 

Fig 2.1 

M e O 

M e O 

O H 

Many fluorinated quinolines and isoquinolines have been prepared by the Balz-

Schiemann reaction, as depicted in figure 2.2.184-186 187, 188, 198 jhe Balz-

Schiemann reaction involves the diazotisation of an aromatic amine in the presence of 

HBF4 or other fluorine containing salts. Thermal decomposition of the diazo salt 

produces the desired fluorine containing aromatic compound in a wide range of yields. 

This methodology is particularly useful for the exclusive generation of a single 

fluorinated product, although a major disadvantage is that the required aminoquinoline/ 

isoquinoline must first be synthesised. 
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i) NaNOg/ 
H B P , I I ) Heat 

Fig 2.2 

2.2.3 Halex Reaction 

The halex reaction is a useful method for the introduction of fluorine into pre-halogenated 

quinoline/ isoquinoline compounds, an example is shown in figure 2.3.1^9-192 ^ pre-

chlorinated quinoline derivative is heated in the presence of potassium fluoride. 

Nucleophilic displacement of the chlorine by fluorine gives rise to fluorinated quinolines/ 

isoquinolines. The halex reaction is found to be useful for the preparation perfluorinated 

compounds, however this process may also be used in the preparation of selectively 

fluorinated products. That being so, a disadvantage is that a chlorinated precursor is 

required as starting material. 

C H O 
K F 

N CI 

Fig 2.3 

2.2.4 Skraup Synthesis and Related Methodologyl99 

Many cyclisation methods related to the synthesis of quinoline and isoquinoline 

heterocycles are known. Consequently, this thesis will not describe all existing methods, 

but instead the reader is directed to any good recent heterocyclic textbook. A few 

reactions will be described to briefly highlight the general art of heterocyclic synthesis. 

2.2.4.1 Skraup Quinoline Synthesis 

The Skraup quinoline synthesis, as depicted in figure 2.4, involves heating a mixture of a 

substituted aniline with glycerol and sulfuric acid. Sulfuric acid acts as the dehydrating 

agent for glycerol, which results in the in-situ formation of propenal. The details of the 

actual mechanism are not currently known, but it is speculated that after conjugate 
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addition, the intermediate is cyclised, oxidised, and dehydrated to give the respective 

substituted quinoline. 

H2SO4 

N H , 

Fig 2.4 

2.2.4.2 Doebner-von Miller Quinoline Synthesis 

The Doebner-von Miller quinoline synthesis shown in figure 2.5, is very similar to the 

Skraup synthesis, the slight difference being that a,P-unsaturated aldehydes are used 

instead of glycerol. 

Fig 2.5 

2.2.5 Previous Work Involving Elemental Fluorine 

At the time of writing, there exists two reports, one by Kobayashi and another by Sato, 

concerning the direct fluorination of pyridine ring-fused heterocyclics.200> 201 

Kobayashi, describes that using 10% F2/Ar and DCM as the reaction solvent, 

isoquinoline (44) was recovered unchanged. Activation of isoquinoline with respect to 

fluorination, was achieved by conversion of isoquinoline into its 2-methyl-2-

hydroisoquinolin-2-one. Ruorination of 2-methyl-2-hydroisoquinolin-2-one in DCM 

resulted in the formation of the 4-chloro derivative and not the desired fluoro analogue 

(See Fig 2.6). The formation of the chloro derivative was rationalised as a consequence of 

fluorine reacting initially with the solvent and liberating chlorine, which then reacted with 
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the substrate. Fluorination was finally achieved by the use of ethanoic acid as reaction 

solvent, and resulted in a 54% isolated yield of the 4-fluoro product. 

1 0 % Fg/Ar 

1 0 % F 2 / A r 

MeCOoH 

Fig 2.6 

Sato has similarly reported the successful fluorination of 4-chloro-l-methyl-2-

quinolone, using 5% F2/N2 in CCl3F/CHCl3/EtOH as reaction solvent, at low temperature. 

Fluorine was found to add across the 3- and 4- positions and the fluorine addition product 

could be isolated in 22% yield. However i f triethylamine was subsequently used, the 

fluorine addition product eliminated HCl and the 3,4-difluoroanalogue was obtained in 

32% yield. 

5% Fj/Nj 

C C I 3 F / CHCI3/ EtOH 

-78°C 

EtgN 

Fig 2.7 

Chambers reports that fluorination of quinoline at the 2-position can be achieved 

i f fluorination is performed in the presence of iodine, as described in figure 2.8. 202-204 

Iodine monofluoride, which is formed in-situ from the reaction between iodine and 

elemental fluorine, is thought to be the reactive species. The mechanism of fluorination 

involves the co-ordination of the iodonium ion to the nitrogen atom, followed by 
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nucleophilic attack by fluoride ion at C-2 and elimination of HI. The addition of base, 

such as triethylamine, consistently gave better results when compared to analogous 

reactions without base, presumably because the addition of base improved the efficiency 

of HI elimination. Conversions and yields were typically between 56-79% and 54-90% 

respectively. Moreover, the procedure can be used to introduce fluorine ortho to the 

heterocyclic ring nitrogen, i f this position is un-substituted, in other pyridine ring 

containing compounds. 

Fg / I 

N ' Et3N 

Fig 2.8 

Chambers, Strekowski, and van der Puy, have all described that quinoline 

derivatives can be alkoxylated in moderate yields, if fluorine is passed through a solution 

of the quinoline derivative in the presence of ROH (where R = H, alkyl, phenyl), as 

described in figure 2.9.205-207 However, in some cases, small amounts of the 

corresponding 2-fluorinated derivatives were also observed. Also, the formation of 2-

acetylquinolines directly from quinoline has been reported by Rozen via the generation of 

acetyl hypofluorite.208 Formation of these 2-substituted derivatives presumably occurs 

by the initial formation of a ring nitrogen N-F intermediate, followed by nucleophilic 

attack by the solvent at C-2, or as in the case of acetyl hypofluorite, ethanoate ion. 

Elimination of HF would then give rise to the 2-substituted derivatives. The small 

amounts of 2-fluoro derivatives could conceivably be formed by nucleophilic attack of 

the N-F intermediate by fluoride ion followed by elimination of HF, which would give 

rise to the formation of the 2-fluoro derivatives.209 
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H p / M e C N 

C O . M e 

R O H / CFgCICCIgF 

Fig 2.9 

2.3 Direct Fluorination of N-Heteroaromatics 

2.3.1 QuinoUne (1) 

2.3.1.1 Solvent Survey 

As discussed in chapter 1, section 1.8.2, high permittivity/ acidic reaction media, namely, 

acetonitrile, methanoic acid, and sulfuric acid, have been shown to be excellent media for 

promoting direct electrophilic fluorination.65 We reasoned therefore, that these types of 

media should also promote the selective direct fluorination of quinoline substrates. 

Hence, we have performed a solvent survey to establish the optimum reaction medium. 

Acetonitrile - The direct fluorination of (1) in acetonitrile gave significant 

quanties of dark intractable material. Analysis of the crude product by '^F NMR, showed 

the presence of many fluorinated products, which could not be identified. Repeating the 

experiment using less fluorine resulted in similar results. Consequently, it was concluded 

that the direct fluorination of (1) in acetonitrile, i.e. under neutral conditions, is 

unselective, and as a result was not pursued further. 

Methanoic acid - The fluorination of (1) in methanoic acid resulted in a crude 

product which was shown by '^F NMR analysis to consist of many fluorinated products, 

however four major products were present (See Fig 2.10). Three of these products were 

later identified as 5-fluoro (2), 8-fluoro (4), and 5,8-difluoroquinoline (5) by comparison 

to previously reported electrophilic halogenation experiments,210'213 and literature ' H , 

'^C, and '^FNMR data (See Fig 2.10).185, 214, 215 
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(1) 

10%F2/N2 (v: V) 

HCO2H 

(5) (6) 

Fig 2.10: (2): (4): (5): (6) ratio was observed to be 3.8: 2.7: 1.0: 3.2 

Accompanying (2), (4), and (5) was the addition product (6), observed in the 

NMR at around -200 ppm. Addition products could be identified by their distinctive ^JHF 

couplings (~50Hz), which is characteristic of C H F groups. 

The fluorine addition product was characterised as 5,6-difluoro-5,6-

dihydroquinoline (6); the assignment of (6) was made on the basis that two ' ^ F NMR 

signals were observed, one at 201.1ppm and another at 201.7ppm with coupling constants 

of 49.6Hz and 48.1Hz respectively, confirming that there are two C H F groups in (6). The 

' ^ C NMR was found to be particularly useful, since it is known that the C-4a carbon in 

quinoline is found upfield from its C-8a counterpart,^!^ which is consistent with the C -

8a carbon being adjacent the ring nitrogen. Using ' H - * ^ C H E T C O R and ' H - ' H C O S Y 

NMR, the C-4a carbon was assigned at 115.2ppm and was found to be a doublet, where 

the coupling constant was measured at 20.5Hz, which is consistent with a JCF coupling. 

Substitution at the C -4 position was excluded by ' H and ' H - ^ H C O S Y NMR, and hence 

one C H F group is found at C -5 . Moreover, the position of the second fluorine may be 

obtained from the fact that the two C H F groups, both had ' J C F and ^JCF couplings ( 'JCF 

180.5Hz, ' J C F 185.9Hz and ^JCF 17.8HZ, ^JCF 18.2Hz respectively), which indicates that 

the two fluorines are adjacent to each other. Therefore, as one C H F group is located at the 

5-position, then by deduction the other C H F group must be located at the 6-position. 

The formation of significant intractable material was also observed in the 

reaction, to the extent of approximately 25% by weight. The * ^ F NMR ratio of the four 
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major products (2): (4): (5): (6) was observed to be 3.8: 2.7: 1.0: 3.2. It was concluded 

that methanoic acid is a substantially better fluorination medium than acetonitrile. 

Sulfuric acid - It has been reported previously, that the halogenation of (1) with 

elemental halogen ( X 2 ) (where X = Br, CI, I) occurs readily in sulfuric acid (See Fig 

2.11), and that the 5-, 8-, and 5,8-dihalogenated quinolines were the major products.^lO-

2̂ 13 Further work, describes that bromination in the presence of aluminium trichloride, 

which complexes to the quinoline nitrogen, resulted in the formation of the 5-, 8-bromo, 

and the 5,8-dibromo derivatives. Chlorination under analogous conditions behaves in a 

similar manner. 1̂ 7 A s discussed in section 2.1.2, electrophilic halogenation of quinoline 

in sulfuric acid, is consistent with electrophilic attack occurring on the conjugate acid 

and not on the free base. 

(1) 

H2SO4 

AgoSO 

(X = Br, CI, I) 

Fig 2.11 

In our work it was found that the fluorination of (1) in sulfuric acid took place 

with the formation of minimal intractable material and resulted in the formation of (2), 

(3), (4), and (5) as the only major products, (See Fig 2.12) as identified previously. 

Furthermore, no fluorine addition products were observed in the '^F NMR spectra of the 

crude product. 
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10%F2/N2(v: V) 

CH2SO4 

(1) 

Fig 2.12 

2.3.1.2 Solvent Survey Conclusion 

The solvent survey has established that sulfuric acid is the solvent of choice for 

performing direct electrophilic fluorination reactions, and as such, sulfuric acid or its 

derivatives i.e. oleum, were employed as reaction medium in all successive fluorination 

experiments. Furthermore, we find that the product distribution is consistent with 

electrophilic fluorination occurring on the conjugate acid as discussed in section 2.1.2. 

2.3.1.3 Quinoline (1) in Sulfuric Acid 

Once the preferred reaction solvent was established (See section 2.3.1.1), we have 

investigated a range of further reaction conditions, the results of which are presented in 

table 2.1. 

Fluorination of (1) at 1°C with six equivalents of fluorine, gave four major 

products with a total yield of 91% having a conversion of 42%. The four major products 

were found to be (2), (3), (4), and (5). Fluorination performed at a higher temperature 

(IS^C) increased the conversion slightly to 51%, but had an undesirable effect on the 

selectivity by reducing the overall yield to 75%. Moreover, the yields of (2) and (4) 

decreased, while the yield of (5) increased, but unknown polyfluorinated derivatives 

could also be detected in the '^F NMR spectra of the crude product. When the reaction 

was performed at 1°C using twelve equivalents of fluorine, the conversion was found to 

increase to 67%, although this was accompanied by a decrease in the overall yield (81%). 
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The effect on product distribution by increasing the amount of fluorine used was similar 

to the one observed by increasing the reaction temperature. 

In order to allow the work-up to be performed in a more convenient manner, the 

volume of acid was decreased. However, in order to maintain the volume of reaction 

medium, which is partly used as a heat transfer medium, an inert bulking agent was used, 

namely perfluoroperhydrophenthrene (PPll). Fluorination performed in a 1:9 sulfuric 

acid/ PPl 1 reaction solvent gave a conversion of 34% and a total yield of 94%. A 3% 

yield of (6) was also unexpectedly obtained, although the formation of (6) could be due to 

the fact that (1) dissolved in the PPll layer, where fluorination by addition took place as 

compared to the work described by Sato.201 However, increasing the amount of sulfuric 

acid used to a 2:8 sulfuric acid/ PPll reaction medium, completely inhibited the 

formation of (6), presumably by the protonation of any free base present. Unfortunately, 

this was achieved at the expense of conversion, which was found to decrease (22%). One 

possible reason for the observed lower conversions in these two mixed solvent reactions 

may stem from the fact that sulfuric acid is insoluble in PPl l , and the resultant stirred 

mixture would obviously be an emulsion, which could hinder the fluorination of (1). 
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2.3.1.4 Concluding remarks 

We have found that the fluorination of (1) in sulfuric acid gave four major fluorine 

containing products in good overall yield. Use of a large excess of fluorine resulted in the 

preferential formation of (5), while the use of a moderate excess resulted in the 

preferential formation of (2) and (4). The use of higher temperatures was also found to 

lead to the preferential formation of (5). On the other hand, the reaction represents a poor 

method for the selective formation of fluorinated products, since a mixture of products 

was obtained, however, we envisage that substituted quinoline derivatives will be more 

selective and this will be discussed in the next section. 

2.3.2 Heterocyclic and/or Carbocyclic Ring Substituted Quinolines 

Having established that the electrophilic fluorination of (1) is possible, we decided to 

investigate further the affects of substituents on the regioselectivity of fluorination. As 

such, we divided the task at hand into heterocyclic ring substituted and carbocyclic ring 

substituted quinolines. Later in light of the work described below, we included quinolines 

were substituents are present on both rings into the latter discussion. 

2.3.2.1 2-Chloroquinoline (7) 

We could find no prior reports detailing the halogenation of (7) in the literature. 

Nevertheless, we carried out the direct fluorination of (7) in an oleum/PPll mixed 

solvent, and not sulfuric acid, so as to prevent potential problems associated with the 

nucleophilic displacement of the 2-chlorine under the reaction conditions. The 

fluorination of (7) with twelve equivalents of fluorine was found to give a 68% 

conversion and four major products, which we later characterised as (8), (9), (10), and 

(11) (See Fig 2.13 and Table 2.2). Identification was made by comparison of the crude 

'^F NMR data to that obtained from the fluorination of (1), because both sets of '^F NMR 

data were found to be very similar. 
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(7) 

10%Fg/N2(v:v) 
10% Oleum (30% free SO3) (8) 

/PP11 
1°C 

N CI 

(9) 

Fig 2.13 

Table 2.2: The direct fluorination of 2-chloroquinoline (7) in oleum/PPl 1 

% Conversion 
% Yield of % Yield of % Yield of % Yield of 

(8) (9) (10) (11) 

68 25 11 16 21 

We observed that the 2-chloro substituent did not increase the selectivity of 

fluorination at any position, and in fact product distribution between the four major fluoro 

derivatives is similar to the fluorination of (1) with twelve equivalents of fluorine. 

However, the yield of (11) was significantly lower than the yield of (5) under similar 

conditions. 

2.3.2.2 4-Methylquinoline (12) 

We are not aware of any prior reports in the literature detailing the halogenation of (12). 

Nonetheless, fluorination of (12) with 3.25 equivalents of fluorine resulted in a 

conversion of 26% and the formation of four major products, which we later identified as 

(13), (14), (15), and (16) (See Fig 2.14 and Table 2.3), by comparison of the crude '^F 

NMR data with those obtained from the fluorination of (1) and (7). It is worth pointing 

out, that the chemical shift of the fluorine at the 6- and 8-positions was relatively 

unperturbed by the introduction of the 4-methyl group. However, the 5-fluorine in 
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compounds (13) and (16) was shifted downfield by approximately l lppm in both cases, 

due to the presence of the 4-methyl group. 

(12) 

10%F2/N2(v: V) 

CH2SO4 

1°C 

F Me 

Fig 2.14 

Table 2.3: The direct fluorination of 4-methylquinoline (12) in sulfuric acid 

% Conversion 
% Yield of % Yield of % Yield of % Yield of 

(13) (14) (15) (16) 

26 48 14 23 

We found that the 4-methyl group gave no increase in the selectivity of 

fluorination at any position, and in fact, product distribution between the four major 

fluoro derivatives is similar to the fluorination of (1) with six equivalents of fluorine. 

2.3.2.3 Concluding Remarks Concerning Heterocyclic Ring Substituted Quinolines 

We have demonstrated that the presence of a substituent in the heterocyclic ring does not 

influence the regioselectivity for fluorination at any position, at least not to any great 

extent. Overall, we conclude that the direct fluorination of substituted derivatives where 

the substituent is present at the 2- or 4- position, will not provide an efficient route to 

selectively fluorinated quinolines. It follows that in the light of our present work, 3-

substituted quinolines will most probably behave in an analogous manner. However, 
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since the majority of electrophilic substitution occurs in the carbocyclic ring, the use of 

substituted derivatives where the substituent is present in this ring, may improve the 

regioselectivity of fluorination. We present our findings in the next section. 

2.3.3 Carbocyclic Ring and Carbocyclic-Heterocyclic ring Substituted Quinolines 

2.3.3.1 6-Methoxyquinoline (17) 

The direct fluorination of (17) using 3.25 equivalents of fluorine occurred readily in 

sulfuric acid and conversion was found to be 71%. Fluorination took place efficiently 

with no intractable material being observed. 

MeO 

MeO 
10%F2/N2 (v:v) 

H2SO4 (>98%) 

1°C 

(19) 

Fig 2.15 

The F N M R spectra showed the presence of only two products in the crude 

product, which were later characterised as (18) and (19) (See Fig 2.15 and Table 2.4), by 

comparison to literature ' H and ' V N M R data! 81. The '^F N M R spectra of (19) was 

similar to that obtained from the naphthalene derivative.217, 218 Furthermore, the '^C 

N M R data showed that the C-4a carbon of (18) and (19) was a doublet (13.7Hz) and a 

triplet (24.3HZ) respectively. The carbon-fluorine coupling constant measured in each 

case was indicative of a ^JCF coupling, moreover, the ' H and ' H - ' H COSY N M R spectra 

ruled out substitution at C-4 position. The coupling constants at the C-8a carbon for (18) 

and (19) were found to be doublet (7.2Hz) and a triplet (6.1Hz) respectively, which are 

characteristic of ^JCF couplings. Hence it was concluded that electrophilic fluorination 

took place at C-5, furthermore the X-ray crystal structure of (19) gave conclusive 
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evidence and this is presented in figure 2.16. The proposed mechanism for the 

transformation of (18) into (19) is presented in figure 2.17. 

Complementary work has been described by Elderfield concerning the direct 

chlorination of (17), where chlorination was achieved in ethanoic acid and gave the 

chlorinated derivative of (18).219 Interestingly, this report did not mention the formation 

of the dichloro derivative of (19), although a later report details its synthesis by passing 

chlorine through a solution containing the hydrogen chloride salt of (17).220 

Fluorination (17) was repeated in methanoic acid to ascertain whether sulfuric 

acid was crucial to the reaction when substrates activated towards electrophilic 

substitution are used. The reaction was subsequently found not to take place efficiently, 

and whilst conversion was quantitative, a substantially lower yield of (18) was obtained, 

as well as a slightly lower yield of (19) (See table 2.4). Many other uncharacterised 

products were also observed in the '^F NMR spectra. 

Fig 2.16: X-ray crystal structure of (19) depicted using 50% displacement ellipsoids 

Table 2.4: Direct Fluorination of 6-methoxyquinoline (17) in sulfuric acid and methanoic 

acid 

Reaction Medium % Conversion % Yield of (18) % Yield of (19) 

CH2SO4 71 74 26 

H C O 2 H 100 27 18 
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The preparation of (18) has also been described by Rozen who used acetyl 

hypofluorite to fluorinate (17), as described in section 2.1.181 (Acetyl hypofluorite was 

generated by bubbling fluorine through a suspension of sodium ethanoate in a 10:1 

C C I 3 F / AcOH solvent at low temperature, prior to the addition of (17).) The yield of (18) 

reported by this method is 75%, therefore fluorination of (17) by elemental fluorine 

appears to be in a way analogous to acetyl hypofluorite. Consequently, it could be argued 

that there is no further need invoke the use of acetyl hypofluorite to achieve the 

aforementioned transformation. 

As discussed above, we conclude that the introduction of the 6-methoxy group has 

had a significant influence on the regioselectivity of electrophilic fluorination, that is it 

promotes electrophilic attack by fluorine at the 5-position, as no other products, other 

than the difluoro derivative (19) were detected. 

MeO la y 

Fig 2.17 

-MeF 

(19) 

2.3.3.2 2-ChIoro-6-methoxyquinoline-3-carbaldehyde (20) 

Preparation of the bromo and chloro derivatives of (21) has been discussed by 

Cziaky, via the direct halogenation of (20) with elemental bromine and chlorine. 

Although the iodo derivative could not be prepared by direct iodination under analogous 

conditions,221 moreover the formation of dihalogeno adducts similar to (22) were not 

reported. 

We initially performed the direct fluorination of (20) with five equivalents of 

fluorine in a 10% sulfuric acid/ PPll solvent mixture, due to doubts concerning the 

stability of the 2-chloro substituent under solely sulfuric acid reaction conditions, and 

during aqueous work-up. These concerns where subsequently found to be unfounded and 

62 



the 2-chloro group was found to be stable under normal reaction and work-up conditions. 

The '^F N M R spectra of the crude product showed the presence of only two products, 

which were identified as (21) and (22) by comparing the ^̂ F N M R shifts to those of (18) 

and (19) respectively. Further evidence for the formation of (21) and (22) may be 

obtained by considering the ' ^ C N M R C-4a carbon couplings as previously described. 

The C-4a couplings for (21) and (22) were found to be a doublet (13.7Hz) and a triplet 

(25.1Hz) respectively, which are characteristic of a ^JCF coupling, moreover the ' H and 

' H - ' H C O S Y N M R spectra ruled out substitution at C -4 position. The corresponding C -

8a couplings were found to be a doublet (2.3Hz) and a triplet (5.9Hz), which are 

suggestive of ^JCF coupling. Hence, fluorination occurred at the 5-position. Additionally, 

the X-ray crystal structures of (21) and (22) were obtained and these are depicted in 

figures 2.19 and 2.20. 

MeO 

MeO CHO 

(20) 

lOyoFg/Ng (v:v) 

H2SO4 (> 98 %) 

1 °C 

CHO 

CHO 

N CI 

(22) 

Fig 2.18 

Unfortunately, fluorination in the mixed solvent system with five equivalents of 

fluorine gave a disappointing conversion (27%), although the yield of (21) was very high 

(97%) with only a trace (3%) of the difluoro adduct (22) being formed (See Fig 2.18 and 

Table 2.5). The formation of intractable material was not observed, nor was the formation 

of carboxylic acid derivatives derived from the reaction of fluorine with the aldehyde 

group, via an acetyl fluoride intermediate. 

On the other hand, fluorination performed in sulfuric acid with six equivalents of 

fluorine, gave a much higher conversion (66%), although while the yield of (21) was 

found to decrease (73%), the yield of (22) increased accordingly (27%). Furthermore, the 
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use of twelve equivalents of fluorine resulted in (22) being the major product (84%), 

while (21) was found to be the minor component (16%), conversion increased slightly to 

79%. Fluorination reactions performed with the use of fifteen equivalents of fluorine, 

were performed on a preparative scale and gave a quantitative yield of (22), which 

required no further purification. The formation of (22) from (21) is thought to occur via a 

similar mechanism to that shown in figure 2.17. 

Table 2.5: Direct fluorination of 2-chloro-6-methoxyquinoline-3-carbaldehyde (20) 

Reaction 

Medium 

Equivalents of 

F 2 
% Conversion 

% Yield of 

(21) 

% Yield of 

(22) 

15 % CH2SO4/ 

85 %PP11 
5 27 97 3 

CH2SO4 6 66 73 27 

CH2SO4 12 79 16 84 

CH2SO4 15 100 0 100 (96)^ 

CH2SO4 15 100 0 100 (89)*̂  

* Isolated yield from a 5g scale reaction, ^ Isolated yield from a lOg scale reaction. 

Fig 2.19: X-ray crystal structure of (21) depicted using 50% displacement ellipsoids 
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Fig 2.20: X-ray crystal structure of (22) depicted using 50% displacement ellipsoids 

As discussed in section 2.3.3.1, the introduction of the 6-methoxy group allows 

the selective electrophilic fluorination at the 5-position. Moreover, we have found this to 

be true for the electrophilic fluorination of (20), which was found to give analogous 

regioselectivity. It may be said that the influence of the heterocyclic ring substituents, 

other than slightly reducing the reactivity of (20) towards fluorine, upon regioselectivity 

is negligible. This result is consistent with the findings discussed in section 2.3.2.3. 

2.3.3.3 6-Methoxy-8-nitroquinoline (23) 

There are several reports concerning the direct halogenation of (23). Direct chlorination 

has been achieved in ethanoic acid by Tatsuoka who found that the major product was the 

chlorinated derivative of (24).222 Moreover the use of diluted chlorine was reported to 

give better yields, when compared to using neat chlorine. Bromination on the other hand, 

has been reported by several workers, namely Elderfield and Tatsuoka,222-224 give 

the bromo derivative of (24). 
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MeO 

MeO 

10% Fg/ N2 (v.v) 

H2SO4 (>98%)/ PPl 1" 

1°C 

Fig 2.21 

The direct fluorination of (23) has not been previously described prior to this 

work, but several other routes concerning the synthesis of (24) are known. The Skraup 

synthesis has been reported recently by 0'Neill,23, 225 ^ho obtained a 30% yield of 

(24), this yield was found to be significantly higher than the previous yields described by 

Elderfield, who reported a 5 and 9% yield.219 Similarly, the Skraup synthesis of a related 

compound of (24), namely, the 4-methyl derivative, was also reported to occur in 25% 

yield. Further work by O'Neill^S, 225 examined the use of the halex reaction and N-F 

electrophilic fluorinating agents. A 30% overall yield of (24) was obtained from the halex 

reaction, and a 38% yield of (24) was obtained by treatment of (23) with NFSI, as 

described in section 2.1. 

We performed the direct fluorination of (23) by using eight equivalents of fluorine 

in a sulfuric acid medium, as a result conversion was found to be 56% (See Fig 2.21 and 

Table 2.6). However, the '^F NMR spectra of the crude product indicated that only one 

major product was isolated. The product was identified as (24) by comparison to the 

literature ' H and ^̂ F NMR data,23 consideration of the C-4a and C-8a carbon-fluorine 

coupling constants was also indicative of (24) being the 5-fluoro derivative. Moreover, 

the X-ray crystal structure of (24) was obtained and is depicted in figure 2.22. 

We would expect by analogy with (19) and (22) (discussed in sections 2.3.3.1 and 

2.3.3.2.), that the respective gem-difluoro derivative (25) would be produced by a 
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mechanism analogous to the one presented in figure 2.17, however, it is believed that (25) 

is unstable with respect to nucleophilic attack by water, due to the presence of the 8-nitro 

group, and hence, would not be extracted from the aqueous media during work-up. On 

the other hand, this fact allowed the purification of (24) to be achieved relatively easily. 

Table 2.6: Direct fluorination of 6-methoxy-8-nitroquinoline 

Reaction 

Medium 

Crude Product 

Equivalents of F 2 Isolated 

(g) 

% % Yield of 

Conversion (24) 

CH2SO4 

CH2SO4/PPII 

CH2SO4/ PPll 

CH2SO4/PPII 

8 

4 

14 

23 

0.38 

0.97 

0.45 

0.11 

56 

22 

59 

>99 

100 

100 

Subsequent fluorination reactions were therefore performed using a mixed solvent 

system, as described previously, and with successive increases in the amount of fluorine 

used. The mass of isolated product obtained after aqueous work-up was found to 

decrease with increasing excess of fluorine, which is consistent with the formation of 

(25), as this product is not isolated upon work-up. 

It can be seen therefore, by comparison to published methodology, that the direct 

fluorination of (23) results in a far higher yield of (24) when compared to any of the 

previously described synthetic routes to (24). 
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Fig 2.22: X-ray crystal structure of (24) depicted using 50% displacement ellipsoids 

As discussed in sections 2.3.3.1 and 2.3.3.2, we have found that the introduction 

of the 6-methoxy group affects the exclusive formation of 5-fluoro products, namely (18), 

(21), and in this case (24). Moreover, it can be seen that the influence of the 8-nitro group 

on the regioselectivity, apart from reducing the overall reactivity of (23) towards 

electrophilic attack by fluorine, is also negligible. However, the deactivating influence of 

the nitro group is substantially larger than the effects of the substituent groups in (20). 

2.3.3.4 6-Chloroquinoline (26) 

We are not aware of any reports in the literature concerning the halogenation of (27). 

Nevertheless, when the direct fluorination of (26) was performed using twelve 

equivalents of fluorine, a 59% conversion was observed (See Fig 2.23 and Table 2.7). 

The '^F NMR spectra showed the presence of two major products in the proportions of 

79% and 5%. These were characterised as (27) and (28) respectively, which is consistent 

with the results obtained from the fluorination of (1). 

The identification of (27) was made by examining the '̂ C NMR data, where the 

C-4a carbon was found to be a doublet (15.5Hz) having a coupling constant characteristic 

of a ĴcF coupling, moreover, the C-8a carbon was a doublet (2.4Hz) where the coupling 

constant was indicative of a ^JCF coupling. The ' H and ' H - ' H COSY NMR spectra also 

ruled out the possibility of fluorine being present at C-4, hence it was concluded that 

substitution took place at C-5. The difluoro derivative (28) was identified by comparison 

to the 'V NMR spectra of (5) and (11), which had similar chemical shifts. 
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10% Fa/ Ng (v:v) 

H2SO4 (>98%) 

1°C 

Fig 2.23 

Table 2.7: Direct fluorination of 6-chloroquinoline 

% Yield of % Yield of 
% Conversion 

(27) (28) 

59 79 5 

The selectivity for the 5- position was found to be enhanced by the presence of the 

6-chloro substituent, but at the same time a minor effect is that the overall reactivity 

towards electrophilic attack is reduced, as evidenced by the slightly lower conversion 

compared to (1) under analogous conditions. 

2.3.3.5 6-Methylquinoline (29) 

Bromination of (29) by N-bromosuccinimide in sulfuric acid has been discussed by 

Tochilkin.226 Bromination occurred readily under the reaction conditions and the bromo 

derivative of (30) was obtained as the major product, along with the dibromo derivative 

of (31). 

We performed the direct fluorination of (29) using 3.25 equivalents of fluorine, as 

a result conversion was determined to be 54%. The '^F NMR spectra showed that two 

major products were obtained in the proportions of 75% and 5%, which were later 

characterised as (30) and (31) respectively by comparison to previous experimental data 
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(See Fig 2.24 and Table 2.8). Identification of (30) was made by examining the carbon-

fluorine coupling constants at the C-4a and C-8a carbons, the C-4a carbon was found to 

be a doublet (14.8Hz) having a coupling constant characteristic of a ^JCF coupling, 

moreover, the C-8a carbon was a doublet (2.7Hz) where the coupling constant was 

indicative of a ^JCF coupling. The and ' H - ' H COSY N M R spectra also ruled out the 

possibility of fluorine being present at C-4, hence it follows that substitution took place at 

C-5. 

^0%f^N2 (v:v) 

HjSO^ (>98%) 

1°C 

Fig 2.24 

The structure of (31) was assigned by comparison of the '^F NMR spectra to that 

obtained from (5) and (28). Further evidence may be derived from the C-4a and C-8a 

carbons in the '^C NMR spectra, both of which were found to be doublets of doublets, 

where the ^JCF coupling constants were measured as 20.8Hz, 13.7Hz and the ^Jcp 

coupling constants measured as 5.6Hz, 3.0Hz respectively. Thus, we concluded that 

fluorination had occurred at both the 5- and 8-positions. 

The identification of (32), a very minor product in the '^F NMR spectra, which is 

shown in figure 2.25, was also concluded. A quartet of doublets observed at -158.1 ppm 

(qd, ^JHF 21.8 ^JHF 8.3), is similar to the '^F NMR data obtained from compounds (43) -

144.4 ppm (qd, ^JHF 20.3 ^JHF 5.6, Eg) and (62) -158.6 ppm (qd, ^JHF 22.8 ^JHF 7.5, Re), 

which have been irrefutably identified by X-ray crystallography (See Figs 2.33 and 3.14). 

Moreover, the '^F NMR data agrees with that of a similar geminal fluoro methyl 

compound described by Dmowski.227 
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Table 2.8: Fluorination of 6-methylquinoline 

% Conversion % Yield of (30) % Yield of (31) 

54 75 5 

Repeating the experiment under analogous conditions but using twelve 

equivalents of fluorine, resulted in the formation of some intractable material and 

unidentified products in the '^F NMR spectra. However, the presence of (30), (31), and 

(32) could be identified as minor components of the crude mixture. 

Fig 2.25 

The 6-methyl group has been found to encourage electrophilic substitution at the 

5-position. However, unlike the 6-methoxy derivatives (17), (20), and (23) described in 

sections 2.3.3.1 to 2.3.3.3 inclusive, where gem-difluoro products were obtained, (29) 

gave the difluoro product (31). By comparison of the conversions it may be said that (29) 

is less reactive than (17), but, is more reactive than (1), and this is what would be 

expected for an electrophilic process. 

2.3.3.6 6-Nitroquinoline (33) 

The bromination of (33) by N-bromosuccimide in sulfuric acid, has been reported by 

Tochilkin,226 and the bromo derivative of (34) was obtained as the major product. 

However, bromination could only be achieved in moderate yield by using harsh 

conditions, which were 100% sulfuric acid at 60°C. 

We found that the direct fluorination of (34) at 1°C with twelve equivalents of 

fluorine gave a conversion of 13%, although the reaction was very selective resulting in a 

high yield of (34) (86%) (See Fig 2.26 and Table 2.9). 

71 



Compound (34), was identified by comparing the carbon-fluorine coupling on the 

C-4a and C-8a carbons, observed in the "C NMR spectra. The C-8a carbon was found to 

be a doublet with a coupling constant of 12.2Hz, whilst the C-4a carbon was also a 

doublet, but with a coupling constant of 3.0Hz. These coupling constants are 
2 3 

characteristic of JCF and JCF carbon-fluorine couplings, hence it follows that the fluorine 

is located at the 8-position. Furthermore, the X-ray crystal structure of (34) was obtained, 

which gave irrefutable proof for the formation of (34) and this is depicted in figure 2.27. 

It should be pointed out however, that trace impurities were also observed in the crystal 

and the possible structures of these are shown in figure 2.28. Information gathered from 

the X-ray crystal structure data suggests that in addition to the 8-fluorine, 7% of the 

hydrogen located at position C-3 was fluorine, and 5% of the hydrogen at C-5 was 

fluorine. This suggests the products 5,8-difluoro-, 3,8-difluoro-, 3,5-difluoro- and 3,5,8-

difluoro-6-nitroquinoline could also have been present in the crystal, although the exact 

product(s) could not be determined. 

10% Fg/ {v:v) 

1 or 15°C 

Fig 2.26 

Repeating the reaction at 15°C with eighteen equivalents of fluorine, significantly 

increased the conversion, although the selectivity fell slightly. The use of a sulfuric acid/ 

PPll mixed solvent system at 15°C also improved the conversion slightly. The use of an 

oleum/ PPll system, proved to be the best system by far, but at the expense of a 

significant decrease in selectivity, as determined from the uncharacterised products 

present in the '^F NMR spectra. Attempted fluorination in methanoic acid at 10°C 

resulted in the recovery of starting material. 
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Table 2.9: Direct fluorination of 6-nitroquinoline 

Reaction Medium Equivalents of F2 % Conversion % Yield of (34) 

CH2SO/ 

CH2S04/PP11^ 

oleum/PPir 

12 

18 

12 

15 

13 

41 

38 

61 

86 

74 

78 

59 

^ Reaction was performed at 0°C, ^ Reaction was performed at 15°C. 

0(2) 

Fig 2.27: X-ray crystal structure of (34) depicted using 50% displacement ellipsoids 

F(13)' ) 

Fill c i i a 

Fig 2.28: Impurities found in the X-ray crystal structure of (34), depicted using 50% 

displacement ellipsoids 
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We conclude that the effect of introducing the 6-nitro group is that electrophilic 

attack by fluorine is directed toward the 8-position. By comparison of the conversions, it 

may be said that the introduction of a strong electron withdrawing nitro group has 

deactivated the overall the reactivity of quinoline, which is consistent with an 

electrophilic process, and (34) can be considered to be less reactive than (1). 

2.3.3.7 4,7-Dichloroquinoline (35) 

We can find no reports in the literature concerning the halogenation of (35). Nonetheless, 

we found that the direct fluorination of (35) in sulfuric acid with six equivalents of 

fluorine resulted in a 19% conversion (See Fig 2.29 and Table 2.10). The '^F NMR 

spectra showed the presence of two major products in the proportions of 76% and 4%, 

which were subsequently identified as (36) and (37) respectively. 

Evidence for the formation of (36) was obtained from the '^F NMR data, which 

showed a singlet, and therefore it can be concluded that the fluorine was not adjacent to 

hydrogen, where one would have expected a doublet. Moreover, the and ^ H - ' H COSY 

NMR spectra showed chiefly that the H-2 and H-3 hydrogens and the H-5 and H-6 

hydrogens were adjacent each to other, which is consistent with compound (36). Further 

more irrefutable proof was obtained from the X-ray crystal structure, which is depicted in 

figure 2.30, although it should be noted, that the presence of (37) was also detected in the 

crystal to the extent of -17%. The '^C NMR data was not found to be particularly 

informative in this case, due to shifting of the relative positions of the C-4a and C-8a 

carbons. Compound (37) was identified by comparison of the '^F NMR data to that 

obtained from (5) and (16), which had similarities. 
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10%Fa/N2(v:v) 

1°C 

Fig 2.29 

Table 2.10: Direct fluorination of 4,7-dichloroquinoline 

Reaction Medium Equivalents of F2 % Conversion 
% Yield of 

(36) 

% Yield of 

(37) 

CH2SO4 6 19 76 4 

15% oleum/PPll 12 62 46 11 

The previous section (Section 2.3.3.6) showed that the highest conversion of (33) 

was obtained when an oleum/ PPll mixture was used as reaction solvent. It follows then, 

that as a low conversion of (35) was observed in sulfuric acid, the oleum/ PPll mixture 

should also be employed here also. Consequently, the reaction was performed in the this 

reaction medium, with twelve equivalents of fluorine, whereby the conversion was found 

to improve. However, the selectivity for (36) fell significantly and several other 

unidentified products were present, as observed in the '^F NMR spectra. 
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Fig 2.30: X-ray crystal structure of (36) containing some of (37), depicted using 50% 

displacement ellipsoids 

We have found that by introducing the 7-chloro group, electrophilic attack by 

fluorine is directed toward the 8-position. The heterocyclic ring substituent, namely the 4-

chlorine, was not found to influence the regioselectivity, which is consistent with the 

results obtained in sections 2.3.2.3 and 2.3.3.2. 

2.3.3.8 2,7-Dimetliylquinoline (38) 

We can find no reports in the literature detailing the halogenation of (38). However, the 

bromination of 7-methylquinoline, a related compound to (38) has been achieved by 

using N-bromosuccinimide in sulfuric acid.226 Tochilkin describes that bromination 

gave the corresponding 8-bromo-7-methylquinoline derivative of (39), and a small 

amount of 5,8-dibromo-7-methylquinoline, a derivative of (40). 

10%F2/N2(v:v) 

CH2SO4 
1°C 

Fig 2.31 
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We found that the direct fluorination of (38) with 2.5 equivalents of fluorine gave 

a 40% conversion. The '^F NMR spectra showed the presence of two major products in 

the proportions of 82% and 12%, which were subsequently identified as (39) and (40) 

respectively. 

Identification of (39) was made by examining the '^F NMR data, which showed 

the presence of a singlet, and hence indicated that the fluorine was not adjacent to 

hydrogen. Moreover the ' H and ' H - ' H COSY NMR spectra also confirmed the position 

of the fluorine. Further evidence was derived from the carbon-fluorine coupling constants 

observed in the '^C NMR data. The C-8a carbon was found to be a doublet, with a 

measured coupling constant of 11.9Hz, the corresponding coupling constant of the C-4a 

carbon was measured at 2.4Hz. Hence, the C-8a carbon has ^JCF coupling and the C-4a 

carbon ^JCF coupling. Based on this data, it may be concluded that fluorination took place 

the 8-position. Compound (40) was determined by comparison of the '^F NMR data to 

that obtained from (5), (11), and (37). Furthermore, the '^C NMR spectra showed that 

both the C-4a and C-8a carbons were doublets of doublets possessing ^JCF coupling 

constants of 18.6Hz, 13.7Hz, and ^JCF coupling constants of 2.3Hz, 3.8Hz respectively. 

Hence, fluorine is present at the 5- and 8-positions. 

Repeating the reaction with a moderate and large excess of fluorine was found to 

increase the conversion of (38), however greater proportions of unidentifiable products 

were obtained, and in the latter case where ten equivalents were used, intractable material 

was also observed. 

Table 2.11: Direct fluorination of 2,7-dimethylquinoline 

Equivalents of F2 % Conversion 
% Yield of 

(39) 

% Yield of 

(40) 

2.5 40 82 12 

5 51 61 15 

10 62 28 23 
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We have found that the affect of introducing the 7-methyl group, is that 

electrophilic attack by fluorine is directed toward the 8-position. Moreover, the 

heterocyclic ring substituent was not found to influence the regioselectivity, at least not to 

any great extent, which is consistent with all previous results discussed in this thesis. By 

comparing conversions, (38) has been found to be more reactive than (35), which is what 

one would expect for an electrophilic process. 

2.3.3.9 8-MethyIquinoline (41) 

The direct bromination, chlorination, and iodination of (41) have all been achieved in 

sulfuric acid at room temperature. Gracheva and Tochilkin report that the major product 

in all cases was found to be the 5-halogeno derivatives of (42).228, 229 Moreover, (42) 

was prepared from 5-amino-8-methylquinoline by the Balz-Schiemann reaction in 63% 

yield. Further work by Tochilkin, demonstrated bromination at the 5-position can be 

achieved by the use of N-bromosuccinimide in sulfuric acid226 

We found that the direct fluorination of (41) with 3.25 equivalents of fluorine 

gave a 40% conversion (See Fig 2.32 and Table 2.12). The 'V NMR spectra showed the 

presence of two major products in the proportions of 68% and 16%, which were 

subsequently identified as (42) and (43) respectively. Unfortunately, the literature report 

of (42) only describes the m.p. and b.p.,229 although the m.p. (21.0-21.5°C) is consistent 

with the fact that at room temperature, (42) was found to be a colourless oil. More 

convincing evidence may be obtained from the '̂ C NMR data, where the C-4a carbon 

was found to be a doublet having a ^JCF coupling constant of 16.3Hz, and the C-8a carbon 

a doublet having a ^JCF coupling constant of 4.5Hz. Hence it can be concluded that 

fluorination occurs at the 5-position. Compound (43) was identified by obtaining the X-

ray crystal structure, which proves without doubt the aforementioned structure, moreover 

the NMR data is consistent with this structure. The '^C NMR data showed that the C-8a 

carbon had a ^JCF coupling constant of 16.3Hz, whilst the C-4a carbon was found to have 

a ^JcF coupling constant of 2.' 

coupling constant of 28.8Hz. 

a ^JcF coupling constant of 2.7Hz. Moreover, the 8-methyl group was found to have a ^JCF 
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10%F2/N2 (v:v) 

CH2SO4 

1°C 

F Me 

Fig 2.32 

Increasing the amount of fluorine used in the reaction was found to increase the 

conversion of (41), however, the use of twelve equivalents of fluorine led to a higher 

proportion of unidentifiable products being obtained and intractable material. As can be 

seen from table 2.12, the use of a small excess of fluorine resulted mainly in the 

formation of (42). Whereas, the use of a large excess of fluorine mainly resulted in the 

formation of (43). 

Table 2.12: Direct fluorination of 8-methylquinoline 

Equivalents of F2 % Conversion % Yield of (42) % Yield of (43) 

3.25 26 68 16 

12 47 12 58 
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Fig 2.33: X-ray crystal structure of (43) depicted using 50% displacement ellipsoids 

The formation of (43) was unexpected, and the exact mechanism is not currently 

known. However, two mechanisms have been proposed to account for the formation of 

(43) as shown in figures 2.34 and 2.35. 

The first mechanism, which is shown in figure 2.34, involves the generation of a 

5-hydroxy derivative (42i), either by electrophilic substitution mediated by the in-situ 

generation of HOF, or by nucleophilic substitution of the 5-fluorine. Fluorination of the 

intermediate (42i) could then potentially give (43).230 xhe residual water in the (>98%) 

sulfuric acid is assumed to be the source of the water. 

i) HOF 

ii) Hp 

-HP -HP 

Fig 2.34 
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The second mechanism, which is shown in figure 2.35, involves initial 

electrophilic fluorination to give (42), followed by fluorine addition across the 7- and 8-

positions to give the intermediate (42ii). Nucleophilic attack by water then occurs, which 

ultimately leads to the formation of (43), via the loss of two molecules of HF. 

The first piece of information obtained about the mechanism is that (43) can be 

observed in the '^F NMR spectra before work-up, although this does not rule out the 

possibility of nucleophilic attack upon the intermediate (42ii) in the work-up stage, as 

depicted in figure 2.35 i f present. 

(42ii) 
F Me 

F Me 

Fig 2.35 

The second piece of information gathered was derived from the relative amounts 

of (42) and (43) present in the reaction mixture over a twelve-hour reaction, which is 

presented in graph 1; the relative amounts of (42) and (43) were measured by '^F NMR 

periodically throughout the reaction. As can be seen from graph 1, the amount of (42) 

decreases with increasing amounts of fluorine, whilst the amount of (43) increases with 

increasing amounts of fluorine, although unfortunately, this information does not prove or 

disprove either mechanism but it suggests that (43) may be derived from (42). 
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Graph to show the amount of (42) and (43) 
relative to the total 19F NMR integral of the 

sample 

100 

^ 90 

2 4 6 8 10 12 

Equvalents of fluorine (1 E q u i v a l e n t s 1 Hour) 

14 

Graph 1 

A third piece of crucial information is derived from work that will be discussed in 

chapter 3, section 2.3.2.1. It has been found that the fluorination of (57) gave a minor 

product, which was determined by X-ray crystallography to be unequivocally (59) (See 

Fig 3.14). It was subsequently found that the direct fluorination of (57) in 10% water/ 

90% sulfuric acid (v:v) medium, did not increase the yield of (59). 

Further evidence can be derived from the facts that the attempted replacement of 

the 5-fluorine in (42) under nucleophilic conditions, and the attempted replacement of the 

5-fluorine in (58) under acidic conditions, was not observed. 

Consequently, as a result of these observation, mechanism (i) depicted in figure 

2.34, can be ruled out. The reasons for this are that i f HOF were generated in-situ, then 

the yield of the respective hydroxy intermediate would increase, and hence the yield of 

(59) would also be expected to increase, by the use of the aforementioned reaction 

medium, and this clearly did not occur. Mechanism (ii), also depicted in figure 2.34, 

which involves nucleophilic displacement of the 5-fluorine can also be ruled out by 

similar arguments. Moreover, the hydroxy intermediates would be expected to be more 
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reactive toward electrophilic attack, than the parent compound, and so the possibility that 

hydroxy compounds £ire produced and then undergo slow electrophilic substitution is 

unlikely. 

It follows then that the most likely mechanism, is the second mechanism, which 

is depicted in figure 2.35. The reason for this assumption is that increasing the amount of 

water would not be expected to increase the formation of (43), since the amount of (42ii) 

present, depends on the rate of fluorine addition across the 7- and 8- positions. 

Unfortunately, the existence of the intermediate (42ii) could not be made conclusively 

due to the numerous other peaks observed in the ^̂ F NMR spectra. 

We have shown that the effect of introducing the 8-methyl group is that the 

regioselectivity for electrophilic attack by fluorine is increased at the 5-position. 

Furthermore, we have evidence to suggest that (42) undergoes a further reaction with 

fluorine by addition ultimately giving rise to (43). 

2.3.3.10 Concluding Remarks 

We have demonstrated that the direct fluorination of quinoline derivatives with elemental 

fluorine can be achieved, in most cases efficiently, using concentrated sulfuric acid as a 

reaction medium. Moreover, we have shown that heterocyclic ring substituted quinolines 

do not influence, at least to any great extent, the regioselectivity of electrophilic 

substitution. Furthermore, we have found that high regioselectivities can be obtained if 

carbocyclic ring substituted quinolines are used. Reaction products are consistent with 

electrophilic fluorination occurring on the conjugate acid as discussed in section 2.1.2. In 

the large majority of products identified, product distribution mirrors other halogenation 

work published in the literature. We conclude that in principle, direct fluorination 

methodology opens up a new route to selectively fluorinated quinoline compounds, and 

offers a route to novel fluorinated compounds difficult to synthesise by any other means. 

2.3.4 Isoquinoline (44) 

2.3.4.1 Solvent Survey 

As discussed in chapter 1, section 1.8.2, high permittivity/ acidic reaction media, namely, 

acetonitrile, methanoic acid, and sulfuric acid, have been shown to be excellent media for 
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promoting direct electrophilic fluorination.65 Consequently in this chapter, sections 

2.3.1 to 2.3.3, we discussed the fluorination of substituted quinolines, and it was 

concluded that sulfuric acid was the solvent of choice for performing selective direct 

fluorination. In the light of these results, we reason, that these types of media may also 

promote the selective direct fluorination of isoquinoline substrates. Hence, we performed 

a solvent survey to establish the optimum reaction medium. 

Acetonitrile - The direct fluorination of (44) in acetonitrile gave significant 

quantities of dark intractable material. Analysis of the crude product by '^F NMR, 

showed the presence of many fluorinated products which could not be identified. 

Consequently, it was concluded that the direct fluorination of (44) in acetonitrile was 

unselective and thus was not pursued further. 

Sulfuric acid - The bromination of (44) in the presence of excess aluminium 

tribromide has been described by Gordon, 197 to gjve 5-bromo, 8-bromo, and 5,8-

dibromo derivatives of (45), (47), (48) respectively. 

We found that the fluorination of (44) in sulfuric acid took place with the 

formation of minimal intractable material and resulted in the formation of (45), (46), (47), 

and (48) as the only major products (See Fig 2.36). Importantly, no fluorinated addition 

products were detected in the '^F NMR of the crude product. Fluorinated products were 

identified by comparison to literature data^^^, 215, 231 and to previous halogenation 

work. 197 

H,SO^ 

10%F2/N2(v:v) (45) 

Fig 2.36 
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Products (45) and (47) were identified by deduction. The 'V NMR data for (45) 

has been reported as -123.9ppm in the literature.215 However, the ^ 'F NMR spectra of 

the crude product showed the presence of two peaks in this region with similar chemical 

shifts, at -123.4ppm and -123.6ppm. As a result, (45) could not be identified conclusively 

from the literature data alone. Fortunately, the compound responsible for the peak at -

123.4 in the '^F NMR was isolated, which allowed further analysis by '̂ C NMR. It is 

known that in the '^C NMR spectra of (44), the C-4a carbon is downfield from its C-8a 

counterpart.216 The '^C NMR data revealed that the C-4a carbon was a doublet with a 

coupling constant of 3.8Hz, while the C-8a carbon was found to be a doublet with a 

coupling constant of 15.4Hz. Therefore, it was concluded that the C-8a carbon showed 

ĴcF coupling, whilst the C-4a carbon showed ^JCF coupling, hence it follows that fluorine 

was present at the 8-position, i.e. (47). By deduction the '^F NMR peak at -123.6 was 

concluded to be (45). 

Compound (48) was identified by the following rationalisation. The '^F NMR 

spectra showed only one peak at -128.2ppm. However, the mass spectrum in EI mode 

indicated a molecular ion of 165, which corresponds to an empirical formula of C9H5F2N. 

The ' H NMR showed the presence of only five proton signals, moreover the '^C NMR 

spectra showed the presence of two 'JCF coupling constants, indicating the presence of 

two C-F carbons. Furthermore, the C-4a and C-8a carbons are both doublets of doublets 

with coupling constants attributable to ^JCF and ^JCF coupling, namely 20.1Hz, 17.4Hz 

and 4.8Hz, 5.3Hz respectively. As a result of the aforementioned data, structure (48) was 

concluded. The 5- and 8- fluorines present in (48) have coincidental '^F NMR 

resonances, moreover this has also been observed in the '^F NMR of a structurally related 

compound, namely 1,4-difluoronaphthalene where the '^F NMR resonance is quoted as -

127.9ppm.232 jt is worth pointing out, that a previous report describes a similar 

observation for (5),231 however, in the light of this current work we concluded that the 

^̂ F NMR chemical shift reported at -128.8ppm is infact that of (48) and not that of (5). 

Compound (47) was identified by comparison to previous halogenation results, 

and by comparison to the '^F NMR data for 7-fluoroquinoline, which is similar. ^ 2 1 5 
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2.3.4.2 Solvent Survey Conclusion 

The solvent survey has estabhshed that sulfuric acid is the solvent of choice for 

performing direct electrophilic fluorination reactions, and as such, sulfuric acid has been 

employed as reaction medium in all successive fluorination experiments. The product 

distribution is consistent with electrophilic fluorination occurring on the conjugate acid. 

2.3.4.3 Isoquinoline (44) in Sulfuric Acid 

As the preferred reaction solvent has been established (See section 2.3.4.1), We have 

investigated the effect of increasing the amount of fluorine used in the reaction, the 

results of which are presented in table 2.13. 

Table 2.13: Direct fluorination of isoquinoline 

Equivalents of 

F2 

Mass of 

(44) 

used (g) 

% 

Conversion 

% Yield of 

(45) and (47) 

(~1:1 ratio) 

% Yield of (48) 

2 2.5 1 2 80 8 

6 2.0 45 63 20 

6 5.0 52 55 1 7 

1 2 2.6 56 47 32 

As can be seen from table 2.13, it was found that by using a small excess of 

fluorine, the yield of (45) and (47) was high approximatley 4 0 % each, while the yield of 

(48) was relatively low at 8%, conversion was also found to be low at 12%. However, 

successive increases in the amount of fluorine used, increased the conversion, although 

the yield of (45) and (47) decreased, whilst the yield of (48) increased. The presence of 

(46) was also observed in the N M R spectra of the crude products but to the extent of 

no more than 10% in all cases. At large excesses of fluorine some intractable material 

was formed and the presence of numerous unidentified products was also observed in the 
19 F NMR spectra of the crude product. 
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2.3.4.4 Concluding Remarks 

We have found that the fluorination of (44) in sulfuric acid gave four major fluorine 

containing products in good overall yield. Use of a large excess of fluorine resulted in the 

preferential formation of (48), while the use of a moderate excess resulted in the 

preferential formation of (45) and (47). On the other hand, the reaction represents a poor 

method for the selective formation of fluorinated products, since a mixture of products 

was obtained. However, whilst not studied in the present work, we envisage that 

carbocyclic ring substituted isoquinolines have the potential to undergo regioselective 

direct fluorination, as was found with quinoline derivatives discussed in sections 2.3.1 to 

2.3.3 inclusive. 

2.4 Chapter 2.0 Summary 

We have demonstrated that the direct fluorination of quinoline is possible in concentrated 

sulfuric acid. Following this observation, we have successfully fluorinated a range of 

substituted quinolines and have found that the regioselectivity of fluorination is dictated 

by the substituents in the carbocyclic ring. We have further utilised this methodology in 

the direct fluorination of isoquinoline, and have demonstrated that direct fluorination can 

be achieved. 

We conclude, that in principle this methodology could be used to prepare a wide 

range of fluorinated quinoline and isoquinoline derivatives. 
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Chapter 3.0: The Direct Fluorination of O-Heterocycles 
3.1 Introduction 

3.1.1 General Introduction 

At the time of writing, the synthesis of fluorinated 2H-chromen-2-ones has been 

accomplished by methods similar to those described in chapter 2, section 2.1.1, namely 

by the: 

i) Use of N-F and O-F electrophilic fluorinating agents.233, 234 

ii) Balz-Schiemann reactions.235 

iii) Use of the Halex reaction.236 

iv) Cyclisation of functionalised pre-fluorinated benzenes, for example, the 

Pechmann synthesis.237-241 Utilisation of pre-fluorinated acyclic 

components give rise to the corresponding 3- or 4-fluorinated 2H-chromen-2-

ones.227, 242, 243 

There are a number of disadvantages with the aforementioned routes, for example, 

with the possible exception of (i), all synthetic methodologies require multistep 

procedures. Moreover, the N-F and O-F classes of reagents mentioned in (i) cannot be 

made without involving the use of elemental fluorine. 

As a more direct approach, we were therefore interested in exploring the use of 

elemental fluorine for the preparation of fluorinated 2H-chromen-2-ones, the results of 

which we will describe in this chapter, and so, literature concerning the preparation of 

fluorinated 2H-chromen-2-ones derivatives will be reviewed in section 3.2. 

3.1.2 Electrophilic halogenation of 2H-chromen-2-one 

Electrophilic halogenation of 2H-cliromen-2-one (49) is complicated by uncertainties 

relating to the mechanism and unfortunately, we can find no reports detailing the 

anticipated regioselectivity of electrophilic substitution. 

Under neutral conditions the reactivity order appears to be 3 > 6 > 8,244-246 

although, this order is not as simple as it seems since addition across the 3- and 4-



positions^Ol' 233, 247, 248 followed by the sequential elimination of HX is also known 

to give the 3-halogenated product. This reactivity order can be predicted by taking 

account of the fact that the 3-, 6-, and 8-positions can all conjugate with a lone pair on the 

ring oxygen, as shown in scheme 3.1. 

3-position 6-position 

Scheme 3.1 

8-position 

On the other hand, electrophilic substitution under highly acidic conditions (or in 

the presence of Lewis acids), occurs at the 6- and 8-positions on the protonated form of 

2H-chromen-2-one.235, 249, 250 p>rotonation of the carbonyl oxygen results in the 

involvement of several resonance canonicals, although while theoretically possible, the 

formation of the benzopyrylium ion and protonation of the heterocyclic ring oxygen were 

not observed, at least on the NMR timescale (See Scheme 3.2).248, 251 Hence, in 2H-

chromen-2-one delocalisation of the positive charge over the double bond by an allyl 

cation type system is preferred over stabilisation by involvement of the ring oxygen lone 

pairs. It is reasonable to assume, that protonation of the carbonyl group would deactivate 

the 3- and 4-positions towards electrophilic attack. 

ll 
o o 

H 

Not Observed in Sulfuric Acid 

Scheme 3.2 
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A somewhat simplified explanation may be obtained by considering the cleavage 

of the 2H-pyran ring into electron donating and electron withdrawing groups, EDG and 

EWG respectively. If the positive charge was located at the 4-position then one can 

divide the pyran ring as shown in scheme 3.3. It is reasonable therefore to anticipate that 

the 6- and 8-positions would be most reactive towards electrophiles in this system, 

electrophilic attack occurring ortho and para to the EDG and meta to the EWG.^^^ 

However if charge is located at the 2-postion or on the carbonyl oxygen, then one can 

divide the pyran ring as shown in scheme 3.4, where it is anticipated that the 5- and 7-

positions would be most reactive. Experimental results would therefore indicate that the 

former case is more prevalent. 

A 

Scheme 3.3 

O-EDG ,EDG 

Scheme 3.4 

Consideration of charge delocalisation upon electrophilic attack of the protonated 

2H-chromen-2-one is more helpful in explaining the observed results, as shown in 

schemes 3.5 to 3.8. Electrophilic attack at the 5- and 7-positions, as shown in schemes 3.5 

and 3.6, would result in some charge delocalisation onto the heterocyclic ring oxygen, 

and on to the 3-position. 

Scheme 3.5 
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Scheme 3.6 

On the other hand, electrophilic attack at the 6- and 8-positions, as depicted in 

schemes 3.7 and 3.8, would result in some charge delocalisation onto the 2- and 4-

positions. 

H <5+ 

<5+ O a + O 
+ 

H 

6-ro o 

Scheme 3.7 

(5+ Li 

<5+ O <5+ O 
H X + 

d+ O O 
H X 

Scheme 3.8 

By taking the experimental results of 6- and 8-substitution of 2H-chromen-2-one 

into consideration, it would seem that the charge delocalisation argument explains the 

results better than the 2H-pyran ring cleavage argument.235, 249, 250 Potential reasons 

for this are that in the charge delocalisation case (Schemes 3.7 and 3.8), one lone pair on 

the heterocyclic ring oxygen can stabilise the partial positive charge adjacent to it, 

furthermore, charge is acquired on existing charged centres in the allyl cation system, 

namely the 2- and 4- positions which will be stabilised by the presence of the 2-hydroxy 

group. By comparison, substitution at the 5- and 7- positions would not benefit from 

these extra stabilisations. 

It should be noted that i f one were to assume the involvement of the 

benzopyrylium ion, then by using a similar argument as that described for quinoline (See 

chapter 2, section 2.1.2), then one would anticipate the electrophilic attack at the 5- and 

8-positions. 

91 



3.2 Methods for Preparing Fluorinated 2H-Chromen-2-ones 

3.2.1 Electrophilic Fluorination 

Rozen has described that the reaction between acetyl hypofluorite and (49) gave a 3,4-

addition product. Due to rapid enolisation a mixture of cis and trans isomers was 

obtained in a 1:1 ratio (See Fig 3.1).233 Subsequent elimination of ethanoic acid upon 

purification or crystallisation resulted in the generation of 3-fluoro-2H-chromen-2-one. 

AcO 

AcOF 

O 
CHCI3/ CCI3F / EtOH 

(49) 
O 

100% Yield 

Fig 3.1 

Heindel has recently described the selective fluorination of 2H-chromen-2-one 

derivatives using N-F reagents (See Fig 3.2).234 Fluorination with Selectfluor® was 

found to occur at the 3-position, albeit in low yield (12-14%), although fluorination using 

alternative N-F reagents, such as N-fluorobenzenesulfonimide or N-fluoropyridinium 

triflate, was unsuccessful. 

Selectfluorf 

MeCN 
Reflux 

12% Yield 

Br 

O O 

Selectfluorf 

MeCN 
Reflux 

Fig 3.2 

Br 

O' ^ -o' 

14% Yield 
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3.2.2 Balz-Schiemann Reaction 

The Balz-Schiemann reaction has been used to prepare 6- and 8-fluoro-2H-chromen-2-

ones from the corresponding amino derivatives as depicted in figure 3.3.235 Jl^Q 

mechanism of fluorination has been described earlier in this thesis (chapter 2, section 

2.2.2). 

i) NaNO, 

O ii) HBF4 ^ O ^ ^ O 
A 

Fig 3.3 

3.2.3 Halex Reaction 

The halex reaction has been used to prepare substituted 4-fluoro-2H-chromen-2-one 

derivatives from their respective 4-chloro analogues, as shown in figure 3.4.236 -phg 

mechanism of fluorination has been described earlier in thesis in chapter 2, section 2.2.3. 

KF 
NMP 

140°C 

Fig 3.4 

3.2.4 Cyclisation Methodology^^^ 

Many preparative methods related to the synthesis of 2H-chromen-2-one heterocycles are 

known. Consequently, this thesis will not describe all existing methods but instead the 

reader is directed to any good recent heterocyclic textbook. A few reactions will be 

described to briefly highlight the general art of heterocyclic synthesis. 
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3.2.4.1 Pechmann Synthesis 

The Pechmann reaction involves the acid catalysed reaction between a substituted phenol 

and a 1,3-ketoester, as shown in figure 3.5. Cyclisation is thought to involve electrophilic 

aromatic substitution of the phenol, the resulting P-hydroxy ester then cyclised and 

dehydrates to form the corresponding 2H-chromen-2-one. 

OH OEt 

H2SO4 
GO,Et 

3.2.4.2 Knoevenagel Synthesis 

The Knoevenagel reaction has been used to prepare 2H-chromen-2-ones. A substituted 2-

hydroxybenzaldehyde reacts with an activated methylene compound, such as diethyl 

malonate, in the presence of piperidine and ethanoic acid, as depicted in figure 3.6, but 

the mechanism of ring formation is not well defined. 

OHO 
EtO^C. .COjEt 

OH 
Piperidine 

AcOH 

GOgEt 

O 

Fig 3.6 

3.2.5 Previous Work Involving Elemental Fluorine 

An early report describes that the reaction between (49) in CCI4, and a deficiency 

fluorine, resulted in a high amount of fluorine being incorporated into (49).253 However, 
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the products were not characterised and one may assume that a complex mixture of 

fluorinated products would be obtained from such a reaction. 

More recent work by Rozen247 details that (49) undergoes addition across the 

3,4-positions, giving rise to (55) in moderate yield (See Fig 3.7). Treatment of (55) with 

silica gel resulted in dehydrofluorination and 3-fluoro-2H-chromen-2-one could be 

recovered quantitatively. Complementary work undertaken by Sato^Ol showed that 

fluorine undergoes addition across the 3,4-positions in 4-chloro-2H-chromen-2-one, to 

give the respective 3,4-difluoro addition product (See Fig 3.7). Treatment of this addition 

product with silica in an analogous manner was found to result in the formation of 3,4-

difluoro-2H-chromen-2-one, by elimination of HCl, in 34% overall yield. 

1%Fg/Ng 

'̂̂ ^̂  55% Yield 100% Yield 

5% F2/N2 

Q/<^QCHCl3 /CCl3F /EtOH ^ - . ^ 0 - ^ 0 Silica ^ - ^ 0 ^ 0 
-78°C 

34% Overall Yield 

Fig 3.7 

3.3 Direct Fluorination of O-Heteroaromatics 

3.3.1 2H-Chromeii-2-one (49) 

3.3.1.1 Solvent Survey 

As discussed in chapter 2, sections 2.3.1 and 2.3.4, the selective electrophilic fluorination 

of (1) and (44) in acetonitrile was unsuccessful. In the light of this, the direct fluorination 

of (49) was not studied in acetonitrile. 

Methanoic acid - The direct fluorination of (49) in methanoic acid gave a mixture 

of many products, as observed in the '^F NMR spectrum of the crude product. Within this 

product mixture were four major products in the proportion of 29%, 11%, 10%, and 22%, 
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which were later identified as (50), (52), (55), and (56) respectively, as shown in figure 

3.8. Identification was made by comparison to literature '^F NMR data233, 247, 249 and 

previous electrophilic substitution work.235, 249, 250 xhg X-ray crystal structure of (52) 

was established and provides irrefutable proof for its formation, as shown in figure 3.10 

O 

(49) 

lOroFg/Nj (v:v) 

HCOgH 

15°C 

49 % Conversion 
(2 Equivalents) 

O Cis 

Fig 3.8: (50), (52), (55), (56) in 29%, 11%, 10%, 22% yield respectively 

The presence of addition products as well as electrophilic substitution products 

indicates that fluorination takes place on the un-protonated derivative, although the 

formation of (50) and (52) could conceivably take place by fluorination on the 

protonated form. 

Sulfuric acid - The direct fluorination of (49) in sulfuric acid gave five major 

products, four of which were later identified as (50), (52), (53), and (54) by comparison 

to previous electrophilic substitution work, NMR spectroscopy, and by X-ray 

crystallography (See Fig 3.9); the fifth product was characterised as (51) and its 

assignment is discussed later. 
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O " O F 

(50) (51) 

O ^ O 

(49) 

10%F2/N2(v:v) 

H2SO4 (>98%) 

Fig 3.9 

Sulfuric acid as reaction medium was found to inhibit the formation of fluorine 

addition products, which infers the complete protonation of (49), so that electrophilic 

substitution can only take place on the conjugate acid. Only trace quantities of 

heterocyclic ring fluorinated products could be detected in the crude '^F NMR spectrum. 

The structure of (53) was derived by NMR analysis, for it is known that in (49), 

the C-4a carbon is upfield from the C-8a carbon.216 Using ' H - ' H COSY and ' H - ' ^ C 

HETCOR NMR, the C-4a carbon and C-8a carbon were assigned. The '^C NMR spectra 

showed that the C-4a was doublet having a ^JCF coupling constant of 16.0Hz, while the 

C-8a carbon was a singlet. Hence, it was concluded that one fluorine is present at C-5. 

Furthermore, both of the fluorine possessing carbons were doublets of doublets, the 

coupling constants being 'JCF 246.1HZ, 275.0HZ and ^JCF 11-5, 14.5 respectively. It 

follows then, that the two fluorines are adjacent to each other, and thus the second 

fluorine is attached to the C-6 carbon. The X-ray crystal structure of compound (53) 

confirms the fluorine positions and is depicted in figure 3.11. 

We can speculate that the remaining significant product is (51). (However, the '^F 

NMR data could not be compared to literature data due to the lack of published '^F NMR 

chemical shifts from fluorine atoms in related compounds, although the '^C NMR data 

has been discussed,254 but unfortunately (51) could not be isolated from the product 

mixture.) The assignment of (51) was made by comparison to '^F NMR data obtained 
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from 6- and 7-fluoroquinoline.215 xhe ^̂ F N M R chemical shifts of 6- and 7-

fluoroquinoline are -114.2ppm and -110.4ppm respectively. As the ' ' F N M R shift of (50) 

is -119.9ppm the peak slightly downfield at -117.9ppm may therefore be from (51). The 

possibility that this peak is derived from a substituted derivative, such as a sulfonated or 

hydroxy compound, may also be postulated. However, in an attempt to produce a 

substituted derivative, a sample of the crude product mixture was agitated in a sodium 

methoxide/ methanol mixture, and in a separate experiment, in an acidic solution for 

several days; it should be pointed out that no change in the '^F N M R spectra was 

observed under either condition. These facts would therefore rule out the formation of a 

substituted analogue, which would result from nucleophilic attack by water in the 

reaction solvent or from aqueous work-up upon a difluorinated derivative. Furthermore, 

as no hydroxylation or sulfonation products have been observed in any preceding 

experiment, it is unlikely that the '^F N M R resonance is derived from a substituted 

analogue of (50). The possibility that (51) is 3-fluoro-2H-chromen-2-one may be 

dismissed by comparison to the literature '^F N M R data, where the 3-fluorine has a 

chemical shift of — 130ppm.233, 242, 247 

3.3.1.2 Solvent Survey Conclusion 

We have established that sulfuric acid is the preferred solvent for performing direct 

electrophilic fluorination, since the formation of fluorine addition products is not 

observed in this medium. Consequently, all further reactions were performed in sulfuric 

acid. 

3.3.1.3 2H-Chromen-2-one (49) in Sulfuric Acid 

As discussed in section 3.3.1.2, we have found that the solvent of choice for the direct 

fluorination of (49) is sulfuric acid. This being so, we have also investigated a range of 

alternative fluorination reaction conditions, the results of which are presented in table 3.1. 

Huorination using two equivalents of fluorine at 15°C, resulted in a 38% conversion, with 

a 91% total yield of identified products. Increasing the excess of fluorine to six 

equivalents substantially improved conversion to 76%, however the total yield of 

identifiable products decreased to 70%. The formation of unknown polyfluorinated 

98 



derivatives was also observed in the ^̂ F NMR spectra of the crude product. The yield of 

the major products can be improved to 96% by lowering the reaction temperature, 

although this is done at the expense of conversion (53%). However, the ideal situation 

was determined to be when fluorination was performed at low temperature and with a 

large excess of fluorine. This reaction gave a good conversion, between 69-72%, with the 

total yield of major products only decreasing slightiy (78-82%). 

Table 3.1: Direct fluorination of 2H-chromen-2-one (49) in sulfuric acid 

Equivalents 
Reaction 

Temp 

("C) 

Conversion 

% 

Yield 

% 

Yield 

% 

Yield 

% 

Yield 

% 

Yield 

ofF2 

Reaction 

Temp 

("C) 
% of 

(50) 

of 

(51) 

of 

(52) 

of 

(53) 

of 

(54) 

2 15 38 31 30 17 5 7 

6 15 76 16 18 7 14 15 

6 1 53 27 28 13 13 15 

12 1 69 20 22 8 15 17 

12 1 72 18 20 7 16 17 

Fig 3.10: X-ray crystal structure of (52) depicted using 50% displacement ellipsoids 
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Fig 3.11: X-ray crystal structure of (53) depicted using 50% displacement ellipsoids 

3.3.1.4 Concluding Remarks 

We have found that the fluorination of (49) in sulfuric acid gave five major fluorinated 

products in good overall yield. Use of a large excess of fluorine results in high 

conversion, although the formation of unidentified products increases. Ruorination at 

lower temperature gave a higher selectivity for the major products. 

Unfortunately, the reaction represents a poor method for the selective formation 

of fluorinated products, since a mixture of products was obtained, but we envisage that 

substituted derivatives ought to improve the selectivity and this will be discussed in the 

next section. 

3.3.2 Carbocyclic and Carbocyclic/ Heterocyclic Ring Substituted 2H-Chromen-2-

ones 

3.3.2.1 6-Methyl-2H-chromen-2-one 

We are not aware of any reports in the literature describing the direct halogenation of 

(57). Nevertheless, we have performed the fluorination of (57) in sulfuric acid at 1°C, 

which gave a 45% conversion and one major product as well as a significant minor 

product, as observed in the '^F NMR spectrum of the crude product mixture (See Fig 3.12 

and Table 3.2). The proportions of these two products were 78% and 8%, which were 

subsequently identified as (58) and (59) respectively. 
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Me 10%F2/N2(v:v) 

CH2SO4 (>98 %) 

1 °C 

(58) 

(57) 

O 

(59) 

Fig 3.12 

Product (58), was assigned by analysis of the ^̂ C and ' H N M R data. The '^C 

NMR data was particularly useful since the C-8a carbon was a doublet with a ^JCF 

coupling constant of 4.6Hz, while the C-4a carbon was a doublet with a ^JCF coupling 

constant of 16.0Hz. Thus it was concluded that fluorine was present at C-5. Further 

evidence for the formation of (58) was obtained from its X-ray crystal structure, which is 

shown in figure 3.13. The latter of the two products (59), was assigned by comparison to 

work described in chapter 2, sections 2.3.3.5 and 2.3.3.9. The X-ray crystal structure was 

obtained, which is depicted in figure 3.14, and provides irrefutable proof for its 

formation. Moreover, the '^C NMR data is consistent with the structure of (59), the C-5 

and C-7 carbons were both found to be doublets of doublets with ^JCF coupling constants 

of 16.4Hz and 23.3Hz respectively. Furthermore, the 6-methyl group was also found to 

be a doublet in the '^C NMR with a Ĵcp coupling constant of 26.6Hz. 
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Table 3.2: Direct fluorination of 6-methyl-2H-chromen-2-one (57) using 5 equivalents of 

fluorine 

% Yield % Yield 
% Conversion 

of(58) of(59) 

45 78 8 

46 77 9 

52* 69 10 

* Reaction performed on 5.0g scale; reaction solvent consisted of sulfuric acid (>98%) 

(90ml) and water (10ml) 

Fig 3.13: X-ray crystal structure of (58) depicted using 50% displacement ellipsoids 

Fig 3.14: X-ray crystal structure of (59) depicted using 50% displacement ellipsoids 
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The formation of (59) is thought to occur in an analogous manner to the formation 

of (43) as discussed in chapter 2, section 2.3.3.9. Electrophilic fluorination occurs first at 

the 5-position to give (58) as shown in figure 3.15, which is followed by the addition of 

fluorine across the 6- and 7-positions to give (58i). Nucleophilic attack at C-5 in (58i) by 

water followed by the loss of two molecules of HF, via (58ii) would give (59). 

Me 

(57) 

O 

(58) 

O 

(58ii) 
O 

-HF 

Fig 3.15 

(58i) 

In conclusion, we have found that by the introduction of the 6-methyl group, 

electrophilic fluorination is promoted at the 5-position. Furthermore, we have evidence 

that (58) undergoes a further reaction with fluorine to eventually give (59). 

3.3.2.2 7-Methoxy-2H-chromen-2-one 

Dalvi and Lele have reported the bromination and iodination of several 4-methyl 

derivatives, although these reports will be described in section 3.3.2.3.244) 245 
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We have found that the direct fluorination of (60) with five equivalents of fluorine 

gave a conversion of 55% and two major products, which were later identified as (61) 

and (63) respectively (See Fig 3.16 and Table 3.3). It was subsequently found that i f the 

work-up procedure was changed to include an ethyl ethanoate extraction, then more of 

the products could be extracted and thus the conversion was calculated to be higher. The 

formation of (63) is thought to occur via a similar mechanism as shown in chapter 2, 

section 2.3.3.1, figure 2.17. 

MeO 

MeO O 

:0%FJ Ng (v:v) 

CH2SO4 (>98 %) 

1 ^ 
(60) 

Fig 3.16 

The identification of (61) was made by examination of the ' H - ' H COSY and ' H -

'̂ C HETCOR NMR spectra, which allowed the assignment of the C-4a and C-8a 

carbons. The C-8a carbon was found to be a doublet with a ^JCF coupling constant of 

7.4Hz, while the C-4a carbon was found to be a singlet. It was concluded that the fluorine 

was present at the C-8 position. Further conclusive proof was obtained from the X-ray 

crystal structure of (61), which is depicted in figure 3.17. Compound (63) was identified 

by comparison of the '^F NMR data to that obtained from compounds (19) and (22). 

Moreover, analysis of the '^C NMR spectra showed the C-8a carbon to be a triplet having 

a ^JcF coupling constant of 22.5Hz, while the C-4a carbon was a triplet with a ^JCF 

coupling constant of 6.5Hz. Furthermore, the X-ray crystal structure gave irrefutable 

proof for its formation, as shown in figure 3.18. 
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Table 3.3: Direct fluorination of 7-methoxy-2H-chromen-2-one (60) 

Equivalents of F 2 % Conversion 
% Yield of 

(61) 

% Yield of 

(63) 

5 55 70 20 

5 65^ 66 23 

10 75^ 0 75 

10 78^ 0 75 

10* 94 c 0 72 

^= Extraction with dichloromethane then ethyl ethanoate, * Reaction performed on a 4.1 g 

scale. 

Fluorination performed with a large excess of fluorine (ten equivalents) only 

slightly increased the conversion, although the complete transformation of (61) into (63) 

was observed. Minor products were also detected in the '^F NMR spectra of the crude 

product, and were identified as (62) and (64), as shown in figure 3.19. The former 

product (62) was identified by comparison to literature data obtained from the 4-methyl 

analogue,241 while the latter product was observed as a minor component in the X-ray 

crystal structure of (63), and by analysis of the '^F NMR data. The latter product is 

thought to be derived from (62), via a mechanism analogous to the formation of (63) 

from (61). 

0(11) 

Fig 3.17: X-ray crystal structure of (61) depicted using 50% displacement ellipsoids 
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Fig 3.18: X-ray crystal structure of (63) depicted using 50% displacement ellipsoids 

MeO 

(62) (64) 

Fig 3.19 

We have found that the introduction of the 7-methoxy group increases the 

regioselectivity of electrophilic fluorination at the C-8 position. Moreover, it has been 

found that further fluorination preferentially takes place at the C-8 position. 

3.3.2.3 7-Ethoxv-4-methvl-2H-chromen-2-one 

As briefly described in section 3.3.2.2, the bromination and iodination of 7-hydroxy/ 

methoxy derivatives of (65) has been described by Dalvi and Lele respectively.244, 245 

Bromination was performed in ethanoic acid with one equivalent of bromine, 244 which 

led to the 3-bromo derivative in all cases studied. However, the use of two equivalents of 

bromine, led to the formation of 3,6- and 3,8-dibromo derivatives, which upon further 

bromination gave the 3,6,8-tribromoderivative. On the other hand, iodination of the 7-

hydroxy/ methoxy derivatives was studied under a range of conditions.245 lodination of 

the 7-hydroxy derivative of (65) with one equivalent of iodine monochloride in ethanoic 

acid gave the 7-hydroxy-8-iodo derivative of (66) as the only isolatable product in 25% 

yield. Moreover, iodination using iodine in iodic acid or iodine in a K I solution in the 
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presence of ammonia, led to the formation of higher yields of the 8-iodo derivative in 

40% and 82% respectively. The use of multiple equivalents of reagents resulted in the 

formation of 3,6-, 3,8-, and 3,6,8-triiodo derivatives. 

We have found that using 2.5 equivalents of fluorine, a 60% conversion can be 

obtained. Analysis of the '^F NMR spectra of the crude product mixture showed that two 

major products were obtained in 66% and 12% yield, which were later identified as (66) 

and (68) respectively (See Fig 3.20 and Table 3.4). 

Eto 

l O y o F j / N g (v:v) 

CH2SO4 (>98 %) 

1 °C 

Eto 

(68) 

Fig 3.20 

Compound (66) was identified by comparison of the '^F NMR data to the 

literature data obtained from the 7-methoxy derivative of (66).241 Further conclusive 

evidence was obtained from the X-ray crystal structure, which is shown in figure 3.21. 

The latter product (68) was identified by comparison of the NMR data to that obtained 

from (63) (See Section 3.3.2.2). The '^C NMR spectra showed the C-4a carbon to be a 

triplet with a ^Jcp coupling constant of 6.7Hz, while the C-8a carbon was a triplet with a 

^JcF coupling constant of 21.5Hz, thus it may be concluded that two fluorines are at the 

C-8 position. 
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Table 3.4: Direct fluorination of 7-ethoxy-4-methyl-2H-chromen-2-one (65) 

Equivalents of 

Fluorine 
% Conversion 

% Yield 

of(66) 

% Yield 

of(68) 

2.5 60 66 12 

5.0 76 55 26 

10.0 68* 0 80 

* Reaction performed on a larger scale 

The use of five equivalents of fluorine increased the conversion to 76% at the 

expense of the yield of (66). However, an increase in the yield of (68) accompanied the 

decrease in (66). It was found that using a large excess of fluorine, the complete 

transformation of (66) into (68) could be achieved, although accompanying (68) was the 

formation of minor products, namely (67) and (69), which are depicted in figure 3.22. 

These minor products were identified by comparison to literature '^F NMR data^^l and 

by comparison to previous experimental data obtained from (62) and (64) respectively. 

Fig 3.21: X-ray crystal structure of (66) depicted using 50% displacement ellipsoids 
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MeO 

(67) (69) 

Fig 3.22 

We have found that the introduction of the 7-ethoxy group increases the 

regioselectivity of electrophilic fluorination at the C-8 position. Moreover, it has been 

found that further fluorination preferentially takes place at the C-8 position. The presence 

of the 4-methyl substituent was not found to influence the regioselectivity of electrophilic 

fluorination, which is consistent with the conclusions drawn from heterocyclic ring 

substituted quinolines discussed in chapter 2, section 2.3.2.3. If the conversions are 

considered, (65) appears to be more reactive than (60), however this increase in reactivity 

may partly be due to the 7-ethoxy group and partly due to the 4-methyl group. 

3.4 Chapter 3.0 Summary 

We have shown that the direct fluorination of 2H-chromen-2-one with elemental fluorine 

can be achieved, in most cases efficiently, using concentrated sulfuric acid as a reaction 

medium. Following this observation, we have successfully fluorinated a range of 

substituted 2H-chromen-2-ones and have found that the regioselectivity of fluorination is 

dictated by the substituents in the carbocyclic ring. Moreover, we have shown that 

heterocyclic ring substituted 2H-chromen-2-ones do not influence, at least to any great 

extent, the regioselectivity of electrophilic substitution. In the large majority of products 

identified, product distribution mirrors other halogenation work published in the 

literature. We conclude that in principle, direct fluorination methodology opens up new 

routes to selectively fluorinated 2H-chromen-2-one compounds, and to novel fluorinated 

compounds difficult to synthesise by any other means. 
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Chapter 4.0: General Introduction-Microreactor Technology 
4.1 Introduction 

Before the advantages associated with utilising microreactor technology are discussed, it 

is necessary to highlight some important points concerning the manufacture of chemicals 

and to introduce the concept of process intensification. 

4.1.1 Conventional Chemical Manufacturing 

Large-scale chemical production is a complicated process255-257 a^d the development 

of a new process, or more commonly an improved product route, in a laboratory is only 

the beginning. Commercialisation of the new process requires that a reaction be scaled-up 

from laboratory scale to larger scale production in order to meet the potential market 

demand of the product; this development is referred to as process development and can 

be expensive, laborious, and time consuming. 

Objectives that influence the research and development of a chemical process to 

the manufacturing scale are:258 

• Process product safety 

• Environmental issues 

• Waste minimisation 

• Energy minimisation 

• Operability and control 

• Financial investment minimisation 

Therefore, an ideal process should be safe, efficient, easily controlled, and 

inexpensive; although it should be realised that it is not always possible to achieve all the 

factors. 

An important decision that must be made early in process development is whether 

the new process will be operated in a batch or continuous manner. Several factors dictate 

this decision, such as the scale of a process, kinetics, and thermodynamics. Continuous 

processes are generally desired for large-scale operations (greater than 5,000 tonsy"') and 
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generally give high product consistencies, whereas batch processes are desired for 

smaller outputs (less than 1,000 tonsy"', although used frequently up to 5,000 tonsy ' ) , 

although variable product consistencies can be obtained.256,257 

Before full-scale production is contemplated, laboratory experimental data is 

acquired in order to give a better understanding of the reaction. However, insufficient 

data is frequently collected from these experiments and consequently a pilot plant is 

required prior to full-scale production (a pilot plant is a small scale version of the full 

scale plant), as shown in figure 4.1. 

Scale-up Scale-up 

( 

mm 

Complex and cost intensive 
increase in plant size 

Fig 4.1: Conventional scale-up process: laboratory, to pilot plant, to large industrial scale 

production 

Unsurprisingly, problems are unavoidably encounted by scaling up a reaction, in 

fact, it is known that increasing the scale of the reaction decreases the control one has. 

Heat and mass transfer (i.e. mixing) become increasingly difficult over large distances, 

and huge efforts are applied in order to ensure uniform homogeneity in large reaction 

vessels. A consequence of poor heat and mass transfer in larger reaction vessels is that 

unexpected or higher levels of by-products are obtained, when compared to the laboratory 

scale reaction. As a result, considerable time and resources are applied to solving these 

problems. One potential solution to these problems has been described259-261 and 

involves the intensiflcation of the chemical process, as discussed below. 
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4.1.2 Process Intensification 

As mentioned above, process intensification is one solution to these scale-up 

problems,259-262 g^d refers to technologies and strategies that enable the physical size 

of a conventional process to be reduced. This is not a new concept and was originally 

suggested approximately two decades ago by Ramshaw, who recognised that the 

financial investment required to install a bulk chemical manufacturing plant could be 

reduced significantly by reducing the sheer size of the facility. It should be pointed out 

that approximately 80% of the total cost of installing a chemical facility is derived from 

its installation, and includes the external pipe work, structural support, and civil 

engineering expenses. 

4.2 Microreactor Definition 

Before a discussion concerning the concept of microreactor technology can begin,263 jt 

is first pertinent to define what is meant by the term 'microreactor'. This term has been 

used in a broad sense in the literature, for example, small particulate catalysts have been 

described as microreactors,264 as could be considered biological enzymes. However, the 

term microreactor in this review refers to chemical reactors having structures less than 

one millimetre in size but greater than the sub-micrometer, in at least one dimension. 

Microreactors may vary in overall size, but can still be classified as microreactors 

i f they possess sub-millimetre structures. The large overall size of a device may be due to 

the need to sufficiently seal the device or because the device has other apparatus built into 

the microreactor unit, such as reagent reservoirs, heat exchanger, or pre-mixer systems. 

4.2.1 Advantages of Microreactors 

Microreactor technology has the potential to revolutionise the chemical industry,263, 

265, 266 and there are several reasons why microreactors are currently receiving 

attention, as follows: 
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• Benefits due to decrease in physical size (volume effects) 

• Advantages due to an increase in the number of units 

• Potential benefits of microreactor applications 

4.2.2.1 Physical Beneflts 

For a given physical property, decreasing the linear dimension increases the respective 

temperature, concentration, or pressure gradients.263, 266 while an in-depth 

mathematical proof is not given here in this thesis, simple predictions have been made 

concerning heat and mass transport. 

Heat transfer - Currently, microreactor/ heat exchanger devices contain 

microchannels with widths between 0.05mm to 0.5mm. If the separating wall material 

between the reaction and heat transfer medium can be minimised to between 20-50|xm, 

then the heat transfer coefficients may be as high has 25,000Wm"^K (Watts per square 

meter per Kelvin).263 Conventional heat exchangers have heat transfer coefficients by at 

least one order of magnitude lower, typically around 2,500Wm"^K. As a result of 

improved heat and mass transfer, localised hotspot formation is reduced, as is by-product 

formation, which is usually caused as a consequence of hotspot formation. In fact 

improved heat transfer is exemplified in a report by Lowe who designed a microreactor 

that cools a gas mixture from 1,100°C to 120°C over a distance of 0.3mm in 0.1ms, thus 

giving a theoretical cooling rate of 10,000,000 Ks''.267, 268 

Mass transfer - A decrease in fluid layer thickness increases the surface-to-

volume ratio of the fluid, and hence the specific surface area of microchannels can 

amount to between 10,000 to 50,000m^m"^263, 266 On the other hand, typical laboratory 
2 3 2 3 

or industrial production vessels do not exceed 1,000m m" and 100m m" respectively. 

Moreover, similar benefits are to be expected for multiphase processes, when at least one 

of the fluid phases has a layer thickness in the micrometer range. Estimations of film 

thicknesses have showed that the specific interfaces of such multiphase systems can be in 

the range of 5000 to 30,000m^m" .̂ Indeed, Jahnisch has reported that a gas-liquid falling 

film microreactor attained a specific interfacial interface of 27,000m^m'̂ , while a 

microbubble column gave an interface of 9,800m^m'̂ .^69, 260 
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High heat and mass transfer can improve the overall yield of product, by reducing 

hotspot formation and hence by-product formation. The reaction is therefore more 

efficient, meaning less waste, and thus product is obtained more cheaply. These gains in 

efficiency/ waste minimisation are very important when one considers the increasingly 

stricter environmental legislation. 

Operation of highly exothermic reactions can now be accomplished with complete 

safety and control using microreactor technology. Indeed, reactions may be operated 

above conventional methodology explosion limits.269 

Reactor volume - Decreasing linear dimensions, leads to a decrease in the overall 

volume of microreactors, the volumes being typically of the order of a few millilitres or 

less (For example, decreasing all the dimensions by a factor of ten will result in a one 

thousand fold volume decrease.)263, 266 difference becomes even larger when in 

combination with reactor miniaturisation, a large-scale batch process may be replaced by 

continuous flow operation in one or more microdevices. For example, the material hold­

up could be decreased from a tank of several thousand litres to a volume of a few 

millimetres. A smaller reaction vessel obviously infers less reagents are present in the 

vessel, and hence the potential for thermal runaway is reduced significantly .266 Reducing 

the size of a chemical process has further benefits associated with on-site production,263, 

266 and becomes even more important when one considers that hazardous compounds 

can be produced where required. Hence, safety issues associated with hazardous chemical 

storage and transport are reduced. This point of on-site production has been highlighted 

by NASA, who intend to use microreactors to produce propellants, oxygen and other 

useful chemicals from carbon dioxide and possibly water on Mars.261, 270 

4.2.2.2 Scale-Out 

The key advantage of microreactors is the ease of potential scale-out by an arithmetic 

process, instead of scale-up, which refers to an increase in the overall size of the 

microreactor and is illustrated in figure 4.2.263, 266 
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Scale-out 

Simple and inexpensive 
replication 

Assembly of parallel 
microreactors 

Fig 4.2: General example of the microreactor scale-out concept 

Using conventional scale-up theory, a commercially important laboratory bench 

reaction is scaled-up, eventually to a pilot plant. I f still further quantities of material are 

required then the pilot plant is scaled-up to an industrial plant. In the intermittent period, 

considerable time, financial investment, and effort is applied to solving the problems 

caused by poor heat and mass transfer in these large reaction vessels, for example 

undesired by-product formation and mixing. 

On the other hand, once a chemical reaction has been optimised in a microreactor, 

scale-out theory allows a theoretically infinite increase in parallel microreactor operation. 

Hence, the desired quantity of product can be obtained by simply scaling-out the number 

of microreactors until the desired output is obtained. 

Conceivably, a microreactor chemical plant could be constructed from many 

parallel units and thus create the possibility of supply and demand. The desired numbers 

of reactors are simply selected. Furthermore, i f one considers reactor maintenance then 

downtime while a bulk reactor is repaired wil l effect production enormously. However, 

the repair of one microreactor could be achieved without effecting production, and 

indeed, a replacement reactor could be installed to replace the defective one. Failure of all 

microreactors simultaneously would be extremely improbable. 
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In fact, the concept of scale-out has already been demonstrated by Merck 

KGaA.271 They found that the percentage yield of product obtained by the operation of 

five minireactors, was analogous to the use of one minireactor. For comparison, other 

reaction vessels have been compared in table 4.1. Moreover, scale-out theory has the 

benefit that i f market conditions change then the production of a chemical can be rapidly 

changed also by increasing/ decreasing the number of microreactors in operation. 

Table 4.1: A comparison of reactor technology 

O 

R1 '^ '^R2 

OM 

M R R1 R2 

Reactor 

Type 

Temperature 

°C 

Residence Time in 

Reactor 
% Yield 

0.5 htre flask -40 0.5h 88 

6m Stirred 

production vessel 
-20 5h 72 

Microreactor -10 <10s 95 

Minireactor -10 <10s 92 

5 X Minireactors -10 <10s 92 

4.2.2.3 Disadvantages of Microreactors 

It should be pointed out that microreactor technology is not suitable for all reactions. The 

nature of microreactors having sub-millimetre dimensions requires that solutions are free 

from particulates, and that the reaction does not produce any insoluble particulate matter 

that may congeal and block the reactor. However, the use of minireactors as described by 

Merck KGaK,271 can solve this problem and beneficial properties of the much smaller 

size of the reactor are still observed. 

A further problem with microreactors is that rapid reaction rates are required to 

offset the short residence time within the microreactor, although this can be modified to 

some extent by incorporating longer reaction channels, which increases the residence 

time within the microreactor. 
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A detrimental process that is often overlooked in microreactor design is corrosion. 

As a result, materials of reactor construction are of paramount importance when 

considering the lifetime of the reactor. As for conventional bulk reactors, choice of an 

inappropriate construction material could lead to the reactor becoming rapidly unusable. 

Consequently, a considerable effort is required in order to determine the most chemically 

resistant reactor material. In fact, for bulk reactor construction, the thickness of the 

reactor vessel wall is not only sufficient to allow for the temperature/ pressure of the 

reaction, but also to allow for the corrosion which will occur over the lifetime of the 

reactor vessel. For microreactors, their very nature, in that they posses structures with 

micro-dimensions (<lmm), requires that the rate of corrosion of a particular material has 

to be taken extremely seriously, i f one considers their long term use. 

For example, the corrosion rate of stainless steel (type 316) in an unaerated 

boiling solution of 90% methanoic acid is 0.36mmy"^272 under the same conditions, the 

corrosion rate of Monel alloy 400 is 0.03mmy '. It can be argued then that for a bulk 

reactor with a wall thickness of several tens of millimetres, that both corrosion rates are 

proportionally insignificant. On the other hand, for a microreactor possessing structures 

less than one millimetre in size then these corrosions rates are proportionally very 

significant. Moreover, the increased surface areas within microreactors would be 

expected to increase the corrosion rate of the material. 

Fortunately, a wide range of materials exist from which a relatively resistant 

material to the particular type of corrosion could be found, furthermore, thin protective 

layers may also be formed over microreactor structures to prolong the use of the 

device.263 

Moreover, the fact that microreactor replication should be relatively inexpensive 

would ensure that corroded devices could be replaced easily, although ideally, one would 

not want to replace corroded microreactors too frequently. 

4.3 Types of Microreactor 

Microreactors can be classed into one of three groups: liquid-liquid, gas-liquid, and gas-

gas, although microreactors in which solid catalysts are embedded into the channels also 

exist. Gas-liquid microreactors are relevant to the work discussed in this thesis and the 
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properties associated with using these types of microreactor will be presented below. 

Properties of liquid-liquid and gas-gas reactions will not be discussed in this thesis and 

the reader is directed to the literature and the references cited therein.263, 265 

4.3.1 Gas-Liquid Phase Flow in Microchannels 

The majority of work concerning gas-liquid flows has been studied on relatively large 

diameter tubes, typically 50mm in diameter. However, it has been found that gas-liquid 

flows performed in small (~lmm diameter) tubes, mirror those obtained from larger scale 

experiments, and hence flow regimes described on the macro scale are equally applicable 

to those on the micro scale.273 xhe only difference observed between the two systems 

was that the transition from one flow regime into the next occurred under different 

conditions. 

For a two-phase gas-liquid system there are several flow regimes, and it is 

therefore necessary to define the regimes independently for vertical and horizontal flow. 

It should be pointed out that these flows are very complex and are not fully understood, 

although a thorough mathematical treatment has been described by Hewitt concerning 

two-phase flow in large cylindrical tubes.274 Furthermore, the use of non-cylindrical 

tubes for two-phase flow further complicates the issue, since the liquid phase will not be 

distributed evenly around the periphery of the tube. 

4.3.1.1 Vertical Gas-Liquid Phase Flows 

Several flow regimes are possible in vertical gas-liquid flows, and the regime observed is 

dependant on the relative rates of liquid and gas flow. If the rate of the liquid flow is kept 

constant while the rate of the gas flow is changed from relatively low flow rate to a very 

high flow rate, then the flow regimes shown in figure 4.3 will result. 

Bubbly flow. Gas phase is distributed in discrete bubbles within the liquid column. 

Slug flow: Some of the gas bubbles have nearly the same cross-section as that of the 

channel and move along in characteristic bullet shaped bubbles. 
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Fig 4.3: (a) Bubbly flow, (b) Slug flow, (c) Chum flow, and (d) Annular flow. 

Churn flow: At higher gas velocities, the structure of the gas bubble will eventually 

become unstable. In wide bore tubes, the instability eventually results in churning, while 

in narrow tubes, the transition between slug and annular flow is smoother. 

Annular flow. The liquid forms a film on the surface of the tube, which is more or less a 

continuous interface to a stream consisting mainly of gas. The gas flows in the centre of 

the tube, and may or may not contain liquid droplets, likewise the liquid film may or may 

not contain gas bubbles. Film thickness in vertical two-phase flow is effectively constant 

around the periphery of the tube. It is worth pointing out that intrinsic annular flow is 

only achievable in cylindrical tubes. For cases using non-cylindrical tubes, i.e. square 

tubes, this term is called channel or pipe flow, due to the liquid film being thicker in the 

comers. 

A falling film is also possible in vertical two-phase flow and occurs where a 

liquid continuously flows down a vertical surface under the influence of gravity. The gas 

flow passes over this falling film in either counter-current, or co-current manner. 
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4.3.1.2 Horizontal Gas-Liquid Flow 

Horizontal gas-liquid flow is more complicated than vertical flow, since gravity acts 

perpendicular to the flow. Consequently, an influence on gas and liquid flow is observed, 

which causes an asymmetric distribution of the phases, and is depicted in figure 4.4. As 

described in section 4.3.1.1, liquid flow rate is held constant, while the rate of gas flow is 

increased. 

Bubbly flow: Defined as for vertical flow, however there is a tendency for the bubbles to 

flow in the upper part of the channel. 

Plug flow: Similar to slug flow in the vertical case, although the liquid layer separating 

the gas bubbles from the surface of the tube tends to be thicker at the bottom of the 

channel than the top. 

Stratified flow: Separation of the liquid and gas is complete, the liquid flowing at the 

bottom of the channel and the gas at the top. 

Wavy flow: Increased gas velocity produces large surface waves in the stratified flow 

regime. 

Slug flow: As the gas flow is increased further, the waves eventually become large 

enough to reach the top of the tube, and as a result, a fi lm of the liquid is left behind. 

Annular flow: At very high gas flows the slugs become pierced with a gas core and the 

flow is essentially annular, however the effect of gravity results in a thicker film forming 

at the bottom than at the top of the tube. As described above, it is worth pointing out that 

intrinsic annular flow is only achieved in cylindrical tubes. For cases using non-

cylindrical tubes this term is called channel or pipe flow. 

However as already mentioned, horizontal two-phase annular flow displays a 

more complicated behaviour. Gravity acts in a direction perpendicular to the flow, which 

produces a circumferential flow in the liquid film. This flow becomes superimposed on 
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the axial flow, or that is to say, the liquid fi lm becomes thicker at the bottom than at the 

top. Fortunately, this effect is negligible over short distances (below -0.1 meters from the 

point of injection), but at large distances (in the order of a couple of meters from the point 

of injection), significant differences in film thickness are observed and flow eventually 

becomes laminar. 

0 ° • O'^c O o J o 
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Fig 4.4: (a) Bubbly flow, (b) Plug flow, (c) Stratified flow, (d) Wavy flow, (e) Slug flow, 

and (f) Annular flow 

4.4 Microreactor Fabrication Techniques^^^ 

Microreactor fabrication can be achieved by a number of different engineering 

techniques, although while conventional engineering techniques can be used to some 

extent in the construction of microreactors, in most cases these techniques cannot be used 
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in the generation of more intricate structures. The material of construction often dictates 

the fabrication technique chosen, although several techniques may still be used for any 

given material. Other factors, which also have to be considered when choosing a 

fabrication technique are relative cost, accuracy, and repeatability of the process. The 

actual construction of a microreactor may involve a range of techniques, chosen from 

conventional precision engineering to specialist microfabrication techniques. 

Currently, there exists a large range of fabrication techniques, and consequently it 

is not the aim of this thesis to review them all. However, techniques used in the 

construction of microreactors presented in chapter 5 will be briefly reviewed below. 

4.4.1 Computer Aided Design (CAD) 

The design of structurally complicated devices has been assisted enormously by the 

development of computer aided design software (CAD software). This software allows 

the scale drawing of a device to be realised, whereby design analysis and problem solving 

can be completed in a much more efficient fashion. Moreover, the general appearance of 

the device can be obtained even before construction. It is also important to realise that 

modem engineering fabrication techniques are now computer controlled, by so called 

CNC controllers (Computer Numerical Control), which has allowed the CAD design 

schematics of a part to be quickly transferred to CNC controllers. As a result, the 

fabrication process of a particular part can be nearly fully automated, which has the 

benefits of higher product quality and consistency, far higher than those obtained by 

manual operation.275, 276 

4.4.2 Conventional Machining Techniques 

For drilling, the tool most commonly used is the twist drill, as shown in figure 4.5. The 

material to be drilled is clamped, while the rapidly rotating drill tool is slowly moved 

down toward the material surface. The end of the twist drill has two cutting edges. 

Clearance of removed material from the hole is achieved by the flutes, which are the 

spiral grooves running up the tool. The essential feature of drilling is that the cutting 

speed along the cutting edge varies, the maximum cutting speed being found at the edge. 
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which allows the generation of a cylindrical surface. This technique allows the generation 

of long cylindrical recesses, as depicted in figure 4.6. 

Helix 
angle 

Clearance 
angle 7 
Cutting 
edges 

Continuout 
feed 
motion 

Primary 
motion 

Machined surface 

Workpiece 

Twist dril l 

Fig 4.5: A drill tool Fig 4.6: The process of drilling 

For milling, circular cutting tools which have numerous cutting edges are used, 

typically between three and one hundred edges, an example is shown in figure 4.7. The 

rapidly rotating cutting tool is held stationary, while the material to be milled is clamped 

in position and slowly moved passed the cutting tool. The speed at which the material is 

moved past the milling tool is typically no greater than 0.25mm/ per cutting edge. 

However, because a large number of cutting edges can be used per tool, then the rate of 

milling can be quite rapid. This technique is generally used for fabricating grooves and 

flat surfaces, although other applications are possible.277 
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Fig 4.7: Milling of a block of metal 

It is worth noting that while conventional machining has been used extensively in 

the fabrication of microreactors, within the last five years ultra-precise machining 

techniques have been developed. For example, diamond tipped tools allow precision 

machining to the nanometer scale.278 

4.4.3 Electric Discliarge Macliining (EDM) 

Several derivatives of the same technique exist, namely EDM drilhng, EDM wire 

machining, and EDM die sinking. The principle behind all of the aforementioned 

techniques involves the generation of a high-energy discharge from an electrode to an 

electrically conductive material surface, which requires that metal and metal alloys being 

the only materials that can be fashioned using these techniques. The intense high-energy 

discharging (or sparking) erodes both the electrode and the metal surface, and 

consequently, the electrodes have to be replaced from time to time. The electrode is 

brought to between 0.01-0.5mm from the material surface, where a voltage exceeding the 

breakdown voltage of the gap is supplied. A channel is ionised at the two closest points, 

between the electrode and the material, which causes a massive current flow and erosion 

of a particle of metal. The ionised channel consists of plasma, at between 8000 to 

12,000°C, made up from ionised metal atoms; sparking may take place up to 500,000 

times second. 

EDM drilling involves the use of a small hollow brass tube electrode, slightly 

smaller than the hole to be drilled, through which a wash fluid flows. The tube is slowly 

moved in a downward motion toward the metal surface and as the tube gets closer to the 
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metal surface, the high-energy discharge erodes the surface and produces an indent, 

which gets deeper as the electrode is moved downwards, until the desired hole depth is 

reached. The wash fluid passing through the tube washes away debris generated in the 

process so that the surface to be eroded is constantly cleaned. 

EDM wire machining involves a similar principle, but instead of a brass tube, a 

continually moving brass wire is used, as depicted in figure 4.8. The technique is used to 

cut unusual shapes from sheet metal. 
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Fig 4.8: (a) Depicts the general set-up of EDM wire machining, while (b) shows a 

close-up of machining taking place 

EDM die sinking involves the use of a three-dimensional electrode which possess 

the negative image of the structure to be machined, for example the fabrication of a hole 

in a metal surface would require an electrode with the corresponding raised section, as 

shown in figure 4.9. It should be pointed out that these two latter techniques are usually 

performed in a dielectric liquid.^^^' ^79 
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Fig 4.9: (a) Depicts the apparatus of EDM die sinking, while (b) shows a close-up of the 

erosion process 

Recent advancements regarding the EDM technique, have resulted in the 

development of miniaturised procedures, where micro-drilling and micro-die sinking are 

achieved. For example, the fabrication of holes 10|xm in diameter has been achieved 

using |j,EDM drilling.263 

4.4.4 Etching 

Several etching techniques are known, and were mainly developed for the semiconductor 

industry. However, some of these techniques have been adapted for use with glass and 

metal substrates. The common principle behind all the etching techniques is that a 

protective photoresist material is coated onto the surface of the material to be etched, as 

shown in figure 4.10. This photoresist is then subjected to UV radiation through a 

template mask, which results in the exposed photoresist becoming labile to removal. The 

labile photoresist is removed, for example by a chemical means, thereby exposing the 

surface of the desired pattern. The material is then etched, leaving behind a recess of the 

desired shape, time of etching being proportional to the depth of the recess. The 

photoresist is subsequently removed to leave the patterned surface. Wet etching is the 

most common technique used, although dry etching with a low pressure plasma is 

possible.263, 280 
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Fig 4.10: Etching process^Sl 

4.4.5 Laser Cutting 

The range of materials that can be cut using lasers is enormous; metals, polymers, and 

ceramics are to name just a few. The basic mechanism of laser cutting involves focusing 

the laser light on to the surface of the material to be cut. This focused light beam heats the 

material and creates a very localised melt region along the depth of the material. A stream 

of pressurised gas acting in the same direction as the laser beam assists the removal of 

this molten material. The laser is moved around the sheet to generate the cut. Lasers are 

generally used to cut two-dimensional shapes from sheet material, but three dimensional 

depth profiling is possible. The most commonly used lasers, especially in 

microfabrication, are carbon dioxide (CO2) and neodymium aluminium garnet lasers 

(Nd:YAG).273, 282, 283 

4.5 Elemental Halogenation Microreactors - A Review 

General microreactor technology has been reviewed recently, and hence the reader is 

directed to that literature and to the references cited therein.263, 265, 273, 284-288 

However, direct halogenation microreactors are relevant to the work described in this 

thesis, and therefore these will be reviewed thoroughly. 
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With the exception of direct iodination, microreactors have been fabricated to 

perform the bromination, chlorination, and fluorination of organic compounds, and these 

halogenation microreactors will be discussed below. 

4.5.1 Bromination Microreactor 

Fabian has reported the use of a microreactor for the direct bromination of 1,3,5-

trimethylbenzene.289 Bromine and 1,3,5-trimethylbenzene are both dissolved in C C I 4 

and passed into the microreactor at a rate of lOfxlmin"' (0.06mlh"'), through separate inlet 

orifices. In the microreactor, the two streams are mixed in a microchannel where reaction 

takes place (See Fig 4.11). Conversion was found to be nearly quantitative, with a high 

selectivity for the monobrominated product. Increasing the flow rate of the reagents to 

20p.lmin"^ (0.12mlh"') resulted in quantitative conversion, although a significant decrease 

in the yield of the monobrominated product was observed. 

Br, 

Me CC'^ 
10°C 

O.oemlh' 97% conversion 91% Yield 

0.12mlh-^ 100% Conversion 51 % Yield 

Fig 4.11 

9% Yield 

47% Yield 

4.5.2 Clilorination Microreactor 

Wehle and Schuppich have described a heated microreactor for the direct chlorination of 

organic acids.1^1' ^90 The microreactor possesses a highly intricate design (See Fig 

4.12), and has several important features. The design of the microreactor allows many 

reactors to be used back to back, which is useful for scale-out purposes. Moreover, one 

single microreactor unit has been designed so that reactions can be performed on both 

sides of the reactor. Furthermore, liquid and gaseous reagents can be distributed to many 

channels simultaneously via small reservoir structures. Chlorination takes place in small 

128 



groves fabricated onto a so-called fluid guidance plate, below which the heating medium 

flows. Channels have a cross-sectional area of 0.3mm by 1.5mm. 

(a) (b) (c) 

Fig 4.12: Sections through the gas-liquid chlorination microreactor. Cut-away section (a) 

path of the liquid through the microreactor, (b) path of the coolant medium through the 

microreactor, (c) path of the gas through the microreactor. It should be noted that gas and 

liquid flow through the same channels, and not separately as shown in the diagram, which 

merely highlights the flow from their respective orifices. 

In the chlorination examples described by Wehle and Schuppich, the majority of 

the microreactor was fabricated from graphite, with the exception of the fluid guidance 

plate, which was constructed from tantalum. It was found that the direct chlorination of 

ethanoic acid gave an 85% conversion and >99% yield of chloroethanoic acid (See Fig 

4.13). Dichlorinated derivatives were found to be present to the extent of <1%. As a 

result, the purification of chloroethanoic acid is simplified, as ethanoic acid is removed 

by simple distillation. Chlorination using the aforementioned microreactor was found to 

be much improved over conventional bubble column methodology, where the formation 
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of higher proportions of dichloroethanoic acid causes complications in the purification 

stage. 

o O O 
^ Clg(5Bar) ^ V 1^ 

•̂ OH 15 mol% acetyl chloride " ~ ^ - ^ 0 H ^Y^^^l^ 
CI 1800C 

Flow rate 45gmin-' >99% Yield <1% Yield 

85% Conversion 

Fig 4.13 

4.5.3 Fluorination Microreactor 

Various workers have designed microreactors for performing direct fluorination 

reactions. Chambers and Harston both describe a fluorination microreactor, which 

constituted a 0.5mm by 0.5mm by 100mm single reactor channel in a block of nickel, as 

shown in figure 4.14.164, 170 channel is sealed by the attachment of a 

polytrifluorochloroethylene sheet onto the nickel block. The microreactor is cooled by the 

perpendicular fabrication of coolant tubes, through which a coolant medium flows. 

Fluorine is contacted with a liquid solution of the substrate, and as a result, channel flow 

occurs, as described in section 4.3.1.2. 

Substrate 
solution '2"'2 

Channel width & depth 
ca. SOO mlcrometfirs 

Substrate 
solution l '^2 

30 mm 70 mm 

Coolant 
channel 

Thermocoupio 
channel 

Fig 4.14 
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The selective and perfluorination of organic compounds directiy by elemental 

fluorine was described, and in both cases, high conversions and yields were obtained (See 

Fig 4.15). For example, the selective fluorination of ethyl 3-oxobutanoate (70) resulted in 

the formation of the 2-fluoro derivative (71) in 73% yield, while conversion was reported 

to be nearly quantitative. Moreover, the perfluorination of a partially fluorinated ether 

gave the perfluorinated derivative in 91% yield, although it should be pointed out that 

perfluorination required an additional heated step downstream of the microreactor. 

O E t 

10%F2/N2 (lOmlmin-') 

HCO2H 

(70) 5°C 

Substrate solution flow O.Smlh"' 

F 

(71) 

OEt 

99% Conversion 
73% Yield 

50%F2/N2 (15mlmin-i) I 

^ — ' RT then 280°C in heated stage 

Substrate solution flow O.Smih-i 

R = CF2CFHCF3, R' = C3F7 

Fig 4.15 

. 0 . 
F 

82% Recovery 

91% Yield 

Hessel and Jahnisch have designed two microreactors for the direct fluorination of 

methylbenzene, namely a microbubble column microreactor and a falling thin film 

microreactor. 166, 169 goth consist of a stainless steel housing and a nickel so-called 

fluid guidance or channel plate. Cooling of the reactor is attained by a separate channel 

system located in close proximity adjacent to the fluid guidance plate. 

Fluorination using the microbubble column involves the generation of a 

continuous stream of small bubbles in a flow of liquid. The microbubble column 

apparatus and simple diagram of the concept is presented in figures 4.16 and 4.17 while 

the flow pattem of the gas-liquid flow achieved is depicted in figure 4.18. Two different 

channel sizes were used, namely 0.3mm by 0.15mm and 0.05mm by 0.05mm, although 

the latter reactor dimensions gave superior results. 
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Gas supply 

Static micromixer 

Liquid supply 

Fig 4.16 

Mini heat exchanger 
medium supply and withdrawal 

Reaction channel array 

Fig 4.17 

Uqmil(llll9tlll<*ne««: 110 - 700 (xn 

ThlnlkiuklSm 
eetimsted to be 10 pm 

Fig 4.18 

The falling f i lm microreactor involves the generation of a thin film contained 

within microchannels of 0.1mm by 0.3mm cross-sectional area, which is achieved by a 

slow continuous flow of liquid from many small orifices. Fluorine is simultaneously 

passed over this thin film, in a headspace above the reactor channels. The design of the 

reactor requires that the liquid film not in the temperature controlled region be protected 

from fluorine, so that premature contact and hence reaction is not obtained. As a result a 

so-called contact zone mask is used to prevent fluorine coming into contact with the 

liquid phase until in the cooled reaction zone. The falling thin film microreactor 

apparatus and simple diagram of the concept is presented in figure 4.19. 
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cooUn, 

reaction plate 

Orifices Gaseous 
reactant 

Withdrawal 
zone 

Upper housing 
with assembled 
inspection glass 

(a) (b) 

Fig 4.19: (a) Shows a disassembled photograph of the falHng thin film microreactor, 

while (b) shows a simple diagram of the gas-liquid reactor fluid guidance plate. 

Direct fluorination of methylbenzene (See Fig 4.20) using these aforementioned 

microreactors was studied under a range of reaction parameters, the results of which were 

compared to a laboratory macro bubble column benchmark. Increasing the ratio of 

fluorine to methylbenzene was found to increase the conversion, as did increasing the 

reaction temperature. The general conclusion, which was drawn from these experiments 

was that both the microbubble column and the falling thin film microreactor were far 

superior to the benchmark reactor, and moreover, higher conversions could be achieved 

using the falling thin film microreactor. 

MeCN 

Fig 4.20 

ratio 

A further report by de Mas describes the fluorination of methylbenzene in a 

microreactor fabricated from a silicon wafer, onto which a thin nickel layer had been 

deposited. -p^o parallel prismatic reactor channels of 0.4mm by 0.28mm cross-
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sectional area, were fabricated by etching a silicon wafer. Channels are enclosed by the 

addition of a further nickel coated silicon wafer, which are subsequently bonded together, 

as shown in figure 4.21. Fluorination was performed under a range of conditions, the 

results of which were similar to those obtained by Hessel and Jahnisch.166, 169 

Unfortunately, it was found that after many experiments, the thin nickel films lost their 

adhesion to the silicon, and hence the reactor would become unusable, due to corrosion, 

especially by fluorine and HF. 

B B cross section 

Outlet 

AA cross section 
Flow direction 

\ 1 
Gas inlets 

Liquid inlet 

Fig 4.21: Shows a diagram of the two parallel nickel lined reactor channels 

A microreactor for the direct fluorination of 4-benzylpyridine has been reported 

by Scuppich,171 the design being similar to the one described in section 4.5.2, figure 

4.13. However, the microreactor is constructed from a nickel/ copper alloy and the 

reactor channels have a cross-sectional area of 0.05mm by 0.05mm. Fluorination of 4-

benzylpyridine was found to give the 2-fluoro derivative in a moderate yield (50%), as 

shown in figure 4.22. 
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10% Fj/ Counter-current flow 

CCI /CF jC I 

-25°C 

50% Yield 

Fig 4.22 

Guber has described a microreactor for IR in-line monitoring of the reaction 

between sihcon tetrachloride and fluorine (See Fig 4.23). 168 The reactor was fabricated 

from stainless steel and the observation windows from AgCl, as shown in figure 4.24. 

The reaction could be measured along the length of the channel (5mm) and a profile for 

the formation of SiF4 could be determined. 

SiCl4 + 2F2 
RT 

Fig 4.23 

[SiCI,FJ 

Fig 4.24 

SIF. + 2CI2 

4.6 Chapter 4.0 Summary 

Microreactor technology presents a new important methodology for chemical synthesis. 

Benefits include improved reaction efficiency, waste minimisation, lower financial 

investment, improved safety, increased controllability, and theoretically infinite scale-out. 

Moreover, microreactor technology offers on-site production and may open up new 

avenues of chemical supply, especially in remote areas, or where presently used 

conventional methodology is not financially viable. 
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Microreactor technology also offers the ability to rapidly screen reaction 

conditions and hence quickly ascertain optimum conditions. As a result, time to market 

fi-om initial concept is also substantially reduced and thus patent life is effectively 

extended. 
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Chapter 5.0: Direct Fluorination Microreactor Design 
5.1 Introduction 

Direct fluorination using microreactor technology has been proved in concept by 

Ch£imbers and Harston.164, 170 However, substantial development is required before 

direct fluorination microreactor technology can be applied to commercial applications. 

Consequently, we will discuss the design of several direct fluorination microreactors 

under the general aim of scale-out. It should be pointed out that while this project has 

been in progress, several other halogenation microreactors have been developed as 

described in chapter 4, and where relevant these alternative microreactors will be 

discussed along side those developed herein. 

5.2 Design of the Three-Channel Microreactor (V-19) 

To prove the concept that direct fluorination microreactors can be scaled-out, a 

microreactor possessing three parallel channels was designed and fabricated (See figs 

5.1-5.5). The channels were of an identical cross sectional area, as compared with the 

single channel microreactor described previously by Chambers and Harston,!^^, 170 

although the length of the channels is slightly shorter due to the block of nickel obtained 

being smaller. Nickel was chosen as reactor material due to the fact that nickel forms a 

protective passive layer of nickel fluoride when exposed to fluorine, and also displays 

good resistance to methanoic acid.2'72 Fabrication of the V-19 was achieved using 

antilogous techniques to the single channel microreactor. Channels were fabricated using 

a slitting saw, while the rest of the fabrication utilised conventional techniques, as 

described in chapter 4, section 4.5. To ensure a good seal between the 

polytrifluorochloroethylene (PTFCE) and the nickel block, the surface of the nickel was 

highly polished to provide a smooth surface. 
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Substrate Inlet Fluorine Inlet PnxJuct Outlet 

Stainless Steel Plate 
2 mm \ 1̂  

PTFCE 
-{CF2CFa)n-
4mm 

Nickel Plated Brass Screw + 
WashM + Nut 

1.5 mm Nickel Tvbe 

60 mm 11 mm̂  13 mm 

6 mm 

96 mm 

Cooling Channel 
2.5 mm Nickel 

Block 
0.5 mm X 0.5 mm^ 
Reactor Channel 

Coolant Out 

52 mm 

Fig 5.1: Side view of the V-19 

^ ^ " ^ Copper Coolant Tube Coolant b 

o 

o o o o o 

o o o 0 o 

o o 0 o o o 

o o o o 
Reactor Channel 
(O.SmnixO.Sniin) 

Screw Hole 

ThenBDCouplie Slot 

Nickel Block 

961 

Fig 5.2: Top view of the V-19; PTFCE sheet, stainless steel top plate, and screws not 

shown for clarity 
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Fig 5.3: Three-dimensional wire frame view of the complete V-19; external copper 

cooling tubes not shovm for clarity 
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(a) 
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(From Syrt«g« Psmp) 

(b) 

Fig 5.4: (a) V-19 operational set-up (before use of external gas and liquid manifolds), and 

(b) schematic of V-19 operational set-up with external manifolds 
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Fig 5.5: A close-up view of the V-19 in operation 

Gas and liquid supply to the single channel microreactor 1^4, 170 vvas 

accomplished without significant difficulty, and measured amounts of gas and liquid 

reagents could be metered to the channel with high accuracy. However, equal gas and 

liquid distribution to each of the three channels in the V-19 microreactor is inherently 

more difficult, due to the need for equal flow to each of the three channels. Distribution 

of the F2/N2 mixture was relatively simple and was achieved by dividing a singular gas 

flow into three separate sub flows using Swagelok® fittings. Tests with nitrogen had 

previously determined that the flow to each channel was identical. Testing involved the 

use of an inverted measuring cylinder filled with water. Gas flow from each of the three 

channel outlet tubes was separately bubbled into the water filled cylinder underwater, 

whereby the water would be displaced Irom the cylinder by the nitrogen. The time taken 

to fill the cylinder was found to be idendcal, hence gas flow was identical. 

Distribufion of the liquid reagent equally to each of the three channels posed more 

of a challenge, and initially, liquid was dispensed to each channel from a separate syringe 

operated by a syringe pump. Identical liquid flow to each channel was verified by 

collecting the liquid flow from each channel outlet tube into three separate receiving 

vessels. The volume collected for the same time period was found to be identical in each 

receiving vessel, hence liquid flow was identical. This pracfice of using three separate 

syringes was found to be cumbersome, and so an external liquid reservoir/ manifold 
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system was designed, as shown in figure 5.6a, which enabled easier operation. Liquid 

flow was now derived from one large syringe operating at three times the flow rate, until 

liquid enters the manifold where it was subsequentiy divided into three equal flows, 

verified as previously described. Liquid entry from the syringe to the manifold was 

located on the underside of the manifold to prevent gas pockets from forming, while 

liquid exit from the manifold to the channels was located on the upper side of the device. 

A similar manifold was fabricated for F2/N2 distribution, and replaced the one constructed 

from Swagelok® fittings, and is depicted in figure 5.6b. 

(a) (b) 

Fig 5.6: (a) Liquid manifold, (b) Gas manifold 

Operation of the V-19 microreactor involves using pre-diluted fluorine (10% in 

nitrogen v:v) at a pressure of one bar typically at a flow rate of lOmlmin 'ch"'; liquid flow 

through the microreactor is generally less than 8 mlh 'ch"'. Liquid enters the microreactor 

at a predefined rate through the liquid inlet tubes, while simultaneously, gas enters the 
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microreactor at a predefined rate through the gas inlet tubes as shown in figure 5.1. After 

coming into contact, gas and liquid pass through the reactor channel and both exit the 

microreactor through the product outiet tubes which then lead to the collection device as 

shown in figures 5.7a and 5.8a. 

Unfortunately, during operation, blockage problems occurred where the starting 

material and/or products were solids. The source of the blockage was found to be at the 

product outiet nozzles, which are located in the collection vessel. Due to the fact that a 

small volume of liquid flows through each channel (<8 mlh 'ch ') relative to a large 

excess of the F2/N2 gas mixture (600 mlh'^ch"'), crystallisation of material at one or more 

outiet nozzles occurred as a consequence of solvent evaporation. Consequently, uneven 

distribution of gas and liquid were observed, and in some cases led to the development of 

secondary blockages within the microreactor channels. To prevent this problem from 

occurring a simple nozzle cleaning device was designed and subsequently used in 

reactions involving solid reagents and/ or products, as depicted in figures 5.7b and 5.8b. 

Blockages were prevented by supplying extra solvent to the outlet nozzles thereby 

dissolving any crystallised material. The device was constructed by the addition of a 

PTFCE tube to the original collection device, through which solvent was secreted just 

above the outlet nozzles. It should be pointed out, that the product outiet tubes are 

required to touch the end of the PTFCE nozzle in order for the extra solvent to run down 

to the product outlet nozzles. 
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b) 
Fig 5.7: (a) Side view of the product collection device; (b) Side view of the nozzle 

cleaning/ product collection device 
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(a) (b) 

Fig 5.8: (a) Three-dunensional wire frame view of the product collection device, and (b) 

the nozzle cleaning/ product collection device (Extra solvent supply tube shown in 

piuple) 

Critical analysis of the V-19 microreactor design allowed us to identify several 

problems which require solving, so that scale-out becomes a simpler process, problematic 

areas were: 

1) The microreactor block and reagent solution are cooled to the desired reaction 

temperature, but the F2/N2 mixture enters the charmel and is allowed to come mto 

contact with the liquid phase at ambient temperature (depicted m figure 5.1), 

which may cause hotspot formation and hence, for example, product degradation. 

2) The reactor, manifolds, and collection device are separate entities; 

consequently, the device is complicated and requires the presence of numerous 

tubes, which enables all the separate pieces to be linked together, as shown in 

figure 5.4. 
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3) Nickel inlet/ oudet tubes enter through the PTFCE sheet, and as such, they are 

not very rigid. Moreover, scale-out would require a large number of these tubes, 

three per channel, which is not practical. 

4) The number of channels allowed per unit is not maximised, as only one side of 

the block surface is used. 

5) The radii of the slitting saw has to be accommodated at the ends of the channel, 

which results in channels with slightly rounded ends.291 Moreover, the slitting 

saw is also known to wander slightly in all but very soft materials, and so there 

will be a significant tolerance in the channel width. 

These problems were addressed and as a result, the twelve-channel microreactor 

was developed and is discussed in the next section. 

5.3 Design of the Twelve-Channel Microreactor (V-20) 

As described in the last section, several improvements were necessary to the design of the 

V-19 microreactor, and consequently the V-20 microreactor was developed (See Figs 5.9-

5.12). 

Problems one, two, and three as described previously, were solved together by the 

design of a microreactor in which the gas, liquid, and product collection reservoirs were 

incorporated within the microreactor block. Gas and liquid reservoirs are large to enable 

the equal distribution of reagents to the channels. However, the product reservoir (or 

collection point) is significantly smaller because a large reservoir is not required for this 

purpose. Stainless steel was used as the block material, since it provides a cost effective 

alternative to nickel in this case due to the relative high cost of using nickel for this 

purpose. Holes were machined from the respective reservoirs to the channels by the EDM 

drilling (See Chapter 4, section 4.5.3) of 0.5mm diameter holes, as shown in figure 5.13b. 

Problem four was solved by using both sides of the reactor which doubles the 

number of channels that can be fabricated into one device. Although consequently, the 

reactor must now to be operated in a vertical position as opposed to a horizontal position. 

However, a direct benefit of vertical operation is that the gravity effects observed in 
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horizontal gas-liquid flow are now eliminated (See chapter 4, sections 4.3.1.1 and 

4.3.1.2).274 

Staiolea Steel Bolt * 
Niil + 2 W . * « t . 

Side View 

' rr —y 
20 mm ) PlugUsedTo 

Blodt-Off Each End 
OfGai/Substrale 
Reservoirs 

Qas Reservoir 

Stainltss Steel 
Plate 

OuUet Collection 

- Reservoir To t3iannel Tube 
(0.5 mm) 

Fig 5.9: Side view of the V-20 in a horizontal position; the operational position is vertical 
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Fig 5.10: (a) Top view of the V-20 in a horizontal position; both sides of the reactor are 

identical (Six reaction channels per side) and (b) expanded section showing the reservoir 

to channel holes 
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Fig 5.11: (a) Complete V-20; gas inlet located at the top, liquid inlet located on the left, 

and product outiet located at the bottom, of the photograph; (b) schematic o f the V-20 

(use o f internal gas and hquid manifolds) 
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Fig 5.12: V-20 microreactor in vertical operational position 

Problem five was solved by the use o f an alternative fabrication technique, 

namely wire EDM. Wires o f a highly accurate diameter can be drawn, and hence the 

accuracy o f the channel is correspondingly increased, in fact the accuracy o f fabrication 

using a conventional wire E D M machine is ±0.02mm or 4% (See Fig 5.13a). 

Booi] 

(a) (b) 

Fig 5.13: (a) 0.5 by 0.5mm V-20 microreactor channel fabricated using wire EDM; (b) 

0.5mm diameter reservoir to channel hole, fabricated by E D M drilling 
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Preparation of the V-20 prior to operation involves cooling the reactor to the 

reaction temperature and f i l l ing the liquid reservoir with reagent solution. During 

operation, the reagent solution is continually fed into the liquid reservoir at a pre­

determined rate (<8 mlh'^ch ' ) . Simultaneously, gas is fed into the gas reservoir at a pre­

determined rate (pre-diluted fluorine (10% in nitrogen v:v) at a pressure of one bar, 

typically at a f low rate of 10 mlmin 'ch"'). Both phases are distributed into twelve 

separate flows and are passed into the reaction channels, where they come into contact 

and subsequently pass into the product collection reservoir prior to leaving the device 

through the product outlet tube. 

Unfortunately, during operation and maintenance, several significant design 

defects were soon realised, these were: 

1) The channels are fabricated into the block, and should corrosion result in the 

channels, the block w i l l require replacing which can only be accomplished at a 

relatively high cost. 

2) The number of channels in the block cannot be changed rapidly, since extra 

channels can only be added by further E D M machining. Furthermore, a decrease 

in the number of channels would be impossible. 

3) The liquid to channel hole was located in the wrong position. It was observed 

that due to the hole being located in the middle of the reservoir, as shown in figure 

5.14, a gas pocket was created within the reservoir and hence liquid f low to the 

channels was uneven. 

4) Maintenance of the V-20 proved troublesome and the screw fastening 

mechanism did not allow the independent removal of one side of the device since 

the screws pass completely through the block; consequently, maintenance was 

time consuming. 

151 



a) ^ ~ b) 

Fig 5.14: V-20 microreactor liquid reservoir (a) in a horizontal position and (b) in a 

vertical position; gas pocket observed 

These design issues were investigated and subsequently solved; these solutions 

are described in the next section. 

5.4 Design Of the Multi-Channel Microreactor (V-21) 

As described in the last section, several designs improvements needed to be made to the 

V-20, which has led to the development of the V-21 (See Figs 5.15-5.19). 

Problems one and two were solved together by designing a detachable multi­

channel system. Channels are created by three plates, namely a bottom plate, a channel 

plate (or middle plate), and a top plate, which are then sealed together, as shown in 

figures 5.20 and 5.22. The V-21 block acts only as the heatsink and distribution manifold 

in this design. Moreover, the plates are relatively cheap to produce relative to the cost of 

the block, and hence i f significant corrosion of the channels occurs, then these plates can 

be simply removed and replaced. Furthermore, using this system the number of channels 

can be changed rapidly by selecting the appropriate channel plate (See Figs 5.23-5.26). It 

should be pointed out that in our research design the top plate was constructed from 

ITFCE, however in a fully working model, this plate can be fabricated from metal, e.g. 

nickel or stainless steel. The reason for using PTFCE is that the visual observation of the 

channels can be made. 

Nonetheless, to allow this design change to be realised, the reservoir to channel 

holes as described in the last section, had to be replaced with one large slot to allow this 
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flexibility. Hessel and Jahnisch^^^' have also described the use of one large slot for 

the distribution of a liquid phase into many reaction channels, although the precise 

location of the slot relative to the reservoir was not disclosed, but presumably i t is located 

in a similar position to the one in the V-21 microreactor. 
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Fig 5.15: (a) Top view of the V-21 in a horizontal position and (b) expanded section 

showing the reservoir to channel slots 
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Fig 5.17: Side view of the V-21 with attached Swagelok fittings 
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Fig 5.18: Three-dimensional wire frame view of the V-21 ; external coolmg tubes are not 

shown for clarity 

(a) (b) 

Fig 5.19: The V-21 m operational position; (a) front view, (b) front-side view 
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Fig 5.20: General diagram of the three plate channel system 

Problem three was solved by locating the liquid reservoir to channel slot at the far 

left of the reservoir as drawn horizontally, as opposed to in the centre, (compare figures 

5.14 and 5.21), so that when the V-21 is in its vertical operating position, this slot is 

located at the top of the reservoir, and hence gas pockets cannot form. 
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Fig 5.21: V-21 microreactor liquid reservoir (a) in a horizontal position and (b) in a 

vertical position; no gas pocket observed 

Problem four was solved by the independent attachment of each set of 

channel plates to the side of the block, which allows the simple removal of each set of 

plates when desired. 

Due to the fact that the stainless steel block and the nickel bottom plate are 

relatively hard materials, sealing between them was unsatisfactory; therefore we used a 

thin gasket to improve sealing. Copper was our first choice as it is known to be resistant 

to fluorine.292 xhe use of a copper gasket completely sealed the device, however the 

methanoic acid solution and/ or the HF was found to corrode the copper gasket while in 

use, and as a result further secondary corrosion was observed on the nickel bottom plate a 

consequence of the copper ions catalysing the corrosion of the nickel.293 The use of 

copper as gasket material was therefore ruled out. Lead was tested as an alternative 

material, however rapid corrosion was also observed. We next turned our attention to 

PTFE as gasket material, since FIFE is known to have excellent fluorine, methanoic 

acid, and HF resistance properties. Only one problem with PTFE was envisaged 

regarding its poor thermal conductivity, which could pose as a barrier to the efficient heat 

transfer in the microreactor. Contrary to our predictions, as w i l l be discussed in the next 

chapter, we observed no detrimental effects on product selectivity. Hence, PTFE gaskets 

have been used in all V-21 microreactor experiments. (The hierarchy of plate attachment 

to one side of the V-21 microreactor block is shown in figure 5.22.) 
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Top 
plate 

Middle 
plate 

Bottom 
plate 

Gasket 

V-21 microreactor block 

Fig 5.22: Hierarchy o f plate attachment 

Several different channel plates were fabricated, simultaneously by chemical 

etching (See Chapter 4, Section 4.4.4), and can be seen in figures 5.23-5.26. Plates 

possessing three, nine, and thirty channels were found to be rigid structures, however the 

chaimel plate possessing fifty-seven channels was not found to be structurally rigid and in 

fact resembled the strings o f a harp, or that is to say that the separating metal between the 

channels distorted somewhat upon the appliance o f a small force. Laser fabrication was 

also investigated (See Chapter 4, Section 4.4.5), however, heat generated during the 

process was found to distort the adjacent channels when the metal separating the channels 

was 0.5mm. Although whilst not investigated, i f the distance between the channels is 

increased then laser fabrication o f the channels may be possible. 
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Fig 5.23: Three channels per plate; (a) full plate and (b) enlarged end section 
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Fig 5.24: Nine channels per plate; (a) full plate and (b) enlarged end section 
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Fig 5.25: Thirty channels per plate; (a) full plate and (b) enlarged end section 

3 X 19 0.5 mm Slots 
Separated By 0.5 mm 
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Fig 5.26: Fifty-seven channels per plate; (a) full plate and (b) enlarged end section 
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Operation of V-21 microreactor involves an analogous procedure as compared with 

the V-20 (described in section 5.3), in that preparation of the V-21 prior to operation 

involves the selection of an appropriate channel plate, cooling of the reactor to the 

reaction temperature, and charging the liquid reservoir with reagent solution. During 

operation, the reagent solution is continually fed into the liquid reservoir at a pre­

determined rate (<8 mlh 'ch"'). Simultaneously, gas is fed into the gas reservoir at a pre­

determined rate (pre-diluted fluorine (10% in nitrogen v:v) at a pressure of one bar, 

typically at a flow rate of 10 mlmin 'ch"'). Both phases are distributed into separate flows 

by the channel plate where they come into contact and subsequently pass into the product 

collection reservoir prior to leaving the device through the product outlet tube. 

The microreactor design reported by Hessel and Jahnischl66, 169 (Chapter 4, Fig 

4.19) has some similarities to our design, however and analysis of their design reveals 

several potential problems to its long term use. These problems are: 1) fluorine and liquid 

enter the microchannel at room temperature, 2) the reactor template is very close to the 

reactor cooling channels and 3) the number of channels per block is not optimised. 

The first concern is that of the fluorine entering the microreactor at room 

temperature, although it is well known that microreactors have favourable heat transport 

properties, it follows that the less heat that has to be removed from the system initially, 

the greater w i l l be thermal control of the reaction and hence selectivity. In the Hessel and 

Jahnisch design, the gas and the liquid phases enter the microreactor un-cooled and meet 

un-cooled in a well cooled microchannel, the reagent gas in this case being fluorine, 

results in a highly exothermic reaction. It follows then that at the initial point of mixing, 

the heat exchanger has to remove not only the thermal energy of the reagents entering the 

microchannel, but also the exothermic energy of the reaction. It is clearly beneficial for 

the reaction therefore, that the heat exchanger removes only the heat of reaction as this 

would result in lower hotspot temperature, and hence an increase in selectivity. In fact, 

work discussed in the next chapter highlights this point. 

The second concern relates to the reactor template, in that it is very thin, 

presumably to maximise heat transport across it to the heat exchanger fluid. During the 

current and previous work in this laboratories, it has been found the metal surface 
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corrodes slowly, one probable cause of this being the hydrofluoric acid generated during 

the reaction of fluorine with organic chemicals, although acidic solvents may also have 

an effect. Nevertheless, the corrosion has only been found to occur in the reactor channels 

where the fluorine and organic phase come into contact. The design described in the 

literature wi l l therefore have potential problems relating to the l ife of the reactor, as 

corrosion of the reactor plate could cause heat exchange fluid to enter the microreactor 

where it is not desired. Our design (V-21) reduces this risk significantly, since the reactor 

plates are attached to a large cooled metal block of stainless steel, which acts as the heat 

sink. The reactor plates, and hence corrosion are located a significant distance away from 

the heat exchanger channels, and therefore the probability of heat exchanger fluid 

entering the reactor channels is zero. On the other hand, it may be argued that the reactor 

plates in the literature example may be replaced, however they wi l l need to be replaced 

more often than those of our design, which is inconvenient. Moreover, there is also the 

chance that the reactor plate may fail earlier than expected, and therefore it is much safer 

to use our microreactor design. 

The last concern is that of microreactor potential, as the literature example utilises 

only one side of a possible two sides. To improve the microreactor scale-out potential, 

our design (V-21) gives the option to utilise both sides of the stainless steel block, 

thereby effectively doubling the number of channels that can be constructed into one 

microreactor unit. Recently, Schuppich and Whele have also addressed this problem and 

have reported the design of a double sided microreactor system. > 290 

5.5 Chapter 5.0 Summary 

We have continually developed the concept of a direct fluorination microreactor from a 

single channel commercially unpractical device, to a scaled-out commercially useful 

reactor. Furthermore, the final design discussed in this thesis (V-21) has a large degree of 

flexibility regarding the number, shape, and material of the reactor channel plates, all of 

which can be changed easily by the simple attachment of an appropriate plate system. 

The V-21 microreactor has been designed to be a robust device so that little maintenance 

is required when in operation, which is advantageous for commercial application. 

163 



Chapter 6.0: Direct Fluorination of Organic Compounds Using 

Microreactor Technology 

6.1 Introduction 

It is well known that using conventional batch liquid phase fluorination methodology, the 

reaction between fluorine and an organic species occurs mainly at the gas-liquid 

interface, or that is to say in a heterogeneous manner.294 it has been suggested that 

increasing the solubility of fluorine in solvents, for example by the in-situ generation of 

reactive intermediates such as acetyl hypofluorite, could lead to the need for less drastic 

fluorination conditions.295 On the other hand, a more efficient use of fluorine could be 

achieved by increasing the gas-liquid interfacial area, or in other words, by increasing the 

surface area of the heterogeneous reaction. 

Furthermore, controlling the highly exothermic nature of selectively forming a C-

F bond from a C-H bond via direct fluorination has been a crucial development; diluting 

fluorine and substrate with relatively inert media or by the use of low temperatures, being 

established current methodology.^^ Improvements to this methodology are long overdue, 

and it follows that increasing the rate at which heat is transferred away from the reaction 

centre could potentially benefit a direct fluorination approach by reducing hotspot 

formation, and hence by-product formation and/ or product degradation. 

Microreactor technology offers an ideal alternative to increasing the fluorine 

solubility, as microreactors can provide high interfacial gas-liquid contact areas, far 

higher than those achieved using conventional fluorination methodology.263 Moreover, 

the relatively small dimensions of microreactors ensures improved heat transfer away 

from the reaction centre, and allows much more control over the reaction temperature, as 

discussed in chapter 4. 

Using this approach, we have investigated the potential of microreactor 

technology as an alternative fluorination methodology; the results of this study are 

discussed in this chapter. 
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6.2 Single Channel Microreactor 

As discussed in chapter 4, section 4.5.3, Chambers and Harstonl64, 170 have utilised 

microreactor technology for the fluorination of 1,3-dicarbonyl compounds. Using the 

same single channel microreactor (See Fig 4.14), we have fluorinated several other 

related 1,3-dicarbonyl compounds (See Fig 6.1) with elemental fluorine and these results 

are presented in table 6.1. Products were identified by comparison to literature data, 1̂ 6 

and in each case, difluorinated derivatives accompanying the major monofluorinated 

product were present. 

Single Channel MR 

O O 

R1 

R2 

10%F2/N3(v:v)l0mlmin-1 

HCOjH Solution Flow 0.5 mlh-1 
5°C 

Fig 6.1 

O O 

m-OxC^RS 
R 2 ' ^ ^ F 

Table 6.1: Direct fluorination of 1,3-dicarbonyls using a single channel microreactor 

1,3-

Dicarbonyl 

Substrate Flow^ 

mmolh^ (gh'̂  of 

substrate) 

Conversion^ Mono-tluoro % Yield" 

% Product (gh"̂  of product) 

0 0 

^ ^ " ^ O E , (70) 2.2 (0.29) 98 (71) 71 (0.23) 

0 0 

1 (74) 
1.9(0.27) 52 (75) 49 (0.08) 

(77) 
2.4 (0.31) 66 (78) 95 (0.22) 

^ (80) 
0 0 

1.9(0.27) 93 (81) 78 (0.22) 

^ (83) 
1.7 (0.29) 86 (84) 76 (0.21) 

Determined by gcT^ Flow of F2/ N2 equals 2.6 mmolh" 
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Conversions and yields for the microreactor were found to be similar or higher 

than those obtained using conventional batch fluorination methodology. For example, 

using the aforementioned microreactor and only a slight excess of fluorine (1.2 

equivalents), a 99% conversion of (70) and a 71% yield of (71) was achieved. By 

comparison, the direct fluorination of (70) using batch methodology with two equivalents 

of fluorine, resulted in a 60% conversion and an 80% yield of (71). Evidently, the 

microreactor performed more efficiently than the bulk phase fluorination. However, it 

should be noted that Chambershas found that nickel (II) salts catalyse the fluorination 

of 1,3-dicarbonyl compounds, thus it is reasonable to assume that the surface of the 

fluorinated nickel reactor channel could also provide a catalytic affect. On the other hand, 

the effect of increased heat and mass transfer (i.e. mixing) upon the reaction cannot be 

ignored, since we are effectively reacting within the microreactor channel, one equivalent 

of dicarbonyl compound with 1.2 equivalents of fluorine instantaneously. By comparison 

to the bulk fluorination process, and by taking into account the improved heat and mass 

transfer and low inventory of reagents within the microreactor channel, one can conclude 

that direct fluorination using microreactor technology is a much safer method of 

selectively introducing fluorine into organic compounds. 

Using the single channel microreactor, the un-optimised hourly production rate of 

monofluorinated 1,3-dicarbonyl derivatives lies between 0.08-0.23gh"'. This small 

amount of product, while being satisfactory for laboratory scale production, from a 

commercial point of view, the mass of material per hour is unsatisfactory. Consequently, 

the fact that microreactors may be scaled-out led to the development of a three channel 

microreactor (V-19), (as discussed in chapter 5, section 5.2) which theoretically should 

provide three times the through-put of the single channel microreactor. The direct 

fluorination results of this scaled-out reactor will be discussed in the next section. 

6.3 V-19 Microreactor (Three Channel Microreactor) 

6.3.11,3-Dicarbonyl Compounds 

As previously mentioned, the V-19 microreactor was designed (chapter 5, section 5.2) to 

increase the throughput of material. Direct fluorination of several 1,3-dicarbonyl 
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compounds using the three channel microreactor resulted in the formation of 

monofluorinated derivatives as shown in figure 6.2 and table 6.2. 

Three Channel MR 

O O 0 0 
10%F2/N2(v:v)i0mlmin-ich-' 

R1 Y R3 HCOjH Solution Flow 0.5 mlh-ich-i R1 p ^ X " 3 
R2 5°C 

Fig 6.2 

Operation of the V-19 microreactor under conditions similar to the single channel 

microreactor resulted in consistently lower conversions, although yields of the desired 

monofluorinated products were generally higher. These results can be explained by 

stressing that the channels of the V-19 microreactor are shorter than the one used in the 

single channel microreactor. Thus, the residence time within the microreactor is reduced 

and consequently, the extent of reaction is affected likewise. Product selectivity increases 

due to lower product degradation/ by-product formation within the reactor. Lengthening 

the outlet tubes of the reactor, which increases the residence time within the microreactor 

apparatus, increases the conversion of dicarbonyl compounds. Unfortunately however, 

the yield of monofluorinated derivatives decreased. One potential reason for the decrease 

is that the outlet tubes are not cooled, and hence hotspots could potentially form in these 

areas, thereby causing undesired fluorination/ product degradation. 
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Table 6.2: Direct fluorination of 1,3-dicarbonyls using three channel microreactor 

1,3- Temp. 

Dicarbonyl °C 

Substrate 

Flow^ 

mmolh'ch' 

Total 

Substrate 

Flow 

mmolh"' 

(gh"' of 

substrate) 

Conv."* 

% 

Mono-

fluoro 

Product 

18 2.1 6.3 (0.82) 53 

5 2.1 6.3 (0.82) 66 

5 2.1 6.3 (0.82) 57 

5 2.1 6.3 (0.82) 77 

5 2.1 6.3 (0.82) 91^ 

0 2.1 6.3 (0.82) 79 

0 2.1 6.3 (0.82) 70 

5 2.0 6.0 (0.84) 47 

5 0.8 2.4 (0.35) 67^ 

5 2.0 6.0 (0.84) 53 

5 1.5 4.5 (0.63) 95^ 

5 1.9 5.7 (0.80) 994 

5 0.9 2.7 (0.44) 59^ 

% Yield^ 

(gh"' of 

fluoro 

product) 

(70) 

(74) 

(83) 

CI 

(85) 

(71) 87 (0.43) 

71 (0.44) 

87 (0.46) 

87 (0.62) 

65 (0.55)^ 

94 (0.69) 

96 (0.63) 

38 (0.17) 

40(0.10)^ 

75 (0.38) 

67 (0.45)^ 

65 (0.58)^ 

(86) 74 (0.22)^ 

(75) 

(81) 

using 50mm longer outlet tubes 
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6.3.2 Aromatic Compounds 

Fluorinated aromatic derivatives are compounds of considerable importance. Therefore, 

to further highlight the potential of microreactor technology we have fluorinated some 

representative examples. 

6.3.2.1 l-Methyl-4-nitrobenzene (87) 

Direct fluorination of (87) (See Fig 6.3) under several reaction conditions was 

investigated using the V-19 microreactor, and the results are presented in table 6.3; 

products were identified by comparison to literature data.^l Fluorination of (87) in 

acetonitrile at room temperature (<20°C) resulted in low conversion (15%), although a 

good selectivity for (88) was achieved (71%). Unfortunately, (87) was not found to be 

very soluble in methanoic acid (generally the solvent of choice for the fluorination of 

aromatic derivatives), and hence, an acetonitrile/ methanoic acid mixed solvent was used. 

Good conversions and yields were obtained using this solvent system; for example, at 

5°C, with a flow rate of 2mlh"'ch"', using approximately three equivalents of fluorine, a 

substantially better conversion (53%) was observed, although the yield of (88) decreased 

slightly. Reducing the reaction temperature to 0°C, led to further improvements in 

conversion (53%), while the yield was relatively unaffected. 

By comparison,^! conventional bulk liquid phase fluorination of (87) with two 

equivalents of fluorine, at 10°C in methanoic acid, gave a 63% conversion and a 50% 

yield of (88). 

Three Channel MR 

Me 

10% N2{v:v) 10 mlmin-ich-i 

(87) (88) 

Fig 6.3: Flow of Fi/ N2 equals 2.6 mmolh 'ch * 
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Table 6.3: Direct fluorination of 1-methyl-4-nitrobenzene (87) using a triple channel 

microreactor 

Total 
% Yield'* 

Substrate Substrate 
of(88) 

Temperature Flow Flow Conversion* 
Solvent 

mlh-̂ ch-̂  mmolh'̂  
(gh-' of 

"C mlh-̂ ch-̂  mmolh'̂  % 
(gh-' of 

(nunolh-̂ ch-̂ ) 
fluoro 

(nunolh-̂ ch-̂ ) (gh ' of (gh ' of 
product) 

substrate) 
product) 

MeCN RT 2.0(1.5) 4.5 (0.62) 15 71 (0.07) 

3:2 MeCN/ 

HCO2H 
5 2.0 (0.9) 2.7 (0.37) 53 60 (0.13) 

3:2 MeCN/ 

HCO2H 
0 2.0 (0.9) 2.7 (0.37) 77 66 (0.21) 

3:2 MeCN/ 

HCO2H 
5 1.0 (0.9) 2.7 (0.37) 44 78 (0.14) 

3:2 MeCN/ 

HCO2H 
0 1.0 (0.9) 2.7 (0.37) 66 71 (0.20) 

3:2 MeCN/ 

HCO2H 
0 2.0 (0.9) 2.7 (0.37) 80^ 51 (0.17)^ 

3:2 MeCN/ 

HCO2H 
0 2.0 (0.9) 2.7 (0.37) 80^ 56 (0.19)^ 

3:2 MeCN/ 

HCO2H 
0 2.0 (0.9) 2.7 (0.37) 86^ 54 (0.19)^ 

Increasing the residence time within the V-19 microreactor apparatus by 

increasing the length of the outlet tubes was also found to be beneficial to the conversion, 

but selectivity fell somewhat, presumably because of similar reasons as described in 

section 6.3.1. 

In view of the experiments detailed in table 6.4, it can be argued that the V-19 

microreactor operates in a much more improved manner over conventional direct 
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fluorination methodology. It is reasoned that efficient mixing (by maximising the gas-

liquid interfacial area) and heat transfer are the main reasons for the improvements. 

6.3.2.2 l-Methyl-2,4-dinitrobenzene (89) 

Following the direct fluorination of (87) as described in section 6.3.2.1, we next turned 

our attention to the direct fluorination of (89) (See Fig 6.4), a compound that is highly 

deactivated towards electrophilic substitution. Reaction conditions were similar to those 

described for the fluorination of (87) (See Fig 6.3 and Table 6.3), and these are shown in 

figure 6.4 and table 6.4. The reaction was performed at 5 and 0°C respectively, although 

it should be noted that longer outlet tubes were used in the latter experiments. The major 

product (90), was identified by comparison to literature data.296 

Three Channel MR 

Me 

10% ¥J N2(v:v) 10 mlmin-ich-

3:2 MeCN/ HCO2H 

Substrate Flow 2 mlh-'ch"' (0.9 mmolh-ich-i>, 
Total Substrate Flow 2.7 mmolh-i (0.49 gh ') 

Fig 6.4 

(90) 

Table 6.4: Direct fluorination of 1-methyl-2,4-dinitrobenzene (89) in 3:2 acetonitrile/ 

methanoic acid using a three channel microreactor 

% Yield* 

Temperature Conversion* of(90) 

"C % (gh'̂  of fluoro 

product) 

5 40 70 (0.15) 

5 40 66(0.14) 

0 48^ 68 (0.18)^ 

0 51^ 61 (0.18)^ 

' Determined by gc; ̂  Reaction performed by using 50mm longer outlet tubes 
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Several experiments were performed using the V-19 microreactor; for example, 

the fluorination of (89) in a 3:2 acetonitrile/ methanoic acid solvent system gave a 40% 

conversion and a 70% yield of (90). By comparison, Grakauskas296 j^^s reported that the 

fluorination of (89), using conventional fluorination methodology in acetonitrile at low 

temperature (-35°C), gave a 5% yield of (90). A direct comparison indicates that the 

microreactor performs in a far superior manner, however it is anticipated that some 

degree of the improvement is also attributable to the use of methanoic acid as co-solvent. 

In contrast to previous experiments where utilising longer outlet tubes increased 

conversion while at the same time decreasing the selectivity, in this present example the 

attachment of longer outlet tubes to the V-19 microreactor apparatus was found to 

slightly increase the conversion of (89), without significantly decreasing the selectivity 

towards (90). It is thought that the relative inertness of (89) towards electrophilic 

substitution by fluorine is a possible explanation for this observation. 

6.3.3 3-NitrophenyI Disulfide (91) 

The direct fluorination of (91) with elemental fluorine has been described recently by 

Philp.144 However, the very nature of the -SF5 group requires that a high molar ratio of 

fluorine be used, and in fact when conventional batch fluorination methodology is used, 

approximately fifteen equivalents of fluorine is required to convert (91) into the -SF5 

derivative (93), albeit in moderate yield (39%). Moreover, the fluorination reaction is 

found to give better results i f the reaction mixture is warmed to room temperature part 

way through the process. 

To further highlight reactions that can be performed using microreactor 

technology, the direct fluorination of (91) (See Figs 6.5 and 6.6) was performed using the 

V-19 microreactor apparatus in a two-step and one-step manner, and these results are 

shown in tables 6.5 and 6.6. The one step procedure involves the fluorination of (91) to 

(93) directly within the microreactor, while the two-stage process involves first the bulk 

fluorination of (91) to (92), subsequently followed by the fluorination of (92) to (93) in 

the V-19 microreactor. Both methods have been described by Chambers and Harston.164, 

170 
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Conventional "Bulk" 
Fluorination 

F^/ N2 (v:v) 

MeCN 
0°C 

F2/ N2 (v:v) 

MeCN 

200c 
MR 

Fluorination 

l_u-l Fig 6.5: Two-step procedure; flow rate through the microreactor equals 7.3 mlh" ch 

Table 6.5: Two-step direct fluorination of 3-nitrophenyl disulfide (91) using (i) bulk 

fluorination methodology, followed (ii) V-19 microreactor 

* Determined by '^F NMR and all reactions were performed by using 50mm longer outlet 

tubes 

% Yield' of 

(92) 

% Yield" of 

(93) 

75 41 

62 56 

56 52 

Using the two-stage approach (See Fig 6.5 and Table 6.5), the majority of (91) is 

prefluorinated to give the intermediate (92). Consequently, a high flow rate of the 

solution of (92) can be obtained (compared to the analogous flow rate of a solution of 

(91) through the microreactor) because of the lower amount of fluorine required to 

complete the reaction. 
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(91) 

via 

F2/N2 

MeCN 
20°C 

(92) 

(93) 

Fig 6.6: One-step fluorination 

Table 6.6: One-step direct fluorination of 3-nitrophenyl disulfide (91) using a triple 

channel microreactor 

Substrate Flow 

mlh'Vh-̂  
(mmolh-̂ ch-̂ ) 

Total Substrate 

Flow 

mmolh'' 

(gh"' of substrate) 

Fluorine 

Concentration 

(%) 

(mmolh-'ch-^) 

% Yield" 

of(93) 

(gh'̂  of fluoro 

product) 

2.0(0.12) 0.36 (0.11) 10 (2.6) 60 (0.11) 

1.0 (0.06) 0.18 (0.06) 10 (2.6) 40 (0.04) 

2.5 (0.15) 0.45(0.14) 20 (5.2) 55 (0.12) 

3.5 (0.21) 0.63(0.19) 20 (5.2) 52 (0.16) 

2.0(0.12) 0.36 (0.11) 20 (5.2) 42 (0.08) 

Determined by"'^F NMR and all reactions were performed by using 50mm longer outlet 

tubes 

The one-step fluorination of (91) was investigated under a range of conditions 

(See Fig 6.6 and Table 6.6); for example, using a substrate flow of 2 mlh 'ch ' (0.12 

mmolh 'ch"') and a twenty-two fold excess of fluorine resulted in a 60% yield of (93). To 

increase the throughput of substrate through the microreactor 20% fluorine was utilised, 

and as a result, using a substrate flow rate of 3.5 mlh 'ch"' (0.21 mmolh'^ch ' ) and a 
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twenty-five fold excess of fluorine, a 52% yield of (93) was obtained. It is worth pointing 

out that accompanying (93) in all experiments (in both procedures) was also detected the 

presence of (92) to the extent of between 14-35%, as a result of incomplete fluorination 

of the disulfide. 

It is reasonable to conclude that other than the increased flow rate of material 

through the reactor, there was no other significant benefit observable by performing the 

reaction in a two-stage manner. On the other hand, the effect of the huge advantages of 

increased heat and mass transfer (i.e. mixing) upon both reaction processes cannot be 

ignored, since we are effectively reacting within the microreactor, one equivalent of (91) 

(or (92)) with between 6-43 fold excesses of fluorine instantaneously. 

By comparison, the bulk fluorination of (91),144 on an 81 mmol scale, takes 6hrs 

to complete the addition of the required amount of fluorine, (rate of 10% 

fluorine/nitrogen addition in the bulk phase is -750 mlmin"' or 0.195 mmolh'*) at a rate 

of approximately 2.5 equivalents an hour. 

6.3.4 V-19 Microreactor Conclusion 

We have demonstrated that the concept of scale-out can be achieved for gas-liquid 

fluorination microreactors. Furthermore, by the aid of several different types of 

fluorination reaction, we have demonstrated that fluorination microreactors give 

conversions and yields which are at least comparable to or better than conventional bulk 

liquid phase fluorination. Using the V-19 microreactor, the unoptimised hourly 

production rate of monofluorinated compound lies between 0.07-0.69gh''. This small 

amount of product, while being higher than the hourly production rate using the single 

channel microreactor, from a commercial point of view, the mass of material per hour is 

still unsatisfactory. 

Reactor dimensions have also been found to be important with regard to reaction 

outcome, since conversions can be improved by extending the length of the outiet tubes 

(by increasing the contact/ residence time within the reactor apparatus). 

Improvements to the design of the V-19 microreactor led initially to the 

development of the V-20 microreactor and then subsequendy to the V-21 microreactor 

(See chapter 5), which will be discussed in the following section. 
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6.4 V-21 Microreactor (Multi-Channel Microreactor) 

As mentioned above, before the development of the V-21 microreactor, the V-20 

microreactor was designed and fabricated. However, due to a design flaw in the V-20 

microreactor, we will not discuss the few results obtained from this microreactor, and 

consequently, we describe next the results obtained from its successor, the V-21 

microreactor. 

As discussed in chapter 5, section 5.4, the V-21 microreactor has been designed 

with detachable channel templates in mind, and as a result several different channel 

templates were fabricated. 

6.4.1 Three Channel Template Plate (V-21-3) 

Direct fluorination of (71) (See Fig 6.7) using the V-21 microreactor and the three-

channel template (V-21-3) was repeated several times under identical conditions, as 

shown in table 6.7. Using a substrate flow of 0.5 mlh 'ch"' and a 10 mlmin 'ch"^ fluorine 

flow, an average a conversion of 74% and a yield of 91% of (72) was obtained. 

Moreover, it should be pointed out that these reactions were effectively the result of 

continuous operation for seven days, apart from the fact that due to physical limits on the 

amount of fluorine and subsfrate that can be stored, a thirty minute down time was 

required to replenish fluorine and liquid stocks and purge the system with nitrogen. 

Increasing the flow of fluorine was found to increase the conversion of (71) 

without substantially affecting the selectivity towards (72). Reducing the liquid flow rate 

(thereby increasing the residence time within reactor) was also found to be highly 

beneficial, although the selectivity for (72) was reduced to 80%. 

V-21-3 MR 

O O O O 
10%F2/N2(v:v) 

R1 R3 HCO2H R 1 „ _ X _ R3 
R2 10°C 

Fig 6.7 

R2'^ 
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A further example was studied, namely the direct fluorination of (77). It was 

found that a 74% conversion and a 98% yield of (78) could be achieved by using a liquid 

flow rate of 0.5 mlb'^ch"' and a fluorine flow rate of 10 mlmin 'ch '. Moreover, increasing 

the residence time within the reactor apparatus, improved the conversion without 

perturbing the selectivity of the reaction towards (78). 

By comparison to previous microreactor results, described in sections 6.2 and 

6.3.1, the V-21-3 microreactor system can be seen to be analogous to or better than these 

aforementioned microreactors. Moreover, we have demonstrated that consistent results 

may be obtained over a substantial operation period. 
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Table 6.7: Direct fluorination of 1,3-dicarbonyls using a multi-channel microreactor with 

a three -channel template 

Total % Yield" 

1,3-

Dicarbonyl 

Substrate Flow 

mlh'ch"' 

(mmolh'ch"') 

10% F2 

Flow 

mlmin'ch'' 

Substrate 

Flow 

mmolh'^ 

(gh"̂  of 

substrate) 

Conversion'' 

% 

of 

monofluoro 

product (gh"' 

of fluoro 

product) 
o p 

(71) 
0.5 10 5.4 (0.70) 75 92 (0.55) 

0.5 10 5.4 (0.70) 62 90 (0.45) 

0.5 10 5.4 (0.70) 76 92 (0.56) 

0.5 10 5.4 (0.70) 77 91 (0.56) 

0.5 10 5.4 (0.70) 74 90 (0.53) 

0.5 10 5.4 (0.70) 86 94 (0.65) 

0.5 10 5.4 (0.70) 71 91 (0.52) 

0.5 15 5.4 (0.70) 91 87 (0.63) 

0.5 15 5.4 (0.70) 93 86 (0.64) 

0 0 

0.25 10 2.7 (0.35) 100 80 (0.32) 
0 0 

0.5 10 6.0 (0.71) 74 98 (0.64) 

(77) 

0.25 10 3.0 (0.36) 95 96 (0.40) 

Determined by gc 

6.4.2 Nine Channel Template Plate (V-21-9) 

To further demonstrate the scale-out potential of the V-21 microreactor, we next turned 

our attention to the use of a nine-channel template (V-21-9). The fluorination of (71) (See 

Fig 6.8) was performed under analogous conditions to those used with the V-21-3 

microreactor system. Overall results using a 10 mlmin 'ch"' flow of fluorine and a 0.5 
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mlh 'ch"' flow of substrate solution (See Table 6.8) gave an average conversion of 74% 

and a yield of (72) of 92%, which are similar to those obtained from the V-21-3 system. 

Increasing the concentration of fluorine was also found to increase the conversion 

of (71), while not affecting the yield of (72) to any great extent. 

v-21-9 MR 

O O 

M e - ^ ^ ^ - ^ O E t 

F2/N2(v:v) lOmlmin-^ch-^ 

HCOgH Solution Flow 0.5 mlh-ich-i Me 
10°C 

Fig 6.8 

OEt 

Table 6.8: Direct fluorination of ethyl 3-oxobutanoate (71) using a multi-channel 

microreactor with a nine-channel template 

1,3-

Dicarbonyl 

Fluorine 
Conversion* 

Concentration 
% 

% Yield* 

of(72) 

(gh"̂  of fluoro 

product) 
O 0 

10 74 91 (1.61) 

10 74 91 (1.61) 

10 63 92(1.39) 

10 76 91 (1.66) 

10 75 91 (1.64) 

10 80 95 (1.82) 

10 78 91 (1.70) 

20 83 87 (1.73) 

20 93 94 (2.10) 

Determined by gc 
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6.4.3 V-21 Microreactor Conclusion 

We have demonstrated that the V-21 microreactor system offers a practical solution for a 

commercial fluorination device, although further modifications could still be made to the 

V-21 microreactor design. It has also been demonstrated that scale-out by changing the 

three-channel template for a nine-channel template is possible without affecting the 

reaction outcome. 

Using the V-21-3 microreactor system, the un-optimised hourly production rate of 

monofluorinated 1,3-dicarbonyl compound lies between 0.32-0.65gh''; for the V-21-9 

microreactor system, the un-optimised hourly production rate of monofluorinated 1,3-

dicarbonyl compound lies between 1.61-2.lOgh ' . Since it has been demonstrated that 

scale-out by changing the three-channel template for a nine-channel template is possible 

without affecting the reaction outcome, one can anticipate that changing the nine-channel 

plate for a thirty-channel plate would result in an analogous situation. Furthermore, the 

use of both sides of the reactor would effectively double the amount of material produced 

by one device. A simple extrapolation of the results to say a sixty-channel reactor device 

(thirty channels each side of the block) would result in an hourly production rate of 

between 10.7-14.0gh'' for (71). Further extrapolation to a weeks production gives values 

of between ~1.8-2.4Kg per week, which could theoretically be extrapolated to a years 

continual production of between 93-122Kg per year from one device. It follows then that 

ten sixty-channel microreactor devices can produce approximately one ton of material per 

year, which is comparable to small scale pilot plant operation, or enough to satisfy a fine 

chemical manufacturer. (It should be pointed out that a small error is introduced upon 

start-up of the microreactor due to starting material being sent through the microreactor 

unconverted. Hence the small discrepancy between the values concerning the V-21-3 and 

V-21-9 results is observed. Operation of the experiment for long periods of time, or 

disposal of the first half hour of material could remove this error.) 

It should be pointed out that this has not yet been demonstrated due to restraints 

concerning the scale of reactions which can be performed in our current laboratories, 

although one anticipates that this is merely a case of when this w i l l be demonstrated 

rather than i f it is demonstrated. 
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6.5 Chapter 6 Summary 

Overall, we have found that direct fluorination performed using microreactor technology 

gave results which are comparable to or better than conventional bulk fluorination 

methodology. Improved heat and mass transfer are the major benefits of using 

microreactor technology, although one cannot forget that associated closely with these 

benefits, is the improved safety that can be achieved by using this technology. 
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Chapter 7.0: Experimental to Chapter 2.0 
7.1 Instrumentation 

Reagents, Materials, and Solvents 

Unless otherwise stated, chemicals were supplied by Aldrich, Air Products, 

Avocado, Lancaster, or Fluorochem. A l l solvents were dried according to literature 

methods. Column chromatography was performed using silica gel supplied by 

Fluorochem. 

Gas Liquid Chromatography 

Chromatographic analyses were performed on a Hewlett Packard 5890 Series I I gas 

liquid chromatograph equipped with a 25 m cross-linked methyl silicone capillary 

column with a flame ionisation detector. 

Elemental Analysis 

Carbon, hydrogen and nitrogen analysis were obtained using an Exeter Analytical CE-

440 Elemental Analyser. 

NMR Spectroscopy 

• h , ' ^ C , and '^F spectra were obtained from the following spectrometers: Varian Mercury 

200, Bruker AM-250, Varian Unity 300, Varian VXR400, Varian Mercury 400 

Spectrometer, and Varian Inora 500. spectra were recorded at 200, 300, 400, 500MHz, 

'^C spectra were recorded at 75, 100, 126 MHz and '^F spectra were recorded at 188, 

376, 470 MHz. A l l spectra were obtained using either (CH3)4Si, (CH3)2SO, CHCI3 and/or 

C F C I 3 as internal references. J values are given in Hertz. 

Mass Spectroscopy 

Mass spectra were obtained f rom a V G Trio 1000 mass spectrometer (electronic and 

chemical ionisation) coupled to a GLC as above. Mass spectra were also obtained from a 

Finigan Trace MS mass spectrometer (electronic ionisation). Accurate mass 

determinations were performed on a Micromass Autospec mass spectrometer and at the 

EPSRC national mass spectrometry centre, Swansea. 
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I R Spectra 

Infrared spectra were recorded on a Perkin-Elmer 1600 FT-IR using KBr discs or thin 

f i l m liquid between KBr plates. 

X-Ray Analysis 

Crystal structures were obtained from a Bruker Smart I K CCD diffractometer or a Bruker 

Smart 6K CCD difftactometer. Structure solution (direct methods) and least-squares 

refinement (non-H atoms anisotropic, all H refined isotropically, against of all data) 

with SHELX-97 software (G. M . Sheldrick, University of Gottingen, Germany, 1997) 

Melting Point Analysis 

Melting points were obtained fi-om a Gallenkamp melting point apparatus and are not 

corrected. 
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7.2 The Use of Elemental Fluorme in the Laboratory 

Elemental fluorine is an extremely reactive and very toxic chemical; hence, it is 

necessary to use apparatus, which has been specially designed to enable the use of 

elemental fluorine in a safe and controllable manner (See Fig A ) . 

6 
- G -

7 

-e-

( D M 

11 

T> Sab U P B Senate 

10 

-e-

16 

(b 15 

-e-

Fig A 

Cylinders of 50 % fluorine/ nitrogen are obtained from air products, and shipped 

in high-pressure cylinders (size K) . The cylinder contains 1.4 m^ of the gas mixture, at a 

pressure of 2.76 MPa (approximately 27 bar). The fluorine is regulated f rom the primary 

cylinder pressure to 4 bar, by the use of a regulator. 

The fluorine cylinder is situated inside a vented gas cabinet (not Shown), and is 

attached to a manifold equipped via a metal-metal connection with a pneumatic shut-off 

valve (See Fig B), which is operated remotely. It is important that organic materials, such 

as PTFE, are not used in this connection as reaction of elemental fluorine with the 

aforementioned material is possible because of the relatively high pressure and 

concentration of fluorine at this point. The safe use of elemental fluorine is covered by 

the university safety policy (Appendix R) and w i l l not be discussed further. Fluorine is 

supplied to two rigs, the microreactor rig and the right-hand rig. Using the right-hand rig 
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it is possible to fill portable 3.7 litre cylinders up to a maximum pressure of 5 bar. These 

portable cylinders can be detached ft-om the right-hand rig and installed in to other 

fumehoods possessing fluorine handling apparatus. Under no circumstances should 

reactions be performed directly from the main fluorine cylinder. 

Nitrogen is supplied from a high-pressure cylinder (size K) at a pressure of 

approximatley 230 bar, which is regulated to 10 bar by a regulator (See Fig C). 

ToKi^-JtandFtmniiii 

Q^O 

To Micnnwctor Fhuuine 
Handling Appantus 

Entembd %>u>dk VBIVI 
Operatal Exleniilly Cta 
Cabiod 

=4= 

•Ki Soda Ume ScmHrer Tower 

Pneumatic Valve 

ToRt^d-Ha&dFhiorine 
Handling ̂ jpantoa 

To ̂ Oao ĉacto^ Fhwrine 
Handling AiqtantDS 

Primaiy SO % flnoaac Cy l in^ 

FigB 
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The Right-Hand Rig Fluorine Gas Handling Apparatus 
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Apparatus Construction 

The apparatus is constructed from stainless steel pipe work and is fitted with Monel 

swagelok® valves (valves 9 and 13: metering valves. Valves 1 to 5: Severe service union 

bonnet valves, and all other valves being Integral bonnet needle valves). The storage 

cylinder is constructed from stainless steel (5L). 

Filling Secondary Cylinders (See Fig D and E ) 

When f i l l ing secondary cylinders with fluorine, at least two members of the group must 

be present and each person must be equipped with a face-shield and nitrile or PVC 

gauntlets (In addition to the standard personal protective equipment worn in a 

laboratory.). The following procedure is used to f i l l the portable secondary cylinders: 

1) Ensure all valves are closed 

2) The primary fluorine cylinder is turned on following usual procedure 

3) The secondary cylinder is attached to the apparatus 

4) Valves 4 and 5 are opened followed by the secondary cylinder valve (SCV) 

5) The SCR is closed as-well as valve 5 

6) Valve 1 is opened, the SCV is opened slowly until the required amount of fluorine is 

collected 

7) The SCV is closed, followed by valve 1 

8) Valve 5 is opened and closed after a few seconds 

9) Valve 3 is opened and the SCV slowly opened until the required amount of nitrogen 

is collected (maximum of 5 bar in total) 

10) The SCR is closed, followed by valve 3 

11) Valve 5 is opened and closed after a few seconds 

12) The secondary cylinder is detached from the apparatus 

13) Steps 3-12 are repeated for successive secondary cylinders, afterwards the primary 

fluorine cylinder is shut of f following usual procedure 
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50 % Fluorine Storage Cylinder Filling Procedure (See Fig D) 

1) Ensure all valves are closed 

2) The primary fluorine cylinder is turned on following the usual procedure 

3) Open valves 1 and 2 

4) Slowly open valve 6 until the storage cylinder is f u l l (maximum 4 bar) 

5) Close valve 6 followed by valves 1 and 2 

6) Open valve 5, then close valve 5 

7) Isolate primary fluorine cylinder following usual procedure 

Operation of Right-Hand Rig Fluorination Procedure 

1) Ensure all valves are closed 

2) The reaction vessel to be used is attached to the "To Process and From Process" 

connectors 

3) Open valves 15, 17, and 18 



4) Open valve 12, and then slowly open valve 13 until the desired flow of nitrogen is 

obtained as indicated by the nitrogen flow meter 

5) After purging the reaction vessel, open valves 7, 8, and 10 

6) Slowly open valve 9 until the desired flow of 50 % fluorine is obtained, as 

indicated by the flow transducer 

7) Termination of the experiment, involves closing valves 7 and 8 

8) Valves 9 and 10 are closed when the flow of 50 % fluorine has fallen to zero 

9) Reaction is thoroughly purged, then valves 12, 13, 14, 15, 17, and 18 are closed 

The Microreactor Fluorine Gas Handling Apparatus 
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Apparatus Construction 

The apparatus is constructed from stainless steel pipe work and is fitted with Monel 

swagelok® valves (valves C to J: Integral bonnet needle valves. Valves A and B: Severe 

service union bonnet valves). The storage cylinders are constructed f rom stainless steel 

(5L) and mild steel (9L). The mass flow controller is a Brooks 5850S and is controlled by 
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a DDE computer program obtained f rom Flotech Solutions linked to a PC operating in 

Microsoft® Excel. 

Microreactor Storage Cylinder Filling Procedure (See Fig F ) 

1) Ensure all valves are closed 

2) The primary fluorine cylinder is turned on following usual procedure 

3) Ensure storage tanks are empty (Open C I , C2, C, and D; then when empty close C I , 

C2, C, and D) 

4) Open valve B 

5) Open valve C I . Open valve C and slowly f i l l tank with required amount of Fluorine 

6) Close valve C and then valve C I 

7) Open valve C2 and then valve C, Slowly f i l l tank with the required amount of 

Fluorine 

8) Close valve C, close valve C2 

9) Close valve B. Isolate primary fluorine cylinder following usual procedure 

10) Open valve D and then Close Valve D 

11) Open valve A, open valve F 

12) Repeat steps 5 to 8 with Nitrogen 

13) Close valve F and valve A 

Operation of Microreactor Rig Fluorination Procedure 

1) Ensure all valves are closed 

2) Open valves A, G, H , and I 

3) Set f low at desired level using mass f low, purge with nitrogen for 15 minutes 

4) Close valves A and G 

5) Open valves C I , C2, C and then valve E, allow fluorine to f low for 5 minutes, before 

starting f low of liquid substrate through microreactor 

6) Termination of the experiment, involves closing valves C I , C2, C and then E 

7) Open valves A and G and purge for 15 minutes; close all valves 
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Bulk Fluorination Apparatus 

A l l bulk fluorinations, which are described in this thesis, were performed in a glass 

reactor having the design shown in fig G. Fluorine was supplied to the bottom of the 

reaction vessel using a PTFE dip-pipe having an outlet diameter o f 1/16"; waste gases 

exited the reaction vessel to scrubber tower, which was filled with soda lime granules. 

PTFE dip pipe 
(F2/N2 inlet) 

Rubber seal 

Stirrer 
(Impeller) 

To scrubber 
(F2/N2 outlet) 

Baffles 

FigG 
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7.3 General Procedure 

The reactions below follow the procedure described, unless otherwise stated. Reaction 

apparatus was purged with nitrogen thoroughly, before and after fluorination. The 

reaction was cooled in a salt water bath to 0- l°C by an external cryostat. Reactant was 

charged into a glass reaction vessel containing sulfuric acid (> 98%) (100 ml). The 

solution was rapidly stirred using an overhead stirrer, typically at 350 revolutions min"'. 

Fluorine, diluted to 10% with dry nitrogen (v:v) was bubbled through the solution at a 

rate of 50 mlmin"' (13 mmolh ' ) . Conversions and yields were determined from the '^F 

N M R of the crude product, by comparison of the peak integrals with the integral of an 

internal reference (trifluoromethylbenzene). A typical work-up involves pouring the 

reaction onto ice-slush (1500 ml), followed by neutralisation with sodium 

hydrogencarbonate. The mixture was subsequently filtered, and the filtrate extracted with 

dichloromethane; the combined extracts were dried over magnesium sulfate. Solvent was 

removed by rotary evaporation to leave crude reaction product. 

Reactions involving PPU use the following work-up procedure. The reaction is 

poured onto ice-water (400 ml) and the P P l l portion separated. The P P l l layer was 

further washed with water (50 ml), then dichloromethane, which were then added to the 

previously separated aqueous layer. The aqueous phase was neutralised with sodium 

hydrogencarbonate and subsequently filtered, filtrate was extracted with 

dichloromethane; the combined extracts were dried over magnesium sulfate. Solvent was 

removed by rotary evaporation to leave crude reaction product. 

Crystals suitable for X-ray analysis were grown by the slow evaporation of a 

dichloromethane solution of the compound. 

7.3.1 Direct Fluorination of quinoline (1) 

Experiment 1 (Acetonitrile): Quinoline (2.0 g, 15 mmol) and fluorine (47 nunol, 3 

equivalents). Gave a dark oil 13.0 g. Conversion was not determined due to significant tar 

being present in the crude reaction mixture. Analysis of the '^F N M R showed that a 

complex mixture of uncharacterised products was produced. 

Experiment 2 (Methanoic acid): QuinoHne (6.0 g, 45 mmol), methanoic acid (150 ml), 

and fluorine (90 mmol, 2 equiv., 20 mlmin"') cooled to 10°C. Gave a dark oil 7.84 g. 
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Conversion was not determined due to significant tar being present in the crude reaction 

mixture (-25%). Analysis of the '^F N M R showed that four major products produced; 

later identified as 5-fluoroquinoline, 8-fluoroquinoline, 5,8-difluoroquinoline, and 5,6-

difluoro-5,6-dihydroquinoline in the following proportions 3.8: 2.7: 1: 3.2 respectively. 

Experiment 3: Quinoline (4.0 g, 30 mmol) and fluorine (180 mmol, 6 equivalents). Gave 

a dark yellow oil 5.91 g. Conversion was found to be 42%, which consisted of: 44% yield 

of 5-fluoroquinoline, 11% yield of 6-fluoroquinoline, 23% yield of 8-fluoroquinoline, and 

13% yield of 5,8-difluoroquinoline (As compared to literature data.l^^, 215) 

Experiment 4: Quinoline (4.0 g, 30 mmol) and fluorine (180 mmol, 6 equivalents) cooled 

to 18°C. Gave a dark yellow oil 4.27 g. Conversion was found to be 51%, which 

consisted of: 27% yield of 5-fluoroquinoline, 8% yield of 6-fluoroquinoline, 16% yield of 

8-fluoroquinoline, and 24% yield of 5,8-difluoroquinoline. 

Experiment 5: Quinoline (4.0 g, 30 mmol) and fluorine (360 mmol, 12 equivalents). Gave 

a dark yellow oil 4.97 g. Conversion was found to be 67%, which consisted of: 27% yield 

of 5-fluoroquinoline, 8% yield of 6-fluoroquinoline, 14% yield of 8-fluoroquinoline, and 

a 32% yield of 5,8-difluoroquinoline was obtained. 

Experiment 6: Quinoline (4.0 g, 30 mmol) was dissolved in sulfuric acid (10 ml)/ P P l l 

(90 ml); fluorine (221 mmol, 7.4 equivalents). Gave a dark yellow oil 5.93 g. Conversion 

was found to be 35%, which consisted of: 43% yield of 5-fluoroquinoline, 14% yield of 

6-fluoroquinoline, 26% yield of 8-fluoroquinoline, 8% yield of 5,8-difluoroquinoline, and 

3% yield of 5,6-difluoro-5,6-dihydroquinoline. 

Experiment 7: Quinoline (4.0 g, 30 mmol) was dissolved sulfuric acid (20 ml)/ PPl 1 (80 

ml); fluorine (221 mmol, 7.4 equivalents). Gave a dark yellow oil 8.26 g. 22% 

Conversion was found to be 22%, which consisted of: 48% yield of 5-fluoroquinoline, 

11% yield of 6-fluoroquinoline, 27% yield of 8-fluoroquinoline, and 8% yield of 5,8-

difluoroquinoline. 

Purification was achieved using chromatography on silica, diethyl ether as elutant; 

5,8-difluoroquinoline was further purified by recrystalisation from hexane. 

5-Fluoroquinoline (2): Yellow oi l ; 0.1 g; 5*H (500 MHz; CDCI3) 8.77 (dd, I H , ^JHH4.5 

%H 1.5, H.2), 8.23 (dm, I H , %H 8.5, H^) , 7.77 (d, I H , ' JHH 8.5, Rg), 7.46 (td, I H , ' JHH 

8.0 '*JHF 6.0, H_7), 7.25 (dd, I H , ^JHH 8.5 ^JHH 4.0, R j ) , 7.03 (m, I H , H.6); 5'^F (470 MHz; 
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CDCI3) -123.3 (dd, ^JHF9.4 5.6, F.5); 5'^C (126 MHz; CDCI3) 157.5 (d, 'JCF 255.0, 

C.5), 150.9 (s, C.2), 148.6 (d, ^JcF 3.0, C.ga), 129.0 (d, ^JCF 4.5, C^), 128.7 (d, 'JCF 8.9, C 

7), 125.0 (s, Cg), 120.9 (d, ^JCF 6.9, C.3), 118.8 (d, % F 16.5, C ^ ) , 109.8 (d, ^JCF 18.9, C. 

6); m/z ( E f ) 147 (M^, 100 % ) ; found: M * 147.048546. CgHeFN requires IVT 147.048427. 

6-Fluoroquinoline (not isolated) (3): S'̂ F (188 MHz; CDCI3) -114.3 (d, ^JHF4.7, Re). 

8-Fluoroquinoline (4): Yellow oi l ; 0.1 g; 5^H (500 MHz; CDCI3) 8.81 (dm, I H , ^JHH4.0, 

H_2), 8.00 (dm, I H , ̂ JHH 8.5, H^) , 7.43 (dm, I H , ̂ JHH 8.0, Rg), 7.33-7.21 (m, 3H, H.3 H.5 

H.7); S'^F (470 MHz; CDCI3) -126.2 (dd, ^JHF 10.3 ^ 4 . 7 , Rg); 6'^C (126 MHz; CDCI3) 

157.6 (d, 'JCF257.0, C_g), 150.1 (s, C.2), 138.0 (d, 'JCF12.0, C.g„), 135.6 (s, C.4), 129.4 (d, 

'JCF 2.5, C ^ ) , 126.0 (m, C.3), 123.1 (d, %F4.5, C.5), 121.7 (d, 'JCF 7.6, C^), 113.1 (d, 

% F 18.5, C.7); m/z ( E f ) 147 (M^, 100 % ) ; found: M ^ 147.048437. C9H6FN requires M ^ 

147.048427. 

5,8-Difluoroquinoline (5): 0.25 g; White solid; mp 59-6rC; S ' H (500 MHz; CDCI3) 

9.02 (dd, I H , ' J H H 4.0 %n 1-0, H.2), 8.43 (dm, I H , ^JHH 8.5, H^) , 7.55 (dd, I H , ' JHH 8.5 

W . O , H.3), 7.35 (td, I H , V 9 . 5 'JHH4.5, H.7), 7.16 (td, I H , V 8 . 5 'JHH4.0, H . 6 ) ; S^'F 

(470 MHz; CDCI3); -127.4 (ddd, I R ^JFF 21.6 V 9 . 4 X F 5.2, R 5 ) , -130.2 (ddd, I R ^JFF 

22.1 V 9 . 9 V 3 . 3 , Rg); S'̂ C (75 MHz; CDCI3) 154.3 (dd, % F 251.2 % F 3.8, C.g), 

153.5 (dd, 'JCF250.1 % F 3 . 8 , C.5), 151.3 (d, '̂ JCF 1.6, C.2), 138.3 (m, Cga), 129.5 (dd, ^JCF 

3.7 '^JCF2.4, C.4), 122.1 (d, '*JCF2.1, C-3), 120.0 (dd, ^JCF 18.3 ^JCF2.7, C^a), 112.6 (dd, 

%F21.6 ^JCF9.1, C.7), 109.5 (dd, %F22 .0 ^JCF7.7, Ce); (KBr disc)/cm"' 3054, 1683, 

1654, 1639, 1597, 1506; m/z ( E f ) 165 (M*, 100 % ) ; M ^ , 165.038984. C9H5F2N requires 

M , 165.039006. 

5,6-Difluoro-5,6-dihydroquinoline (not isolated) (6): S ' H (400 MHz; CDCI3) 5.28 ( I H , 

ddt, *JHF 49.2 ^JFF 17.2 ^JHF 4.4, H^) , 5.58 ( I H , ddd, 'JHF 48.8 ^JFF 21.6 ^JHF 4.0, H.5), 

6.39 ( I H , m, H.7), 6.86 ( I H , dd, ^JHH 10.0 '*JHF 2.8, H.g), 7.23 ( I H , dd, ^JHH 7.6 ^JHH 4.8, 

H.3), 7.78 ( I H , d, ^JHH 7.6, H^) , 8.56 ( I H , d, ^JHH 4.8, H.2); S'̂ F (376 MHz; CDCI3) -

201.1 (dm, IF , % F 49.6, F.6), -201.7 (dd, IF, % F 48.1 ^JFF 117, F.5); S'̂ C (100 MHz; 

CDCI3) 84.5 (dd, 'JcF 180.5 \ v 17.8, Cg), 877 (dd, 'JCF 185.9 ^JCF 18.2, C.5), 115.2 (d, 

' jcF 20.5, C^a), 122.9 (s, C.3), 127.2 (dd, 'JCF 18.2 'JCF 6.1, C.7), 129.9 (d, 'JCF 7.9, C.8„), 

133.3 (dd, ' JcF 9.2 % F 1.6, Cg), 134.4 (d, 'JCF 6.1, C^), 150.2 (d, ^JCF 2.2, C.2). 
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7.3.2 Direct Fluorination of 2-Chloroquinoline (7) 

2-Chloroquinoline (2 .5 g, 1 5 nunol) was added to an oleum ( 1 0 ml)/ P P l l ( 9 0 ml) 

medium; fluorine ( 1 8 0 mmol, 1 2 equivalents). Gave a yellow oil 3 .4 g. Conversion was 

found to be 6 8 % , which consisted of: 2 5 % yield of 2-chloro-5-fluoroquinoline, 1 1 % yield 

of 2-chloro-6-fluoroquinoline, 1 6 % yield of 2-chloro-8-fluoroquinoline, and 2 1 % yield of 

2-chloro-5,8-difluoroquinoline. 

2-Chloro-5-fluoroquinoline (not isolated) (8): S'^F ( 1 8 8 MHz; CDCI3) - 1 2 2 . 4 (dd, ^JHF 

10.2 V 6 .4 , F.5). 

2-Chloro-6-nuoroquinoline (not isolated) (9): S'^F ( 1 8 8 MHz; CDCI3) - 1 1 3 . 2 (m. Re). 

2-Cliloro-8-fluoroquinoline (not isolated) (10): S'^F ( 1 8 8 MHz; CDCI3) - 1 2 5 . 5 (dd, 

V 9 . 0 V 4 . 5 , R 8 ) . 

2-Chloro-5,8-dinuoroquinoline (not isolated) (11): S'^F ( 1 8 8 MHz; CDCI3) - 1 2 6 . 5 

(ddd, IF, 'JFF 2 1 . 1 ' JHF 8.3 V 4 .5 , R 5 ) , - 1 2 9 . 6 (ddd, I R 'JFF 2 2 . 0 ' JHF 9.2 V 2 .8 , Rg). 

7.3.3 Direct Fluorination of 4-Methylquinoline (12) 

4 - Methylquinoline ( 1 . 7 0 g, 1 2 mmol) and fluorine ( 3 9 mmol, 3 .25 equivalents). Gave a 

dark oil 2 . 1 8 g. Conversion was found to be 2 6 % , which consisted of: 4 8 % yield of 5-

fluoro-4-methylquinoline, 1 4 % yield of 6-fluoro-4-methylquinoline, 2 3 % yield of 8-

fluoro-4-methylquinoline, and 6 % yield of 5,8-difluoro-4-methylquinoline. 

5- Fluoro-4-methylquinoline (not isolated) (13): S'^F ( 1 8 8 MHz; CDCI3) - 1 1 2 . 1 (m, F 

5) . 

6- Fluoro-4-metliylquinoline (not isolated) (14): S^^F ( 1 8 8 MHz; CDCI3) - 1 1 3 . 7 (m, R 

6) . 

8-Fluoro-4-methylquinoline (not isolated) (15): S^V ( 1 8 8 MHz; CDCI3) - 1 2 5 . 7 (dd, 

V 10.0 V 5.5, Rs). 

5,8-Difluoro-4-metliylquinoline (not isolated) (16): S'^F ( 1 8 8 MHz; CDCI3) - 1 1 6 . 2 (m, 

I F , R 5 ) , - 1 2 9 . 0 (ddd, I F , ^JFF22.0 ^JHF 9 .2 '^JHF 3 .8 , Rg). 
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7.3.4 Direct Fluorination of 6-Methoxyquinoline (17) 

Experiment 1 (Methanoic acid): 6-Methoxyquinoline (2.4 g, 15 mmol) and fluorine (49 

mmol, 3.25 equiv.) was cooled to 10 °C. Gave a dark oil 3.15 g. Conversion was found to 

be 100% and consisted of 27% 5-fluoro-6-methoxyquinoline and 18% 5,5-difluoro-5-

hydro-6-oxoquinoline. 

Experiment 2: 6-Methoxyquinoline (2.50 g, 16 mmol) and fluorine (52 mmol, 3.25 

equivalents). Gave an orange oil 3.43 g. Conversion was found to be 71%, which 

consisted of: 74% yield of 5-fluoro-6-methoxyquinoline, and a 26% yield of 5,5-difluoro-

5-hydroquinoline-6-one (As compared to literature data.^^1). 

Purification was achieved using chromatography on silica, using diethyl ether as 

elutant. 

5-Fluoro-6-methoxyquinoline (18): White solid; 1.1 g; m.p. 44-46°C; 5^H (400 MHz; 

C D C I 3 ) 8.78 (dd, I H , ' 'JHH 4.0 ^JHH 1.6, H.2), 8.31 (dm, I H , ^JHF 8.4, H^) , 7.85 (dm, I H , 

^JHH 9.2, H.3), 7.48 (t, I H , ' J H H ''JHF 9.2, H.7), 7.36 (dd, I H , ' J H H 8.4 ^JHF 4.0, Rg) ; 

(376 MHz; C D C I 3 ) -147.5 (s, F.5); 5 ' 'C (100 MHz; C D C I 3 ) 149.0 (s, C.2), 145.1 (d, ' J C F 

250.0, C 5 ) , 143.2 (d, ĴcF 7.2, Cga), 143.1 (d, ' J C F 14.4, C g ) , 128.0 (d, V 5.3, C^), 

125.4 (d, V 4.5, Qg), 121.2 (d, ^JCF 3.1, C.3), 119.6 (d, ' J C F 13.7, C^a), 118.5 (d, ^ J C F 

2.7, C_7), 57.4 (d, 1.1, MeO); v^^^ (KBr dibc)/cm ' 3091, 3075, 3057, 3021, 2993, 

2967, 2943, 2913, 2859, 2839, 1646, 1637, 1595, 1506; m/z ( E O 177 (M*, 100 % ) , 134 

(76.40); found C, 67.76; H , 4.56; N , 8.03. doHgPNO requires C, 67.79; H , 4.55; N , 7.91 

%. 

5,5-Dinuoro-5-hydroquinoliii-6-one (19): Yellow solid; 0.44 g; m.p. 105-107°C; 6^H 

(400 MHz; C D C I 3 ) 8.75 (dq, I H , ^JHH 4.8 %n 1.2, H.2), 8.10 (dm, I H , '^JHF 8.1, H^) , 7.64 

(d, I H , 3JHH 10.4, R g ) , 7.44 (dd, I H , 3JHH7.6 %H 9.2, H.3), 6.46 (dt, I H , ' J H H 10.4 '*JHF 

4.0, H.7); 6^^F (376 MHz; C D C I 3 ) -102.4 (s, 2F, R 5 ) ; 5'^C (100 MHz; C D C I 3 ) 186.2 (t, 

% F 24.2, C.6), 152.8 (t, ' J c F 1-9, C.2), 149.3 (t, ^ J C F 6.1, Cga) , 146.9 (s, Cg) , 134.7 (t, ' J C F 

2.7, C.4), 129.7 (t, 2jcF 24.3, C.4a), 126.8 (t, ' J C F 2.7, C.7), 124.4 (s, C.3), 104.9 (t, ' J C F 

245.0, C.5); Dmax (KBr disc)/cm-* 3149, 3090, 3069, 3060, 3027, 3010, 2978, 1699, 1575; 

m/z ( E r ) 181 ( M ^ 100 % ) , 153 (82.10); found C, 59.68; H , 2.77; N , 7.82. C 9 H 5 F N O 

requires C, 59.68; H , 2.78; N , 7.73 %; X-ray crystallography (selected data) Temp. 
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100(2) K,X = 0.71073 A, Orthorhombic, Pnma, a = 12.2462(9) A, b = 6.6912(5) A, c = 

9.1757(7) A, a=90°, (3=90°, Y=90°, V = 751.87(10) A ^ Density (calc.) = 1.600 g/cm^ 

R(int) = 0.0527, Crystal size = 0.4 x 0.4 x 0.4 mm^ R l = 0.033, wR2 = 0.103. 

7.3.5 Direct Fluorination of 2-Chloro-6-methoxyquinoline-3-carbaldehyde (20) 

Experiment 1: 2-Chloro-6-methoxyquinoline-3-carbaldehyde (1.0 g, 4.5 mmol) was 

dissolved in sulfuric acid (10 ml)/ P P l l (90 ml) medium. Fluorine (22.5 mmol, 5 equiv). 

Gave 1.1 g of a yellow solid. (Conversion was found to be 23%, which consisted of: 97 

% yield of 2-chloro-5-fluoro-6-methoxyquinoline-3-carbaldehyde and 3% yield of 2-

chloro-5,5-difluoro-6-oxo-5-hydroquinoline-3-carbaldehyde) 

Experiment 2: 2-Chloro-6-methoxyquinoline-3-carbaldehyde (2.0 g, 9 mmol) and 

fluorine (108 mmol, 12 equiv). Gave 2.02 g of a yellow solid. (Conversion was found to 

be 79%, which consisted of: 16% yield of 2-chloro-5-fluoro-6-methoxyquinoline-3-

carbaldehyde and 84% yield of 2-chloro-5,5-difluoro-6-oxo-5-hydroquinoline-3-

carbaldehyde) 

Experiment 3: 2-Chloro-6-methoxyquinoline-3-carbaldehyde (1.5 g, 8 mmol) and 

fluorine (48 mmol, 6 equiv). Gave 1.6 g of a yellow solid (Conversion was found to be 

66%, which consisted of: 73% yield of 2-chloro-5-fluoro-6-methoxyquinoline-3-

carbaldehyde and 27% yield of 2-chloro-5,5-difluoro-6-oxo-5-hydroquinoline-3-

carbaldehyde). 

Experiment 4: 2-ChIoro-6-methoxyquinoline-3-carbaldehyde (5.2 g, 23 mmol) and 

fluorine (345 mmol, 15 equiv.). Gave a yellow solid 5.36 g, analytical data comparable to 

that obtained previously from a pure sample. Conversion was found to be 100 %, which 

consisted of 100% 2-chloro-5,5-difluoro-6-oxo-5-hydroquinoline-3-carbaldehyde (96 % 

isolated yield) No further purification was necessary. 

Experiment 5: 2-Chloro-6-methoxyquinoline-3-carbaldehyde (10.4 g, 47 mmol) was 

dissolved in sulfuric acid (150 ml); fluorine (707 mmol, 15 equiv.). Gave a yellow solid 

10.23 g, analytical data comparable to that obtained previously from a pure sample. 

Conversion was found to be 100%, which consisted of 100% 2-chloro-5,5-difluoro-6-

oxo-5-hydroquinoline-3-carbaldehyde (89 % isolated yield) No further purification was 

necessary. 
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Purification was achieved using chromatography on sihca, 7: 3 hexane: diethyl 

ether as elutant to remove faster moving minor components; followed by chromatography 

on silica, dichloromethane as elutant. Crystals of 2-chloro-5-fluoro-6-methoxyquinoline-

3-carbaldehyde were grown by the slow diffusion of hexane into a dichloromethane 

solution of 2-chloro-5-fluoro-6-methoxyquinoline-3-carbaldehyde, followed by the slow 

evaporation of the resultant dichloromethane/ hexane solution. 

2-chloro-5-fluoro-6-methoxyquinoline-3-carbaldehyde (21): Yellow solid; 0.25 g; 

m.p. 146-147°C; S ' H (500 MHz; C D C I 3 ) 10.52 (s, I H , CHO), 8.91 (s, I H , H_4), 7.83 (d, 

I H , ^JHH 9.9, H.8), 7.66 (t, I H , ^JHH "^JHF 9.0, H.7), 4.06 (s, 3H, OMe); (376 MHz; 

C D C I 3 ) -141.8 (d, "^JHF 8.6, F.5); (126 MHz; C D C I 3 ) 188.6 (m, C.3), 148.5 (s, CHO), 

146.7 (d, ' J c F 257.3, C.5), 144.4 (d, % F 8.7, Ce), 143.6 (s, C.2), 133.2 (d, V 4.5, C^), 

126.4 (d, 3jcF 2.3, C.8„), 124.6 (d, V 4.5, Cg ) , 122.7 (d, ' J C F 2.8, C.7), 118.3 (d, ' J C F 

13.7, C^„), 57.5 (d, % F 1.0, OMe); v^ax (KBr disc)/cm"' 3077, 3057, 3002, 2953, 2881, 

1693, 1635, 1581, 1558, 1504; m/z ( E f ) 241 (M* [ " C l ] , 75 % ) , 240 (66), 239 ( M " [^^Cl], 

100), 241 (75), 238 (74), 224 (78), 196 (82), 175 (86), 168 (70), 132 (86); found C, 

54.87; H , 2.91; N , 5.80. C 1 1 H 7 C I F N O 2 requires C, 55.14; H , 2.94; N , 5.85%; X-ray 

crystallography (selected data) Temp. 120(2) K, X = 0.71073 A, Monoclinic, P2i/c (No. 

14), a = 3.8149(4) A, b = 20.997(2) A, c = 12.275(1) A, a=90°, ^=9lA2(l)°, y=90°, V = 

978.38(16) Â  Density (calc.) = 1.627 g/cm^ R(int) = 0.0482, Crystal size = 0.41 x 0.12 

x 0.08 mm^ R l = 0.038, wR2 = 0.097. 

2-chloro-5,5-difluoro-6-oxo-5-hydroquinoIine-3-carbaldehyde (22): Yellow solid; 

1.30 g; m.p. 122-123°C; 6^H (500 MHz; C D C I 3 ) 10.45 (s, I H , CHO), 8.58 (s, I H , H.4), 

7.64 (d, I H , ^JHH 10.5, H.8), 6.64 (dt, I H , ^JHH 10.0 %p 2.5, H.7); (376 MHz; C D C I 3 ) 

-102.4 (s, 2F, F.5); 5'^C (126 MHz; C D C I 3 ) 187.2 (m, C.3), 184.9 (t, ^JCF 24.3, C^), 156.1 

(s, CHO), 153.3 (t, ' J C F 5.9, Cga) , 143.9 (s, C.g), 136.7 (t, ' J C F 2.3, C.4), 130.0 (t, ' J C F 2.8, 

C.7), 129.1 (t, % F 25.1, C.4a), 128.5 (s, C.2), 104.1 (t, ^JCF 248.1, C.5); Drnax (KBr disc) 

/cm ' 3049, 2962, 1699, 1587, 1557; m/z ( E f ) 245 ( M * [ " C l ] , 74 % ) , 243 (M^ [^^Cl], 100 

), 217 (60), 216 (67), 215 (80), 214 (97), 186 (86), 179 (51), 152 (68), 151 (88), 125 (65), 

100 (52), 99 (67), 75 (81); found C, 49.13; H , 1.59; N , 5.71. C 1 0 H 4 C I F 2 N O requires C, 

49.31; H , 1.66; N , 15.60 %; X-ray crystallography (selected data) Temp. 120(2) K, X = 
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0.71073 A, Monoclinic, P2i/c (No. 14), a = 8.893(2) A, b = 6.105(2) A, c = 17.259(4) A, 

a=90°, p=91.56(l)°, Y=90°, V = 936.7(4) Â  Density (calc.) = 1.727 g/cm̂  R(int) = 

0.020, Crystal size = 0.28 x 0.45 x 0.60 mm\ R l = 0.028, wR2 = 0.079. 

7.3.6 Direct Fluorination of 6-Methoxy-8-nitroquinoline (23) 

Experiment 1: 6-Methoxy-8-nitroquinoline (0.5 g, 2.5 mmol) and fluorine (22 mmol, 9 

equivalents). Gave a yellow solid 0.38 g; Conversion was found to be 56%, which 

consisted of 99% 5-fluoro-6-methoxy-8-nitroquinoline (As compared to literature data. 

23,219). 

Experiment 2: 6-Methoxy-8-nitroquinoline (0.5 g, 2.5 mmol) was dissolved sulfuric acid 

(15 ml)/ PPU (85 ml); fluorine (36 mmol, 14 equivalents). Gave a yellow/ orange solid 

0.45 g; Conversion was found to be 59%, which consisted of 100% 5-fluoro-6-methoxy-

8-nitroquinoline. 

Experiment 3: 6-Methoxy-8-nitroquinoline (0.5 g, 2.5 mmol) was dissolved sulfuric acid 

(15 ml)/ PPU (85 ml); fluorine (59 mmol, 23 equivalents). Gave a yellow/ orange solid 

0.11 g; Conversion and yield were not calculated, due to the small amount of material 

recovered, although conversion is thought to be high. 

Experiment 4: 6-Methoxy-8-nitroquinoline (0.5 g, 2.5 mmol) was dissolved sulfuric acid 

(15 ml)/ P P l l (85 ml); fluorine (17 mmol, 4 equivalents). Gave a yellow soHd 0.97 g; 

Conversion was found to be 22%, which consisted of 100% 5-fluoro-6-methoxy-8-

nitroquinoline. 

Purification was achieved using chromatography on silica, 9: 1 diethyl ether: 

hexane as elutant. 

5-Fluoro-6-methoxy-8-nitroquinolme (24): Yellow solid; 0.28 g; m.p. 154-155°C; 5^H 

(400 MHz; C D C I 3 ) 9.01 (dd, I H , ^JHH 4.4 '^JHH 1-6, H .2), 8.44 (d, I H , ^JHH 8.4 ' 'JHH 1-6, H . 

4), 8.01 (d, I H , V 8.0, H.7), 7.57 (dd, I H , ^JHH 8.8 ^JHH 4.4, H.3), 4.01 (d, 3H, ' J H F O . 8 , 

OMe); Ŝ F̂ (376 MHz; C D C I 3 ) -136.5 (d, "^JHF 7.9, R 5 ) ; 6'^C (100 MHz; C D C I 3 ) 151.4 

(s, C 2 ) , 147.2 (d, 'JcF 259.7, C 5 ) , 143.6 (s, C.g), 142.1 (d, ^ J C F 10.6, C^), 134.8 (d, ^JCF 

2.8, C.g„), 128.4 (d, ĴcF 5.1, C^), 122.8 (d, '*JCF 3.6, C.3), 119.9 (d, ^JCF 14.2, C ^ ) , 114.4 

(d, ^JCF 3-6, C.7), 57.8 (s, OMe); (KBr disc)/cm"' 3091, 2991, 2949, 2857, 1643, 

1597, 1561, 1536; m/z (Et) 222 (M^ 100 % ) , 192 (84), 133 (52); found C, 53.76; H , 
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3.01; N , 12.36. C10H7FNO3 requires C, 54.06; H , 3.17; N , 12.61 %; X-ray crystallography 

(selected data) Temp. 120(2) K,X = 0.71073 A, Monoclinic, P2i/c (No. 14), a = 7.416(1) 

A, b = 16.246(6) A, c = 8.008(1) A, a = 90°, P = 108.19(2)°, Y = 90°, V = 916.6(4) k \ 

Density (calc.) = 1.610 g/cm^ R(int) = 0.0295, Crystal size = 0.58 x 0.33 x 0.1 m m \ R l 

= 0.033, wR2 = 0.097. 

7.3.7 Direct Fluorination of 6-Chloroquinoline (26) 

6-Chloroquinoline (2.35 g, 14 mmol) and fluorine (168 mmol, 12 equivalents). Gave a 

dark brown oil 3.29 g. Conversion was found to be 59%, which consisted of: 79% yield 

of 6-chloro-5-fluoroquinoline, and 5% yield of 6-chloro-5,8-difluoroquinoline. 

Purification was achieved using chromatography on silica, diethyl ether as elutant. 

6-Chloro-5-fluoroquinoIine (27): White solid; 0.1 g; 5 ' H (500 MHz; C D C I 3 ) 8.94 (dd, 

I H , ' J H H 4.0 ' 'JHH 1.5, H .2), 8.39 (dm, I H , ' J H H 8.5, H^) , 7.86 (dm, I H , %n 9.0, H.g), 7.65 

(dd, I H , ' J H H 9.0 ^JHF 8.0, H.7), 7.48 (dd, I H , ' J H H 8.5 ' J H F , 4.5, H-3); S'^F (470 MHz; 

C D C I 3 ) -124.2 (s, F_5); 5'^C (126 MHz; C D C I 3 ) 152.9 (d, ^JCF 257.5, C.5), 151.2 (d, ^ J C F 

4.5, C.2), 147.2 (d, 'JcF 2.4, Qga), 130.3 (d, ' J C F 2.9, C 7 ) , 128.8 (d, V 4.0, C^), 126.1 

(d, '^JcF 4.5, Cg) , 121.7 (d, % F 7.9, C.3), 119.4 (d, ' J C F 15.5, C^), 116.5 (d, ' J C F 16.5 C. 

4a); m/z ( E f ) 183 ( M ' - f ^ C l } , 53.35 % ) , 181 (M*{^'C1}, 100 % ) , 180 (66.45); 

M*, 183.006533. CgHs^'^ClFN requires M , 183.006505; M^ , 181.009566. CgHs^^ClFN 

requires M , 181.009540. 

6-Chloro-5,8-difluoroquinoline (not isolated) (28): S^^F (188 MHz; C D C I 3 ) -128.3 (dd, 

IF, ' J F F 19.9 V 9.6, F.8), -129.1 (dd, IF , ' J F F 19.9 V 3.8, F.5). 

7.3.8 Direct Fluorination of 6-Methylquinoline (29) 

Experiment 1: 6-Methylquinoline (2.86 g, 20 mmol) and fluorine (240 mmol, 12 

equivalents). Gave a yellow oil (9.61 g, including dichloromethane washings). '^F NMR 

results showed that a complex mixture was obtained with unknown products. 

Experiment 2: 6-Methylquinoline (2.86 g, 20 mmol) and fluorine (65 mmol, 3.25 

equivalents). Gave an orange oil (3.55 g). Conversion was found to be 54%, which 

consisted of: 75 % yield of 5-fluoro-6-methyquinoline, and 5% yield of 5,8-difluoro-6-

methylquinoline. 
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Purification was achieved using chromatography on silica, 4: 1 diethyl ether: 

hexane as elutant. 

5- FIuoro-6-Methylquinoline (30): Pale yellow oi l ; 0.2g; 5 ' H (400 MHz; C D C I 3 ) 8.83 

(br. m, I H , H.2), 8.27 (dd, I H , % H 8.4 V 2.0, H.4), 7.77 (dd, I H , ' J H H 8.8 H.3 ' J H F 2.0, 

H.8), 7.45 (td, I H , % H 8.0 V 3.2, H.7), 7.33 (m, I H , H.3), 2.37 (m, 3H, Me); (376 

MHz; C D C I 3 ) -128.2 (d, ^JHP 8.6, F.5); 5'^C (100 MHz; C D C I 3 ) 156.6 (d, ' J C F 250.4, C.5), 

149.9 (s, C.2), 147.2 (d, % F 2.7, Cga), 131.9 (d, ' J C F 6.1, C.7), 128.5 (d, ^JCF 5.4, C.4), 

124.3 (d, %p 4.2, Cg), 120.8 (d, ' J C F 3.0, C.3), 119.4 (d, ' J C F 14.8, C.4a), 118.6 (d, ' J C F 

16.7, C . 6 ) , 14.0 (d, ^ J C F 3.5, Me); v^^ (KBr plates)/cm ' 3071, 3023, 2959, 2926, 2863, 

1639, 1595, 1568; m/z ( E F ) 161 (M^, 91.76 % ) , 160 (100), 133 (62.75); found: [ M + H]* 

162.0719. C 1 0 H 9 F N requires [ M + H]^ 162.0719. 

5,8-Dinuoro-6-Methylquinoline (31): Pale yellow solid; 0.2 g; m.p. 81-82°C; 5^H (400 

MHz; C D C I 3 ) 8.93 (dm, I H , ^JHH 4.4, H.2), 8.35 (dm, I H , ^JHH 7.2, H^) , 7.48 (dd, I H , 

'JHH 8.4 ' J H H 4.4, H.3), 7.22 (dd, I H , ^JHF 10.8 % F 6.4, H-7), 2.43 (d, 3H, V 2.4, Me); 

5 ' ' F (376 MHz; C D C I 3 ) -131.6 (dd, IF , ^JFF21.8 '^JRF 10.2, Rg), -132.3 (dm, IF, ^ J F F 

21.8, F.5); 6'^C (100 MHz; C D C I 3 ) 153.6 (dd, ' J C F 250.7 * J C F 3.0, C.g), 150.7 (dd, ' J C F 

246.2 V 3.1, C.5), 150.3 (d, % F 1-6, C.2), 136.9 (dd, ' J C F 13.7 ' J C F 3.0, Cga), 128.9 (dd, 

'jcF 4.6 %p 2.7, C 4 ) , 122.0 (d, V 2.3, C.3), 119.8 (d, V 18.3, Cg), 119.7 (dd, ' J C F 

18.2 'JcF 5.0, C.7), 115.6 (dd, "JcF 20.8 ' J C F 5.6, C.4a), 14.4 (d, ' J C F 3.4 % ^ 0.8, Me); 

(KBr disc)/cm'' 3071, 3026, 2927, 2861, 1643, 1595, 1500; m/z ( E F ) 179 (M^, 100 % ) , 

178 (90.95); found: M 179.0549. C,oH7F2N requires M * 179.0547. 

6- Fluoro.6-methyi-6-hydroquinoliii-5-one (32): S^^F (188 MHz, C D C I 3 ) -158.1 (qd, 

'JHF21.8 V 8 . 3 , F . 6 ) . 

7.3.9 Direct Fluorination of 6-Nitroquinoline (33) 

Experiment 1: 6-Nitroquinoline (7.83 g, 45 mmol) was dissolved in methanoic acid (150 

ml); fluorine (143 mmol, 3 equiv.). The solution was cooled to 9 °C. Gave a yellow solid 

(6.8 g). 
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Experiment 2: 6-Nitroquinoline (3.50 g, 20 mmol) and fluorine (240 mmol, 12 equiv.). 

Gave a yellow oil (3.42 g). Conversion was found to be 13%, which consisted of 86% 

yield of 8-fluoro-6-nitroquinoline. 

Experiment 3: 6-Nitroquinoline (2.8 g, 16 mmol) was dissolved in an oleum (10 ml)/ 

PPl 1 (90 ml) medium; fluorine (240 mmol, 15 equiv) and cooled tol5°C. Gave 3.4 g of a 

yellow solid. Conversion was found to be 6 1 % , which consisted of 59 % yield of 8-

fluoro-6-nitroquinoline. 

Experiment 4: 6-Nitroquinoline (2.8 g, 16 mmol) and fluorine (273 mmol, 18 equiv) at a 

rate of 25 mlmin"' and cooled tol5°C. Gave 2.0 g of a yellow solid. Conversion was 

found to be 4 1 % , which consisted of 74% yield of 8-fluoro-6-nitroquinoline. 

Experiment 5: 6-Nitroquinoline (2.8 g, 16 mmol) was dissolved in sulfuric acid (10 ml)/ 

P P l l (90ml) medium; fluorine (192 mmol, 12 equiv) and cooled tol5°C. Gave 3.9 g of a 

yellow solid. Conversion was found to be 38%, which consisted of 78% yield of 8-fluoro-

6-nitroquinoline. 

Purification was achieved using chromatography on silica, 96: 4 dichloromethane: 

methanol as elutant. 

8-Fluoro-6-nitroqumolme (34): Yellow solid; 0.2 g; 6 ' H (500 MHz; C D C I 3 ) 9.13 (dd, 

I H , ^JHH 4.0 %n 1.5, H.2), 8.62 (t, I H , ' 'JHH ^JHF 2.0, H.5), 8.41 (dm, I H , ^JHH 8.5, H.4), 

8.17 (dd, I H , ' J H F 10.0 ' J H H 2.5, H.7), 7.67 (dd, I H , % H 8.5 ' J H H 4.5, H.3); 5'^F (470 

MHz; C D C I 3 ) -119.5 (d, % F 9.9, F.g); 5'^C (100 MHz; C D C I 3 ) 158.0 (d, ' J C F 260.7, Cg) , 

153.8 (d, ^JcF 1.5, C.2), 145.0 (d, ' J C F 8.7, Ce), 140.8 (d, ' J C F 12.2, Cga), 137.7 (d, V 
3.1, C^), 128.2 (d, ^JcF 3.0, C.4a), 123.9 (s, C.3), 120.0 (d, ^ F 4.9, C.5), 108.0 (d, ^ J C F 

24.8, C 7 ) ; m/z ( E f ) 192 (M*, 100 % ) , 146 (62), 134 (54), 126 (60); found: M ^ 192.0336. 

C 9 H 5 F N O 2 requires M * 192.0335; X-ray crystallography (selected data) Temp. 120(2) K, 

X = 0.71073 A, Triclinic, PI (No. 2), a = 8.808(3) A, b = 9.767(3) A, c = 10.416(3) A, 

a=86.12°, P=65.30°, Y=77.07°, V = 793.1(4) Â  Density (calc.) = 1.628 g/cm^ R(int) = 

0.0284, Crystal size = 0.6 x 0.39 x 0.08 mm^ R l = 0.049, wR2 = 0.130 { H atoms at C(3), 

C(5), C(13), C(15) partially substituted by fluorine. H/F ratio estimated as 93:7 at C(3) 

and C(13), 95:5 at C(5) and C(15)}. 
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7.3.10 Direct Fluorination of 4,7-Dichloroquinoline (35) 

Experiment 1: 4,7-Dichloroquinoline (2.4 g, 15 mmol) was added to an oleum (15 ml)/ 

P P l l (85 ml) medium; fluorine (180 mmol, 12 equiv.). Gave an orange solid (3.3 g). 

Conversion was found to be 62%, which consisted of: 46 % yield of 4,7-dichloro-8-

fluoroquinoline and 11% 4,7-dichloro-5,8-difluoroquinoline. 

Experiment 2: 4,7-Dichloroquinoline (2.6 g, 13 mmol) and fluorine (78 mmol, 6 equiv.). 

Gave a yellow solid 2.3 g. Conversion was found to be 19 %, which consisted of: 76% 

4,7-dichloro-8-fluoroquinoline and 4% 4,7-dichloro-5,8-difluoroquinoline. 

Purification was achieved using chromatography on silica, 2: 1 diethyl ether: 

hexane as elutant. 

4,7-DichIoro-8-fluoroquinoUne (36): White solid; 0.5 g; 5 ' H (400 MHz; C D C I 3 ) 8.82 

(d, I H , ' J H H 4.0, H.2), 7.92 (dd, I H , ' J H H 9.2 ' J H F 2.0, H.5), 7.58 (dd, I H , ^JHH 9.2 V 6.4, 

H.6), 7.54 (d, I H , % H 4.4, H.3); S'̂ F (376 MHz; C D C I 3 ) -124.5 (s, F.g); S'^C (100 MHz; 

C D C I 3 ) 153.6 (d, % F 257.5, Cg) , 150.8 (s, C.2), 142.7 (d, %p3.8, C.4), 139.7 (d, ^JCF 

11.4, C ^ ) , 128.7 (s, C.5), 123.1 (s, C.3), 121.3 (d, ' J C F 16.3, C.7), 119.9 (d, ' J C F 6.0, Cg), 

114.0 (d, % F 2 7 . 3 , Cga); m/z ( E D 217 (M^ { ^ ' ' " C l } , 75 % ) , 215 ( M " {^^'^^Cl}, 100 % ) , 

180 (91), 145 (69); M*{^^'^^C1}, 214.971234. C9H4^^Cl2FN requires M , 214.970483; X-

ray crystallography (selected data) Temp. 120(2) K, A, = 0.71073 A, Orthorhombic, Pna2i 

(No. 33), a = 23.382(4) A, b = 3.7793(4) A, c = 9.6206(16) A, a=90°, P=90°, Y=90°, V = 

850.1(2) Â  Density (calc.) = 1.711 g/cm^ R(int) = 0.0665, Crystal size = 0.52 x 0.12 x 

0.01 mm^ {Solid solution of the target compound and the product of fluorination at C-5; 

83.3(8) % and 16.7(8) % respectively}. 

4,7-Dichloro-5,8-difluoroquinoline (not isolated) (37): Ŝ F̂ (376 MHz; C D C I 3 ) -114.8 

(dd, IF , 'JFF20.3 ^JHF 11.7, F-5), 127.7 (d, IF, ^JFF20.3, F.g); m/z ( E f ) 235 (M^ { ^ ' ' " C l } , 

54 % ) , 233 ( M " C^' ^^Cl}, 100 % ) , 198 (67); M*{^^' ^^Cl}, 232.961345. C 9 H 3 " C l 2 F 2 N 

requires M , 232.961061. 

7.3.11 Direct Fluorination of 2,7-DimethyIquinoline (38) 

Experiment 1: 2,7-Dimethylquinoline (2.7 g, 17 mmol) and fluorine (43 mmol, 2.5 

equiv.). Gave a yellow oi l 4.9 g. Conversion was found to be 40%, which consisted of: 

82% 8-fluoro-2,7-dimethylquinoline and 12% 5,8-difluoro-2,7-dimethylquinoline. 
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Experiment 2: 2,7-Dimethylquinoline (1.5 g, 10 mmol) and fluorine (50 mmol, 5 equiv.). 

Gave a yellow solid 1.5 g. Conversion was found to be 51%, which consisted of 6 1 % 8-

fluoro-2,7-dimethylquinohne and 15% 5,8-difluoro-2,7-dimethylquinoline. 

Experiment 3: 2,7-Dimethylquinoline (1.5 g, 10 mmol) and fluorine (100 mmol, 10 

equiv.). Gave a yellow oil 3.8 g. Conversion was found to be 62%, which consisted of 

28% 8-fluoro-2,7-dimethylquinoline and 23% 5,8-difluoro-2,7-dimethylquinoUne. 

Purification was achieved using chromatography on silica; diethyl ether/ hexane 

(4: 1) was used as elutant. 

8-Fluoro-2,7-dimethylquinoline (39): White solid; 0.47 g; m.p. 90-92°C; 5 ' H (500 

MHz; C D C I 3 ) 7.89 (dd, I H , % H 8.5 '^JHH 1.5, H^) , 7.34 (d, I H , %n 4.0, H-5), 7.20-7.14 

(m, 2H, H.3 and H.6), 2.68 (s, 3H, 2-Me), 2.38 (d, 3H, % F , 2.5, 7-Me); S ' V (376 MHz; 

C D C I 3 ) -131.8 (s, Rg); 5'^C (126 MHz; C D C I 3 ) 159.2 (d, % F 6.0, C.2), 155.1 (d, ^JCF 

251.0, C_g), 137.9 (d, % F 11.9, Cga) , 135.6 (d, % F 3.4, C.4), 128.4 (d, ^JCF 4.8, Cg ) , 

126.2 (d, ^JcF 2.4, G 4 a ) , 123.3 (d, ^ J C F 15.8, C.7), 122.1 (d, % F 5.3, C 5 ) , 122.0 (s, C.3), 

25.5 (s, 2-Me), 14.6 (d, ^JCF 4.3, 7-Me); (KBr plates)/cm"' 3050, 2923, 1636, 1603, 

1501; m/z (EI*) 175 ( M ^ 100 % ) , 174 (79); M T , 175.079991. CnHioFN requires M , 

175.079728; found C, 74.91; H , 5.59; N , 7.87. CnHioFN requires C, 75.41; H , 5.75; N , 

7.99 %. 

5,8-Difluoro-2,7-dimethylquinoline (40): White solid; 0.06 g; 5 ' H (400 MHz; C D C I 3 ) 

8.21 (d, I H , ^JHH 8.8, H.4), 7.31 (d, I H , ^JRH 8.8, H.3), 6.95 (dd, I H , V 10.0 V 5.2, H . 

6), 2.78 (s, 3H, 2-Me), 2.46 (d, 3H, X F 2.4, 7-Me); 8'^F (376 MHz; C D C I 3 ) -129.2 (dd, 

IF, 'JFF21.8 ^JHF9.4, F.5), 135.9 (d, IF , ^JFF21.1 , F.g); S'^C (100 MHz; C D C I 3 ) 160.4 (s, 

C.2), 152.8 (dd, 'JcF 249.0 ' J C F 3.8, Cg ) , 151.4 (dd, ' J C F 246.3 ' ' J C F 3.8, C.5), 137.9 (dd, 

' J C F 13.7 ' J C F 3.8, Cga), 129.3 (t, ' J C F ' ^ J C F 2.7, C.4), 123.1 (dd, ' J C F 18.0 ^JCF 8.4, C.7), 

122.1 (d, % F 2.2, C.3), 116.3 (dd, 2JCF 18.6 ^ J C F 2.3, C.4a), 111.5 (dd, ^ J C F 21.4 ^JCF 4.6, 

Ce), 25.6 (s, 2-Me), 14.9 (d, ^ J C F 3.1, 7-Me); m/z ( E f ) 193 (M", 100 % ) ; M*, 

193.070315. C11H9F2N requires M , 193.070306. 

7.3.12 Direct Fluorination of 8-Methylquinoline (41) 

Experiment 1: 8-Methylquinoline (2.86 g, 20 mmol) and fluorine (65 mmol, 3.25 

equivalents). Gave an orange oil (3.98 g). Conversion was found to be 26%, which 
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consisted of: 68% yield of 5-fluoro-8-methylquinoline and 16% yield of 8-fluoro-8-

methyl-8-hydroquinoline-5-one. 

Experiment 2: 8-Methylquinoline (2.02 g, 14 mmol) and fluorine (170 mmol, 12 

equivalents). Gave an orange oil (4.76 g). 47% Conversion was found to be 47%, which 

consisted of: 12 % yield of 5-fluoro-8-methylquinoline and 58 % yield of 8-fluoro-8-

methyl-8-hydroquinoline-5-one. 

Experiment 3: 8-Methylquinoline (1.86 g, 13 mmol) and fluorine (156 mmol, 12 

equivalents). Periodically, over twelve hours, fluorine was stopped and the reaction 

vessel purged for a few minutes with dry nitrogen. Using a 1 ml syringe, a 1 ml sample 

was removed from the reaction vessel under a nitrogen atmosphere, and the ^ ^ F N M R 

taken. The flow of fluorine was initiated immediately after sample removal. 

Purification was achieved using chromatography on silica, 4: 1 diethyl ether: 

hexane as elutant. 

5-Fluoro-8-methylquinoline (42): Colourless o i l ; 0.1 g; 8*H (400 MHz; C D C I 3 ) 8.96 

(dd, I H , % H 4.4 ^JHH 2.0, H.2), 8.38 (dd, I H , '^JHF 8.4 ^JHH 1.6, H.4), 7.43 (m, 2H, H.3 and 

H.7), 7.08 (dd, I H , ^JHH 8.0 ^JHF 9.6, H.^), 2.74 (s, 3H, Me); (376 MHz; C D C I 3 ) -

126.9 (m, F .5 ) ; 5^^C (100 MHz; C D C I 3 ) 156.2 (d, ' J C F 250.7, C.5), 149.9 (s, C.2), 147.3 (d, 

' J C F 2.7, C.g), 132.7 (d, ĴcF 4.5, Cga) , 129.3 (d, ' J C F 5.0, C.4), 128.4 (d, ^JCF 8.4, C.7), 

120.7 (d, '*JcF 3.0, C.4), 118.9 (d, ^JCF 16.3, C.4a), 109.4 (d, ^ J C F 18.6, Cg), 17.6 (s. Me); 

(KBr disc)/cm ' 3068, 3012, 2957, 2923, 2891, 2851, 1629, 1597, 1579; m/z ( E F ) 

161 (M*, 100 % ) , 160 (76.85); found: [ M + H]* 162.0719. C10H9FN requires [ M + H]^ 

162.0719. 

8-Fluoro-8-methyl-8-hydroquinoIin-5-one (43): White solid; m.p. 68-70°C; 0.3 g; S ' H 

(400 MHz; C D C I 3 ) 8.89 (dd, I H , ^JHH 4.8 %n 2.0, H.2), 8.36 (ddd, I H , ^JHH 7.6 '*JHH 1.6 

^JHF 0.8, H^) , 7.49 (ddd, I H , ^JHH 8.0 ^JHH 4.8 V 0.8, H.3), 7.16 (dd, I H , ^JHH 10.4 ' J H F 

7.2, H.7), 6.44 (dd, I H , ^JHH 10.4 V 1.2, H.6), 1-90 (d, 3H, V 21.2, Me); S ^ ' F (376 

MHz; C D C I 3 ) -144.4 (qd, ^JHF 20.3 ^JHF 5.6, F.g); 5'^C (100 MHz; C D C I 3 ) 183.9 (d, '^JCF 

3.4, C 5 ) , 158.6 (d, 2 jcF 16.3, Cga) , 153.5 (d, % F 1.6, C.2), 147.4 (d, ^JCF 22.0, C.7), 134.6 

(s, C.4), 128.1 (d, ĴcF 7.6, C_6), 125.2 (d, ^ J C F 2.7, C_4a), 124.4 (d, ^ J C F 1.9, C.3), 87.4 (d, 

' J C F 169.9, C.g), 26.3 (d, ^ J C F 28.8, Me); (KBr disc)/cm"' 3087, 3061, 3054, 3006, 
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2990, 2940, 1671, 1633, 1583; m/z ( E r ) 177 (M^, 29.76 % ) , 159 (100), 158 (78.57); 

(CioHgFNO requires 67.79 C, 4.55 H , 7.91 N ; found 67.49 C, 4.51 H , 7.97 N % ) ; X-ray 

crystallography (selected data) Temp. 110(2) K,X = 0.71073 A, Orthorhombic, Pbca (No. 

61), a = 11.448(1) A, b = 6.7394(4) A, c = 21.629(2) A, a=90°, P=90°, Y=90°, V = 

1668.7(2) Â  Density (calc.) = 1.410 g/cm^ R(int) = 0.0376, Crystal size = 0.17 x 0.19 x 

0.66 m m ^ R l =0.042, wR2 = 0.115. 

Attempted Nucleophilic Attack by Sodium Methoxide 

5-Fluoro-8-methylquinoline (62 mg, 0.09 mmol) was dissolved in anhydrous methanol 

(10 ml). Sodium methoxide (0.05 g, 0.93 mmol) was then added and the mixture heated 

under reflux for 24 hours. The reaction was poured onto water (200 ml), extracted with 

dichloromethane, and the combined extracts dried over magnesium sulfate. Solvent was 

removed by rotary evaporation to leave a yellow oil (59 mg) Analysis by '^F N M R and 

GCMS showed that no products arising f rom nucleophilic displacement of fluorine by 

methoxide were present in the product. 

7.3.13 Direct Fluorination of Isoquinoiine (44) 

Experiment 1 (Acetonitrile): Isoquinoiine (2.0 g, 15 mmol) and fluorine (47 mmol). Gave 

a dark oi l 4.12 g. Conversion was not determined due to significant tar being present in 

the crude reaction mixture. Analysis of the ' V N M R showed that a complex mixture of 

uncharacterised products was produced. 

Experiment 2: Isoquinoiine (2.0 g, 16 mmol) and fluorine (96 mmol, 6 equivalents). Gave 

a dark oi l 3.87 g; Conversion was found to be 45%, which consisted of: 63% 5-/ 8-

fluoroisoquinoline (1 : 1 ratio) and 20% 5,8-difluoroisoquinoline. 

Experiment 3: Isoquinoiine (2.6 g, 20 mmol) and fluorine (240 mmol, 12 equivalents). 

Gave a dark oil 3.75 g; Conversion was found to be 56%, which consisted of: 47% 5-/ 8-

fluoroisoquinoline (1 : 1 ratio) and 32% 5,8-difluorisoquinoline 

Experiment 4: Isoquinoiine (2.5 g, 19 mmol) and fluorine (39 mmol, 2 equivalents). Gave 

a dark oi l 2.71 g; Conversion was found to be 12%, which consisted of: 80% 5-/ 8-

fluoroisoquinoline (1 : 1 ratio) and 8% 5,8-difluoroisoquinoline. 
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Experiment 5: Isoquinoline (5.0 g, 39 mmol) and fluorine (233 mmol, 6 equivalents). 

Gave a dark oil 8.81 g; Conversion was found to be 52%, which consisted of: 55% 5-/ 8-

fluoroisoquinoHne (1 : 1 ratio) and 17% 5,8-difluoroisoquinoline. 

Purification was achieved using chromatography on silica 4: 1 diethyl ether as 

elutant; 5,8-difluoroisoquinoline was further purified by sublimation. 

5-Fluoroisoquinoline (not isolated) (45): 5^^F (376 MHz; CDCI3); -123.6 (dd, ^JHF 10.2 

'^JHF 5.3, F.5); m/z ( E r ) 147 (M^, 100 % ) . 

7- Fluoroisoquinoline (not isolated) (46): 5*^F (376 MHz; CDCI3) -111.5 (td, ^JHF %F 

9.0 V 5 . 3 , F . 7 ) . 

8- Fluoroisoquinoline (47): Yellow oil ; 0.12 g; 6 ' H (500 MHz; CDCI3) 9.51 (s, I H , H. j ) , 

8.58 (d, I H , ^JHH 6.0, H.3), 7.60 (d, I H , ^JHH 5.5, H.4), 7.53-7.59 (m, 2H, H.5 and Re), 

7.18 (m, I H , H.7); 5^^F (376 MHz; CDCI3) -123.4 (m, F.g); 5'^C (126 MHz; CDCI3) 

158.8 (d, ' J C F 256.8, C.g), 145.9 (d, ' J C F 4.8, d ) , 143.7 (d, % F 1.0, C.3), 136.7 (d, % F 

3.8, C.4a), 130.4 (d, 'JcF 8.7, C^), 122.1 (d, ^ 4 . 4 , C.5), 119.6 (d, ' J C F 2 . 8 , C.4), 118.8 (d, 

^JcF 15.4, Cga), 110.8 (d, \F 19.3, C.7); v^^ (KBr plates)/cm"* 3053, 1639, 1585, 1573, 

1500; m/z ( E ^ 147 (M*, 100 % ) , 50 (61); M^ , 147.0485. CgHeFN requires M ^ , 

147.0484. 

5,8-Difluoroisoquinoline (48): Pale yellow solid; 0.40 g; m.p. 79-80°C; 6 ' H (500 MHz; 

CDCI3) 9.51 (s, I H , H.i) , 8.67 (d, I H , ^JHH 6.0, H.3), 7.84 (d, I H , ^JHH 6.0, H^) , 7.28 (td, 

I H , % F ' JHH 9.0 V 4 . O , H.7), 7.15 (td, I H , ^JHF ' JHH 9.0 V 4 . 0 , Re); 6 ' ' F (376 MHz; 

CDCI3) -128.2 (m, 2F, F.5 and F.g); 6'^C (126 MHz; CDCI3) 154.9 (dd, ' J C F 249.6 % F 

6.3, C.g), 153.4 (dd, *JCF 246.7 '^JCF 13.0, C.5), 146.0 (dd, %F 3.9 %F 2.4, d ) , 144.3 (s, 

C.3), 126.8 (dd, 2jcF 20.1 ĴcF 4.8, C.4a), 119.2 (dd, % F 17.4 ' J C F 5.3, C.8„), 113.5 (dd, 

% F 21.7 ' J c F 9.1, C.7), 113.1 (t, 'JcF 'JcF 2.4, C.4), 110.4 (dd, ' J C F 21.7 ' J C F 8.2, Cg); 

(KBr disc)/cm"^ 3055, 1683, 1649, 1581, 1590, 1579; m/z (Et) 165 ( M ^ 100 % ) , 138 

(76); M^ , 165.038940. C 9 H 5 F 2 N requires M * , 165.039006. 
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Chapter 8.0: Experimental Section to Chapter 3.0 
8.1 General Procedure 

The reactions below follow the procedure described, unless otherwise stated. Reaction 

apparatus was purged with nitrogen thoroughly, before and after fluorination. The 

reaction was cooled in a salt water bath to 0-1 °C by an external cryostat. Reactant was 

charged into a glass reaction vessel containing sulfuric acid (> 98%) (100 ml). The 

solution was rapidly stirred using an overhead stirrer, typically at 350 revolutions min"'. 

Fluorine, diluted to 10% with dry nitrogen (v:v) was bubbled through the solution at a 

rate of 50 mlmin ' (13 mmolh ' ) . Conversions and yields were determined from the '^F 

N M R of the crude product, by comparison of the peak integrals with the integral of an 

internal reference (trifluoromethylbenzene). A typical work-up involves pouring the 

reaction onto ice-slush (1000 ml), followed by neutralisation with sodium 

hydrogencarbonate. The mixture was subsequently filtered, and the filtrate extracted with 

dichloromethane; the combined extracts were dried over magnesium sulfate. Solvent was 

removed by rotary evaporation to leave crude reaction product. 

8.1.1 Direct fluorination of 2H-chromen-2-one (49) 

Experiment 1: 2H-Chromen-2-one (5.0 g, 34 mmol) and methanoic acid cooled to 15 °C; 

fluorine (68 mmol, 2 equiv.). Gave an orange solid 5.74 g. Homogenised to 27.32 g in 

dichloromethane. 

Conversion determined to be 49%; of which, 6-fluoro-2H-chromen-2-one 29%, 8-fluoro-

2H-chromen-2-one 11%, 3,4-difluorochroman-2-one 10%, and 3-fluoro-2-oxochroman-

4-yl methanoate 22%. 

Experiment 2: 2H-Chromen-2-one (5.0 g, 34 mmol) cooled to 15 °C and fluorine (68 

mmol, 2 equiv.). Gave an orange solid 6.16 g. Homogenised to 23.81 g in 

dichloromethane. 

Conversion determined to be 38%; of which, 6-fluoro-2H-chromen-2-one 31%, 7-fluoro-

2H-chromen-2-one 30%, 8-fluoro-2H-chromen-2-one 17%, 5,6-difluoro-2H-chromen-2-

one 5%, and 6,8-difluoro-2H-chromen-2-one 7%. 
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Experiment 3: 2H-Chromen-2-one (5.0 g, 34 mmol) cooled to 15 °C and fluorine (204 

mmol, 6 equiv.). Gave an orange oil 11.51 g. Homogenised to 24.91 g in 

dichloromethane. 

Conversion determined to be 76%; of which, 6-fluoro-2H-chromen-2-one 16%, 7-fluoro-

2H-chromen-2-one 18%, 8-fluoro-2H-chromen-2-one 7%, 5,6-difluoro-2H-chromen-2-

one 14%, and 6,8-difluoro-2H-cliromen-2-one 15%. 

Experiment 4: 2H-Chromen-2-one (5.0 g, 34 mmol) and fluorine (204 mmol, 6 equiv.). 

Homogenised to 27.32 g in dichloromethane; gave yellow solution. 

Conversion determined to be 53%; of which, 6-fluoro-2H-chromen-2-one 27%, 7-fluoro-

2H-chromen-2-one 28%, 8-fluoro-2H-chromen-2-one 13%, 5,6-difluoro-2H-chromen-2-

one 13%, and 6,8-difluoro-2H-chromen-2-one 25%. 

Experiment 5: 2H-Chromen-2-one (2.5 g, 17 mmol) and fluorine (204 mmol, 12 equiv.). 

Homogenised to 30.65 g in dichloromethane; gave a yellow solution. 

Conversion determined to be 69%; of which, 6-fluoro-2H-chromen-2-one 20%, 7-fluoro-

2H-chromen-2-one 22%, 8-fluoro-2H-chromen-2-one 8%, 5,6-difluoro-2H-chromen-2-

one 15%, and 6,8-difluoro-2H-chromen-2-one 17%. 

Experiment 6: 2H-Chromen-2-one (2.5 g, 17 mmol) and fluorine (204 mmol, 12 equiv.). 

Homogenised to 17.59 g in dichloromethane; gave a yellow solution. 

Conversion determined to be 72%; of which, 6-fluoro-2H-chromen-2-one 18%, 7-fluoro-

2H-chromen-2-one 20%, 8-fluoro-2H-chromen-2-one 7%, 5,6-difluoro-2H-chromen-2-

one 16%, and 6,8-difluoro-2H-chromen-2-one 17%. 

Purification of 5,6-difluoro-2H-chromen-2-one and 8-fluoro-2H-chromen-2-one 

was achieved by chromatography on silica, diethyl ether/ hexane (2:1) as elutant; further 

purification on some of the fractions by preparative HPLC (using a 21.4 cm Hypersil 

(semi) preparative column, water/ methanol (3:2) as elutant, lOmlmin ' flow rate.). 

Crystals suitable for X-ray analysis were obtained by the slow evaporation of the water/ 

methanol solvent. 

6- Fiuoro-2H-cliromen-2-one (not isolated) (50 ) : 5 ' V (376MHz; CDCI3) -119.9 (dd, 

'JHF8.3 V 6 . 8 , R 6 ) . 

7- Fluoro-2H-chromen-2-one (not isolated) ( 5 1 ) : 5 ' V (376MHz; CDCI3) -117.9 (td, 

V 8 . 3 V 5 . 3 , F . 7 ) . 
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8-Fluoro-2H-chromen-2-one (52): (376MHz; CDCI3) -134.0 (dd, ^JHF 9.4 '*JHF 4.5, 

F.g); X-ray crystallography (selected data) Temp. 120(2) K,X = 0.71073 A, Monoclinic, 

Pc, a = 3.7260(2) A, b = 8.2531(4) A, c = 11.3619(5) A, a = 90°, p = 96.227(2)°, y = 90°, 

V = 347.33(3) A^ Density (calc.) = 1.569 g/cm^ R(int) = 0.0187, Crystal size = 0.82 x 

0.08 X 0.07 mm^ R l = 0.034, wR2 = 0.094. 

5,6-Difluoro-2H-chromen-2-one (53): White solid; 0.02 g; 5 ' H (500MHZ; CDCI3) 7.95 

(dd, I H , ' J H H 10.0, H^) , 7.35 (dt, I H , % F 8 . 5 ^JHH ' J H F 9.5, H.7), 7.10 (ddd, I H , ^JHH 9.5 

'^JHF 3.5 ' J H F 2.0, H-g), 6.52 (d, I H , ^JHH 10.0, H.3); 5'^F (376MHz; CDCI3) -142.6 (ddd, 

IF, ^JFF 20.7 ^JHF 9.8 X F 3.8, F.^), -143.5 (ddd, IF, ^JFF 20.7 % F 8.3 ^JHF 1.5, F.5); 5'^C 

(126 MHz; CDCI3) 159.4 (s, C_2), 149.7 (s, Cga), 146.2 (dd, ' J C F 246.1 ' J C F 11-5, C.5), 

145.6 (dd, ' J C F 257.0 ^JCF 14.5, C^), 135.4 (s, C.4), 120.0 (d, ^JCF 20.0, C.7), 117.8 (s, C.3), 

112.5 (s, C.g), 110.2 (d, ^JCF 16.0, C.4a); m/z ( E t ) 182 (IVT, 85%), 154 (100), 125 (54); 

M^, 182.017612. C9H4F2O2 requires M*, 182.017936; X-ray crystallography (selected 

data) Temp. 120(2) K, X = 0.71073 A, Monoclinic, P2,/c (No. 14), a = 7.071(1) A, b = 

8.522(6) A, c = 12.291(1) A, a = 90°, p = 105.54(1)°, y = 90°, V = 713.57(14) A^ 

Density (calc.) = 1.705 g/cm^ R(int) = 0.0481, Crystal size = 0.25 x 0.20 x 0.08 mm^ R l 

= 0.050, wR2 = 0.125. 

6,8-Difluoro-2H-chromen-2-one (not isolated) (54): 6'^F (376MHz; CDCI3) -124.6 

(ddd, IF , V 17.7 ^JHF 8.3 ^JHP 4.5, Re), -138.3 (ddd, IF, V 17.3 ^JHF 12.0 ^JHF 2.3, F. 

3,4-Difluorocliroman-2-one (not isolated) (55): (188MHz; CDCI3) -177.0 (ddd, 

IF, ^JHF 54.0 ^JFF 29.3 ^JHF 15.6, F.3), -206.8 (ddd, IF, ^JHF 44.7 ^JFF 15.4 ^JHF 6.4, F.4). 

3-FIuoro-2-oxochroman-4-yI Metlianoate (not isolated) (56): S'^F (188MHz; CDCI3) -

205.2 (dd, V 4 5 . 7 ' J H F 5.5, F.3). 

8.1.2 Direct fluorination of 6-methyl-2H-chromen-2-one (57) 

Experiment 1: 6-Methyl-2H-chromen-2-one (2.5 g, 17 mmol) and fluorine (78 nrniol, 5 

equiv.). Gave a yellow solid 2.70 g. Conversion determined to be 45%; of which, 78% 

yield of 5-fluoro-6-methyl-2H-chromen-2-one and an 8% yield of 6-fluoro-6-methyl-6-

hy dro-2H-chromene-2,5 -dione. 
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Experiment 2: 6-Methyl-2H-chromen-2-one (2.5 g, 17 mmol) and fluorine (78 mmol, 5 

equiv.). Gave a yellow solid 9.76g (in DCM). Conversion determined to be 46%; of 

which, 77% yield of 5-fluoro-6-methyl-2H-chromen-2-one and a 9% yield of 6-fluoro-6-

methyl-6-hydro-2H-chromene-2,5-dione. 

Experiment 3: 6-Methyl-2H-chromen-2-one (5.0 g, 34 nraiol) and fluorine (170 mmol, 5 

equiv.) dissolved in sulfuric acid (> 98%) (90 ml) and water (10ml). Gave a yellow oil 

15.45g (in DCM). Conversion determined to be 52%; of which, 69% yield of 5-fluoro-6-

methyl-2H-chromen-2-one and a 10% yield of 6-fluoro-6-methyl-6-hydro-2H-chromene-

2,5-dione. 

Purification of 5-fluoro-6-methyl-2H-chromen-2-one was achieved by using 

chromatography on silica, using diethyl ether/ hexane (1:1 ratio) as elutant; crystals 

suitable for x-ray analysis were obtained by the slow evaporation of ethanol/ water (1:1 

ratio). Purification of 6-fluoro-6-methyl-6-hydro-2H-chromene-2,5-dione was achieved 

by using chromatography on silica, using diethyl ether/ hexane (1:1 ratio) as elutant, 

subsequently followed by using chromatography on silica, diethyl ether/ hexane (3:7 

ratio) as elutant; crystals suitable for x-ray analysis were obtained by the slow 

evaporation of diethyl ether/ hexane (3:7 ratio). 

5- Fluoro-6-methyl-2H-chromen-2-one (58): White solid; 0.52g; m.p. 78-79°C; 6 ' H 

(400MHz; CDCI3) 7.93 (d, I H , ^JHH 9.6, H.4), 7.32 (t, I H , ^JHH % F 8.4, H.7), 7.02 (d, I H , 

'JHH 8.8, Rg), 6.42 (d, I H , ^JHH 9.6, H.3), 2.30 (d, 3H, V 2.0, Me); 5 " F (376MHZ; 

CDCI3) -123.8 (d, *JHF 8.3, F . 5 ) ; 6'^C (lOOMHz; CDCI3) 160.1 (s, C.2), 156.2 (d, ' J C F 

251.6, C.5), 152.6 (d, ' J C F 4 . 6 , C . 8 „ ) , 136.4 (d, ' J C F 4 . 6 , C.4), 134.0 (d, ' J C F 6 . 8 , C.7), 119.7 

(d, ' J c F 16.0, C.4a), 116.5 (d, % F 1.9, C.3), 112.0 (d, \ F 4 . 2 , C.g), 108.6 (d, ' J C F 19.8, C. 

6), 13.8 (d, ^JCF 3.5, Me); D^ax (KBr disc)/cm"' 3059, 1744, 1637, 1611, 1578; m/z ( E f ) 

178 (IVr, 82%), 150 (63), 149 (90); M*, 178.042877. C10H7FO2 requires M ^ 178.043008; 

X-ray crystallography (selected data) Temp. 120.0(2) K, A, = 0.71073 A, Orthorhombic, 

Pna2i, a = 20.0846(5) A, b = 3.7945(1) A, c = 10.4322(4) A, a = 90°, P = 90°, y = 90°, V 

= 795.05(4) Â  Density (calc.) = 1.488 g/cm^ R(int) = 0.0220, Crystal size = 0.40 x 0.18 

X 0.18 mm^ R l = 0.031, wR2 = 0.088. 

6- Fluoro-6-methyl-6-hydro-2H-chromene-2,5-dione (59): Yellow solid; 0.16g; m.p. 

128-130°C; 5 ' H (400MHz; CDCI3) 7.76 (d, I H , ^JHH 9.6, H.4), 6.70 (dd, I H , ^JHH 10.4 
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' J H F 7.6, H .7 ) , 6.42 (d, I H , %n 10.4, Rg), 6.23 (d, I H , ^JHH 9.6, H .3 ) , 1.57 (d, 3H, ' J H F 

22.0, Me); (376MHz; C D C I 3 ) -158.6 (qd, ^ J H F 22.8 ' J H F 7.5, Re); (lOOMHz; 

C D C I 3 ) 191.9 (d, ^JcF 16.4, C.5), 165.2 (d, % F 3.4, C.8„), 158.6 (s, C.2), 143.7 (d, %F 

23.3, C.7), 138.9 (s, C^), 120.6 (d, ^ J C F 8.8, Cg), 114.4 (s, C.3), 110.0 (d, ^ J C F 4.2, C^a), 

90.4 (d, 'jcF 180.3, C^), 24.2 (d, ^ J C F 26.6, Me); w (KBr disc)/cm ' 3091, 3059, 3022, 

2995, 2939, 1756, 1736, 1689, 1602, 1545; m/z ( E f ) 194 (M*, 82%), 100 (100); M ^ 

194.038471. C10H7FO3 requires M+, 194.037922; X-ray crystallography (selected data) 

Temp. 120.0(2) K,X = 0.71073 A, Monoclinic, P2i/c, a = 9.4545(3) A, b = 10.7328(4) A, 

c = 8.2003(3) A, a = 90°, P = 94.737(2)°, y = 90°, V = 829.27(5) A^ Density (calc.) = 

1.555 g/cm^ R(int) = 0.0168, Crystal size = 0.35 x 0.26 x 0.22 mm^ R l = 0.037, wR2 = 

0.106. 

Attempted displacement of fluorine in 5-fluoro-6-methyI-2H-chromen-2-one (58) 

5-Fluoro-6-methyl-2H-chromen-2-one (50 mg, 0.28 mol) was weighed into a N M R tube. 

To this was added absolute ethanol (0.5ml) and concentrated sulfuric acid (>98%) (0.5 

ml). A known amount of trifluoromethylbenzene was also weighed into the N M R tube 

and the '^F N M R was taken. Thereafter, '^F NMRs were taken regularly for a period of 

four days. In between, the NMR tube was agitated at a rate of 10 revolutionsmin '. After 

four days no change in the '^F N M R integrals was observed. 

8.1.3 Direct fluorination of 7-methoxy-2H-cliromen-2-one (60) 

Experiment 1: 7-Methoxy-2H-chromen-2-one (2.5 g, 14 nmiol) and fluorine (70 mmol, 5 

equiv.). Gave a yellow solid 2.48 g. Conversion determined to be 55%; of which, 70% 

yield of 8-fluoro-7-methoxy-2H-chromen-2-one and 20% yield of 8,8-difluoro-8-hydro-

2H-chromene-2,7-dione. 

Experiment 2: 7-Methoxy-2H-chromen-2-one (4.1 g, 23 mmol) and fluorine (234 mmol, 

10 equiv.). Extracted with several portions of dichloromethane and separately, several 

portions of ethyl ethanoate. Gave a yellow solid 4.64 g. Homogenised to 102.54 g in ethyl 

ethanoate. 

Conversion determined to be 75%; of which, 75% yield of 8,8-difluoro-8-hydro-2H-

chromene-2,7-dione. 
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Experiment 3: 7-Methoxy-2H-chromen-2-one (2.5 g, 14 mmol) and fluorine (70 mmol, 5 

equiv.). Extracted with several portions of dichloromethane and separately, several 

portions of ethyl ethanoate. Gave a yellow solid 3.53 g. Homogenised to 85.53 g in 

acetonitrile. 

Conversion determined to be 65%; of which, 66% yield of 8-fluoro-7-methoxy-2H-

chromen-2-one and 23% yield of 8,8-difluoro-8-hydro-2H-chromene-2,7-dione. 

Experiment 4: 7-Methoxy-2H-chromen-2-one (4.1 g, 23 mmol) and fluorine (234 mmol, 

10 equiv.). Extracted with several portions of dichloromethane and separately, several 

portions of ethyl ethanoate. Gave a yellow solid 3.97 g. Conversion determined to be 

78%; of which, 75% yield of 8,8-difluoro-8-hydro-2H-chromene-2,7-dione. 

Experiment 5: 7-Methoxy-2H-chromen-2-one (4.1 g, 23 mmol) and fluorine (234 mmol, 

10 equiv.). Extracted with several portions of dichloromethane and separately, several 

portions of ethyl ethanoate. Gave a yellow solid 4.70 g. Conversion determined to be 

94%; of which, 72% yield of 8,8-difluoro-8-hydro-2H-chromene-2,7-dione. 

Work-up did not involve neutralisation. Purification of 8-fluoro-7-methoxy-2H-

chromen-2-one was achieved by recrystalisation f rom acetonitrile; crystals suitable for x-

ray analysis were obtained by the slow evaporation of acetonitrile. The purification of 

8,8-difluoro-8-hydro-2H-chromene-2,7-dione was achieved by crystallisation from 

dichloromethane; crystals suitable for x-ray andysis were obtained in a similar manner. 

An enriched sample of 6,8-difluoro-7-methoxy-2H-chromen-2-one was obtained f rom 

run 4 by repeatedly washing the sample with saturated sodium hydrogen carbonate 

solution. 

8-Fluoro-7-methoxy-2H-chromen-2-one (61): White solid; 0.16 g; m.p. 190-192 °C; 

6 ' H ( 5 0 0 M H Z ; DMSO-de; 50°C) 7.97 (d, I H , ^ J H H 9.5, H^) , 7.46 (d, I H , ^ J H H 8.5, H.5), 

7.17 (t, I H , ^ J H H V 8.0, H^) , 6.32 (d, I H , ^ J H H 9.5, H .3), 3.94 (s, 3H, OMe); 5 " F 

(470MHz; DMSO-de; 50°C) -158.0 (d, '^JHF 8.0, F-s); 5'^C (126MHz; DMSO-de; 50°C) 

158.6 (s, C 2 ) , 149.8 (d, ' jcF 7.4, C.8„), 144.0 (s, C^), 143.7 (s, C^„), 142.3 (d, ' J C F 8.6, C 

7), 138.2 (d, 'jcF 247.6, Cg), 123.4 (s, C.5), 113.2 (s, C.3), 109.5 (s, Ce), 56.6 (s, OMe); 

i>n,ax(KBr disc)/cm"' 3084, 3027, 2987, 2842, 1719, 1628, 1568, 1508; m/z ( E f ) 194 (ivT, 

82%), 166 (61), 151 (100); N f , 194.038008. C 1 0 H 7 F O 3 requires NT, 194.037922; X-ray 

crystallography (selected data) Temp. 150(2) K, X = 0.71073 A, Orthorhombic, Pna2i 
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(No. 33), a = 6.9083(12) A, b = 18.576(2) A, c = 6.5029(12) A, a = 90°, p = 90°, y = 90°, 

V = 834.5(2) A^ Density (calc.) = 1.545 g/cm^ R(int) = 0.0435, Crystal size = 0.53 x 

0.17 X 0.01 mm\ R l = 0.041, wR2 = 0.107. 

6,8-Difluoro-7-methoxy-2H-chromen-2-one (not isolated) (62): ( 400MHZ; C D C I 3 ) 

7.59 (dd, I H , ' J H H 10.0 ' 'JHH 1-6, H ^ ) , 7.01 (dd, I H , V 10.0 ' J H H 2 . 0 , R 5 ) , 6.40 (d, I H , 

^JHH 9.6, H-3), 4.13 (dd, 3H, ^ J H F 1.6 ^ J H F 1-2, OMe); (376 MHz; C D C I 3 ) -133.0 (m, 

IF, Re), -148.3 (m, IF, ¥. , ) . 

8,8-Difluoro-8-hydro-2H-chromene-2,7-dione (63): Yellow solid; 0.3 g; m.p. 133-

135°C; ( 4 0 0 M H Z ; C D C I 3 ) 7.37 (dm, I H , ^ J H H 9.6, H ^ ) , 7.21 (d, I H , ^ J H H 10.4, H-5), 

6.55 (dm, I H , ^ J H H 10.0, H.3), 6.25 (dm, I H , ^ J H H lO.O, H^) ; 5'^F (376MHz; C D C I 3 ) -

112.3 (s, 2F, Rg); 5*^C (lOOMHz; C D C I 3 ) 184.4 (t, ^ J C F 22.5, C-7), 157.3 (s, C.2), 152.1 (t, 

' J C F 22.5, C.8a), 141.5 (s, C 4 ) , 140.0 (s, C.5), 122.1 (t, ' J C F 3.4, C^), 119.9 (s, C.3), 112.7 

(t, ĴcF 6.5, C^a), 100.1 (d, 'jcF 248.2, C.g); m/z ( E f ) 198 (NT, 21%), 63 (100); w (KBr 

disc)/cm ' 3066, 1753, 1698, 1589; M \ 198.012302. C9H4F2O3 requires M ^ , 198.012851; 

X-ray crystallography (selected data) Temp. 293(2) K, A, = 0.71073 A, Monoclinic, P2i/m 

(No.), a = 7.020(1) A, b = 6.503(1) A, c = 8.748(1) A, a = 90°, P = 96.73(1)°, Y = 90°, V 

= 396.60(9) A^ Density (calc.) = 1.659 g/cm^ R(int) = 0.0261, Crystal size = 0.55 x 0.25 

X 0.09 mm^ R l = 0.046, wR2 = 0.151. 

6,8,8-Trufluoro-8-hydro-2H-chromene-2,7-dione (not isolated) (64): 5 ' ' F (188MHz; 

C D C I 3 ) -111.2 (d, 2R V 8.1 Rg), -133.1 (q, I R W 8.3, Re). 

8.1.4 Direct fluorination of 7-ethoxy-4-niethyl-2H-chromen-2-one (65) 

Experiment 1: 7-Ethoxy-4-methyl-2H-chromen-2-one (3.3 g, 16 mmol) and fluorine (40 

mmol, 5 equiv.). Gave a yellow solid 2.7 g. Homogenised to 31.83g in dichloromethane. 

Conversion determined to be 60%; of which, 66% yield of 8-fluoro-7-ethoxy-4-methyl-

2H-chromen-2-one and 12% yield of 8,8-difluoro-4-methyl-8-hydro-2H-chromene-2,7-

dione. 

Experiment 2: 7-Ethoxy-4-methyl-2H-chromen-2-one (3.3 g, 16 mmol) and 

fluorine (80 mmol, 5 equiv.). Gave a yellow solid 2.8 g. Homogenised to 39.40g in 

dichloromethane. Conversion determined to be 76%; of which, 55% yield of 8-fluoro-7-
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ethoxy-4-methyl-2H-chromen-2-one and 26% yield of 8,8-difluoro-4-methyl-8-hydro-

2H-chromene-2,7-dione. 

Experiment 3: 7-Ethoxy-4-methyl-2H-chromen-2-one (6.6 g, 32 mmol) and fluorine (320 

mmol, 10 equiv.). Gave a yellow solid 6.2 g. Homogenised to 114. l lg in 

dichloromethane. Conversion determined to be 68%; of which, 80% yield of 8,8-difluoro-

4-methyl-8-hydro-2H-chromene-2,7-dione. 

Work-up did not involve neutralisation. Purification of 7-ethoxy-8-fluoro-4-

methyl-2H-chromen-2-one was achieved by washing the crude product with diethyl 

ether; the insoluble material was further purified by chromatography on silica, using 

dichloromethane as elutant; crystals suitable for x-ray analysis were obtained by the slow 

evaporation of dichloromethane. Purification of 8,8-difluoro-4-methyl-8-hydro-2H-

chromene-2,7-dione was achieved by dissolving the crude reaction mixture in minimum 

hot dichloromethane, subsequently followed by the addition of cold hexane, product was 

removed by filtration; this procedure was repeated several times. 

7-Ethoxy-8-fluoro-4-methyl-2H-chromeii-2-one (66): White solid; 0.15g; m.p. 149-

151°C; ( 500MHZ; C D C I 3 ) 7.22 (d, I H , % H 8.5, H^) , 6.83 (m, I H , H.5), 6.08 (s, I H , 

H.3), 4.13 (q, 2H, ^ J H H 7.0, O C H 2 C H 3 ) , 2.33 (s, 3H, 4-Me), 1.42 (t, 3H, ^ J H H 7.0, 

C H 2 C H 3 ) ; (376MHz; CDCI3) -155.7 (d, % F 6.8, Rg); 5"C (126MHz; C D C I 3 ) 159.7 

(s, C.2), 152.3 (d, ' J c F 2.4, C^„), 149.6 (d, ' J C F 7.7, C.7), 142.9 (d, ' J C F 9.2, Cga), 139.7 (d, 

•jcF 251.0, C g ) , 119.2 (d, 'JcF 4.8, Ce), 114.6 (s, C^), 112.6 (s, C.3), 109.6 (s, C.5), 65.5 

(s, O C H 2 C H 3 ) , 18.7 (s, 4-Me), 14.7 (s, C H 2 C H 3 ) ; U n ^ ( K B r disc)/cm"' 3071, 2979, 2899, 

2871, 1738, 1628, 1570, 1519; m/z ( E f ) 222 ( M ^ 52%), 194 (52), 166 (100); found C, 

64.59; H , 4.99. C12H11FO3 requires C, 64.86; H , 4.99; N , 5.85%; X-ray crystallography 

(selected data) Temp. 120(2) K,X = 0.71073 A, Monoclinic, P2i/n, a = 4.8635(5) A, b = 

18.235(2) A, c = 11.854(1) A, a = 90°, p = 92.82(3)°, y = 90°, V = 1050.0(2) A^ Density 

(calc.) = 1.406 g/cm^ R(int) = 0.0327, Crystal size = 0.80 x 0.14 x 0.04 mm^ R l = 0.046, 

wR2 = 0.123. 

7-Ethoxy-6,8-difluoro-4-methyI-2H-chromen-2-one (not isolated) (67): (376 

MHz; C D C I 3 ) -132.3 (m, IF, Eg) , -147.4 (d, IF, ^ J F F 5.3, Eg) . 

8,8-Difluoro-4-methyl-8-hydro-2H-chromene-2,7-dione (68): Yellow solid; 1.06g; 

m.p. 138-140°C; 5 ' H ( 5 0 0 M H Z ; DMSO-de) 7.75 (d, I H , %H 10.5, Rg), 6.58 (s, I H , H.3), 
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6.36 (d, I H , ^ J H H 10.5, H_6), 2.35 (s, 3H, Me); (376MHz; DMSO-de) -111.6 (s, 2F, 

Rg); 5'^C (126MHz; DMSO-dg) 185.6 (t, ^ J C F 22.2, C.7), 158.7 (s, C.2), 154.8 (s, C.4), 

151.2 (t, ^JCF21.5 , C.8a), 140.9 (s, C.5), 121.6 (t, ^ J C F 2 . 8 , Ce), 117.0 (s, C 3 ) , 115.1 (t, ^ J C F 

6.7, C.4a), 101.6 (t, 'JcF 247.2, Cg), 19.5 (s, Me); Umax (KBr disc)/cm'' 3072, 1747, 1693, 

1592; m/z ( E R ) 212 ( M ^ 100%), 184 (82), 128 (67); [M-NH4]^ 230.0630. CloHioFzNOa 

requires [M-NH4]^, 230.0629. 

6,8,8-Triifluoro-4-methyl-8-liydro-2H-chromene-2,7-dione (not isolated) (69): 5 ' V 

(376MHz; DMSO-dg) -110.0 (d, 2F, '^JFF 9.0 Rg), -135.6 (m, IF, Rg). 
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Chapter 9.0: Experimental Section to Chapter 5.0 

9.1 Fabrication of the Microreactors 

Stainless steel was supplied from R.G.B. Stainless Ltd, polytrifluorochloroethylene was 

supplied by Fluorocarbon. Polytetrafluoroethylene, nickel, copper, and lead sheet were 

obtained from Goodfellows, fittings were obtained from Swagelok®; screws and washers 

were obtained from RS. Electric discharge machining was performed by Dow Tooling, 

while stainless steel chemical etching was performed by Photofabrication Ltd. Laser 

machining of stainless steel sheet was performed by Hydram Engineering and 

Micrometric Techniques Ltd. 

9.1.1 Fabrication of the Three-Channel Microreactor (V-19) and Accompanying 

Apparatus 

A nickel sheet 52mm by 96mm by 6mm (width x length x height) was acquired from a 

commercial supplier. Using a milling machine possessing a slitting saw attachment, three 

parallel 0.5mm by 0.5mm by 73mm channel slots were cut into the nickel sheet, as 

depicted in figure 9.1. Screw holes of 3mm diameter are drilled into the nickel sheet 

using a milling machine, at positions as shown in figure 9.2. At each screw hole position 

on the reverse side of the sheet to the channel slots, is machined a conical indent which 

matches the head size of the screw. This allows the head of the screw to be 

accommodated within the nickel block, hence providing a planar lower surface. Cooling 

channels of 2.5mm diameter are then drilled through the nickel sheet, down the middle of 

the width axis. Both ends of the cooling channels are enlarged to 3mm in diameter by 

5mm deep to allow the attachment of the copper cooling tubes, as shown in figure 9.3. A 

3mm diameter by lOmm deep hole was drilled at one end of the block, so that a 

thermocouple probe could be inserted. The channel side of the sheet is subsequently 

polished using silicon carbide/ water paste on a glass surface, in a figure of eight 

movement until the surface is uniform. Copper cooling tubes are then attached to the 

cooling channel holes by silver soldering. 

A 6mm thick polytrifluorochloroethlene (PTFCE) sealing plate is cut to the same 

size as the nickel sheet, and screw holes are fabricated into analogous positions as 

described above. Likewise, a 2mm stainless steel sheet is fabricated to the same 
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specifications as the PTFCE sheet, however three parallel 5mm wide viewing slots are 

fabricated by milling, into the stainless steel, so the channel slots are centred in the 

middle of the viewing slot as depicted in figure 9.4. 

Finally, 1.5mm diameter holes are machined through the PTFCE to allow the 

insertion of l.Smm nickel tubes, namely the liquid inlet, the fluorine inlet, and the 

product outlet tubes. The separate components are attached together using twenty-eight 

3mm nickel-plated brass screws, washers and nuts, as shown in figure 9.5. A torque 

wrench was used to ensure that equal pressure was applied to each screw. Swagelok 

fittings were added to the various tubes so that the microreactor can be attached to the 

fluorination gas handling apparatus. The outlet tubes were fabricated from l.Smm 

diameter nickel and PTFCE tubing and have a total length o f 250mm. 

Prior to use, the reactor was leak tested and passivated using 10%, 20%, and 50% 

F2/N2 mixtures. When the microreactor is in use, it is positioned in a horizontal 

orientation. 

Fig 9.1. Nickel sheet and three chaimel slots 
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Fig 9.2: Depicts the addition of twenty-eight screw holes 

Fig 9.3: Diagram showing the addition of cooling channels 
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Fig 9.4: Depicts the addition of PTFCE sheet and stainless steel (in green) sheet with 

channel viewing slots (in blue). Nickel liquid inlet (in red), gas inlet (in orange), and 

product outlet tubes (in yellow) are also shown 
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Fig 9.5: Final assembly o f triple-channel microreactor (N.B. External cooling tubes are 

not shown for clarity.) 

The gas/ liquid reservoirs were fabricated from stainless steel tube and sheet, as 

shown in figure 9.6. The liquid reservoir was fabricated from a 10mm length o f 20mm 

diameter tube. At one side o f the tube section was welded a 20mm diameter by 2mm 

thick circle possessing in the middle, a single 3mm diameter inlet tube; while at the other 

side was welded a 20nim diameter by 2mm thick cfrcle possessing three 3mm diameter 

outlet tubes, located at -120° from each other. The gas reservoir w£is fabricated in a 

similar manner, however a 15mm length o f 50mm diameter stainless steel tube was used 

and the inlet tube is 6mm in diameter. Both reservoirs are shown in figures 9.7 and 9.8. 

The nozzle cleaning device was fabricated from a polytetrafluoroethylene T-piece 

fitting, as shown in figures 9.9 and 9.10. The three 1.5mm dieuneter nickel outlet tubes 

pass through a 4mm thick PTFE stopper, located at the top o f the T-piece. These outlet 

tubes pass through the T-piece and out of the opposite opening for a further 50mm. 

Through the centre of the PTFE middle section opposite the waste gas outlet orifice was 
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drilled a 3mm diameter hole, through which a 3mm diameter PTFCE tube was inserted. 

The end o f the tube is located lOmm above the end o f the nickel outlet tubes. 

1/4-(6 om) 

1/8-(3 mm) 

SO am 

W ( J i - i ) 

SntMillMoniili 
crop View) 

Wpwni) 

Fig 9.6: Dimensions o f the gas and Uquid reservoirs 

(a) 0) 
Fig 9.7: (a) Three-Dimensional wire firame diagram of the gas reservoir; (b) Photograph 

of the gas reservoir 
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(a) (b) 

Fig 9.8: (a) Three-dimensional wire frame diagram of the liquid reservoir; 

(b) Photograph o f the liquid reservoir 
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Fig 9.9: Diagram o f the nozzle cleaning device 
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(a) (b) 

Fig 9.10: (a) Depicts nickel tubes (in blue), T-piece (in black), waste gas tube (in green), 

solvent wash tube (in purple), and product collection vessel (in red); (b) Photograph of 

the Nozzle cleaning device 

9.1.2 Fabrication of the Twelve-Channel Microreactor (V-20) 

A block o f stainless steel (321 grade) measuring by 61mm by 170mm by 31mm was 

fabricated by milling, from a larger block of stainless steel (See Figs 9.11 and 9.12a). A 

20mm diameter gas reservoir, a 20mm diameter liquid reservoir, and a 10mm diameter 

product collection reservoir were drilled into the stainless steel block. Perpendicular to 

the gas and product collection reservoirs, was drilled in both cases a 6mm diameter 

tapped hole, so as to provide entry and exit openings to these reservoirs. A further forty 

3mm holes were drilled through the block for screws. Channels measuring 0.5mm by 

0.5mm were cut into the surface o f the stainless steel block using wire EDM; six chaimels 

per-side were machined. The channels were closed at either end by spot welding, and 

were linked to the reservoirs o f 0.5mm diameter holes drilled by E D M drilling. 
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Fig 9.11: Top view of the V-20 microreactor 
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Fig 9.12: (a) Side view of the V-20 microreactor; (b) Expanded view of the V-20 

reservoir plugs 

Cooling channels of 2.5mm diameter are then drilled through the stainless steel 

block. Both ends of the cooling channel holes are enlarged to 3mm in diameter by 5mm 

deep to allow the attachment of the stainless steel cooling tubes. A 3mm diameter by 

20mm deep hole was drilled at one side of the block, so that a thermocouple probe could 

be inserted. Both sides of the block were subsequently polished using silicon carbide/ 

water paste on a glass surface, in a figure of eight movement until the surface was 

uniform. Stainless steel cooling tubes were then attached to the cooling channel holes by 

silver soldering. Access ports for the reservoirs were welded to the block and these were 
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fabricated from machined stainless steel plugs, 6mm diameter stainless steel tubing, and 

stainless steel Swagelok® unions, as shown in figure 9.12b. Screws were fabricated f rom 

3mm diameter threaded bar, which was cut into forty 50mm lengths. A stainless steel 

washer and nut per screw were then attached to one end of the threaded bar by spot 

welding. A torque wrench was used to ensure that equal pressure was applied to each 

screw. 

The sealing plates were fabricated from 6mm thick PTFCE sheet, while the cover 

plates were fabricated from 2mm thick stainless steel sheet. Viewing slots were machined 

into the cover plates by the use of a milling machine. To allow the apparatus to be used in 

a vertical position, a stand was fabricated from 10mm thick stainless steel bar, which was 

subsequently welded together, and this is shown in figure 9.13. 

Prior to use, the reactor was leak tested and passivated using 10%, 20%, and 50% 

F2/N2 mixtures. 

Ctamp 

Stud lammjr 
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Fig 9.13: Depicts the V-20 microreactor stand 

9.1.3 Fabrication of the Multi-Channel Microreactor (V-21) 

A block of stainless steel (321 grade) measuring 96mm by 250mm by 50mm was 

machined from a larger block of stainless steel. A 40mra diameter gas reservoir, a 30mm 

diameter liquid reservoir, and a 20mm diameter product collection reservoir were drilled 

227 



through the stainless steel block. A further five 20mm diameter holes were drilled into the 

block to allow the block to be supported when in use, as shown in figures 9.14 to 9.16. 

The block surface and reservoirs were joined together by slots machined by wire EDM, 

as shown in figure 9.17. These slots in the gas and product collection reservoirs are 

located in the centre of the reservoir, while the slot in the liquid reservoir is located to the 

extreme left hand side of the reservoir as drawn horizontally, to prevent the formation of 

gas pockets. Perpendicular to the gas reservoir and product collection reservoir was 

drilled in both cases a 6mm diameter tapped hole, so as to provide entry and exit 

openings to these reservoirs. Cooling channel holes are then drilled through the block, 

both ends of which were enlarged to 3mm by 5mm deep to allow for the stainless steel 

cooling channel tubes to be attached, as shown in figure 9.18. Screw holes of 4mm 

diameter by 5mm deep are drilled into the block, which are then subsequently tapped 

with an appropriate thread, as depicted in figure 9.19. Tapped stainless steel plugs were 

then welded into the gas and liquid reservoirs so that the Swagelok® fittings could be 

inserted. The stainless steel cooling tubes were silver soldered into position, and finally, 

the necessary Swagelok® fittings are added to all of the reservoir openings. PTFE O-rings 

were used in between the block and Swagelok® reservoir fittings to ensure that the 

reservoirs are sealed and to prevent the fitting ft-om partially blocking the reservoir slots. 

. SUWESI Skd ROiiil WCi rdl<i> CMUv 
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SmrlmlilrriKa»i-Wi& 
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Fig 9.14: Top view of the V-21 microreactor 
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Fig 9.15: Side view of the V-21 microreactor 

Fig 9.16: Diagram showing the stainless steel block (in black), reservoirs (m red), and 

support holes (in green) 
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Fig 9.17: Depicts addition of reservoir to block surface slots (in blue) and gas/ product 

collection reservoir inlet/ outlet (in yellow) 

Fig 9.18: Diagram showing the addition of cooling channel holes (in purple) 
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Fig 9.19: Depicts addition of fittings (in orange); the final assembly of the microreactor 

block. (N.B. external cooling tubes not shown for clarity.) 

The nickel bottom plate was fabricated from 2mm thick nickel sheet, while slots 

were machined using wire EDM, as shown in figure 9.20. The channel template plate was 

fabricated from 0.5mm thick stainless steel sheet. Channels were added to the template 

plate by the use of chemical etching, depicted in figures 9.21 to 9.24. The top sealing 

plate was fabricated from a 6mm PTFCE sheet. The cover plate was fabricated from a 

2mm thick stainless steel sheet, and view slots were machined into the cover sheet using 

a millmg machine. The reverse side of the reactor was sealed with a 6mm PTFCE sheet 

and 2mm thick stainless steel sheet. A l l other sheet dimensions were analogous to the size 

of the reactor surface. To ensure that all the screw holes were drilled in exactly the same 

position as the reactor block, a screw hole template was fabricated from heavy gauge 

8mm thick steel, which is shown in figures 9.25 and 9.26. Gaskets were made from 

0.15mm thick copper, 0.15mm thick lead, or 0.05mm thick PTFE; the copper gaskets 

were subsequently annealed prior to use by heating to redness and then plunging into a 

methanol bath immediately. Stainless steel screws of 4mm diameter were used to attach 

the plates to the reactor block. A torque wrench was used to ensure that equal pressure 

was applied to each screw. 
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Prior to use, the reactor was leak tested and passivated using 10%, 20%, and 50% 

F2/N2 mixtures. When in use, the microreactor was held in a vertical position by two 

stainless steel bars, which were inserted through the holes in the block and clamped at 

either end. 

0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 

u 0 0 0 0 0 0 0 0 0 0 0 

0 .J 0 0 0 0 0 0 0 

Fig 9.20: Nickel bottom plate; gasket direcdy analogous 

3 x 1 0.5 mm Slots z •:• 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 

' j 0 ;j 0 0 0 0 0 0 0 

Fig 9.21: Channel template plate with three channels 
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Fig 9.22: Channel template plate with nine channels 
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Fig 9.23: Channel template with thirty channels 

3 X 19 0.5 mm Slots 
Separated By 0.5 mm 

Fig 9.24: Channel template with fifty-seven channels 
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f; 

Fig 9.24: Diagram of the reactor hole template design 

Fig 9.25: Photograph of the reactor hole template 
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Chapter 10.0: Experimental Section to Chapter 6.0 
10.1 Direct Fluorination Using Microreactor Technology 

10.1.1 General Procedure 

The reactions below follow the procedure described, unless otherwise stated. Reaction 

apparatus was purged with nitrogen thoroughly, before and after fluorination. Fluorine as 

a 10 % mixture in nitrogen (v:v) is passed through the MR at a rate of 10 mlmin'^ch"' (2.6 

mmolh 'ch"'); gas flow controlled by a mass flow controller (Brooks® Instruments). 

Reaction mixture was passed through the microreactor at a rate of 0.5 mlh"'ch"'; flow 

controlled by a syringe pump. Microreactor cooled to reaction temperature by an external 

cryostat, the main collection vessel was also cooled to reaction temperature; a secondary 

collection vessel located down-stream of the main collection vessel was cooled by dry 

ice. Analysis of the crude product by g.c. and g.c.m.s. analysis gave the % conversion and 

% yield. (mlmin"^{h"^}ch'' = millilitres per minute {per hour}, per channel) (mmolh 'ch'^ 

= millimoles per hour, per channel) 

10.2 Single Channel Microreactor General Procedure 

The reactions below follow the procedure described, unless otherwise stated. 

Microreactor (MR) was cooled to reaction temperature (5°C) by an external cryostat. 

Fluorine was passed through the MR at a rate of 10 mlmin'V 2.6 mmolh"' in total. 

Reaction mixture was passed through the microreactor at a rate of 0.5 mlh ' in total. 

General work-up involves pouring the reaction mixture onto water (20 ml), followed by 

extraction by several portions of dichloromethane, these are combined and washed with 

saturated sodium hydrogen carbonate solution (10 ml), after which, the organic phase was 

dried over magnesium sulfate. Solvent is removed by rotary evaporation, giving the crude 

product. 

10.2.1 Direct fluorination of ethyl 3-oxobutanoate (70) 

Ethyl 3-oxobutanoate (2.0g, 15 mmol) was dissolved in methanoic acid (2.0g, 43 mmol) 

and passed through the MR at a rate of 2.2 mmolh 'ch'' (0.29gh''). Gave a colourless oil 

2.0g; conversion was found to be 98%, which consisted of, 71% ethyl 2-fluoro-3-
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oxobutanoate (0.23gh"'), 12% ethyl 2,4-difluoro-3-oxobutanoate, and 3% 2,2-difluoro-3-

oxobutanoate. (As compared to literature data. 1^6) 

Ethyl 2-fluoro-3-oxobutanoate was separated on silica using dichloromethane as elutant. 

Ethyl 2-nuoro-3-oxobutanoate (71): 0.2 g; Colourless oil; 6^H (200MHz; CDCI3) 1.29 

(t, 3H, 'JHH7.0, C H 2 C H 3 ) , 2.31 (d, 3H, V 4 . 0 , C H 3 C O ) , 4.28 (q, 2H, ^JHH7 .2, O C H 2 ) , 

5.18 (d, IH, % F 4 9 . 4 , CHF); (188 MHz; C D C I 3 ) -193.7 (dq, ^JHF49.3, '*JHF 3.8); 

(lOOMHz; C D C I 3 ) 198.9 (d, %F23 .5 , C.2), 163.9 (d, ^JCF 23.9, C^), 91.4 (d, ' J C F 

196.9, C 3 ) , 62.6 (s, C-5), 25.9 (s, d ) , 13.9 (s, Ce); Dmax (KBr plates)/cm"' 3650, 3463, 

2986, 2943, 2912, 1765, 1737; found: C, 48.55; H, 6.0. C 6 H 9 F O 3 requires: C, 48.65; H, 

6.08%; m/z (CI) 166 ([M-NH4]^ 100%). 

Ethyl 2,4-difluoro-3-oxobutanoate (not isolated) (72): S'̂ F (188MHz; CDCI3) -203.2 

(d, ^JHF47.6, R 2 ) , -235.2 (td, ^JHF43.8, '*JHF2.8, F.4); m/z (CI) 184 ([M-NH4]"', 66%), 166 

(100), 148 (53), 52 (97). 

Ethyl 2,2-dinuoro-3-oxobutanoate (not isolated) (73): 5'V(188MHz; CDCI3) -113.8 

(s). 

10.2.2 Direct fluorination of ethyl 2-methyl-3-oxobutanoate (74) 

Ethyl 2-methyl-3-oxobutanoate (2.0g, 14 mmol) was dissolved in methanoic acid (2.0g, 

43 mmol) and passed through the MR at a rate of 1.9 mmolh 'ch"' (0.27gh"'). Gave a 

yellow oil 1.9g; conversion was found to be 52%, which consisted of, 49% ethyl 2 -

fluoro-2-methyl-3-oxobutanoate (0.08gh"^) and 11% ethyl 2,4-difluoro-2-methyl-3-

oxobutanoate. (As compared to literature data. 106) 

Ethyl 2-fluoro-3-oxobutanoate (not isolated) (75): (188MHz, CDCI3) -157.4 (qq, 

V 2 2 . O , V 4 . 5 ) ; m/z (CI) 180 ( [ M - N H 4 ] ^ 100%); [M-NH4f, 180.1035. C7H15FNO3 

requires [M-NH4]^, 180.1036. 

Ethyl 2,4-difluoro-3-oxobutanoate (not isolated) (76): 6'^F (188MHz, CDCI3) -166.4 

(IF, q, % F 2 2 . 0 , F.2), -236.0 (IF, td, 'JHF45.7, ^ 3 . 6 , F^); m/z (CI) 198 ( [ M - N H 4 ] ^ 

57%), 180 (70), 52(100). 
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10.2.3 Direct fluorination of 3-acetyl-3,4,5-trihydrofuran-2-one (77) 

3-Acetyl-3,4,5-trihydrofuran-2-one (2.0g, 12 mmol) was dissolved in methanoic acid 

(2.3g, 49 mmol) and passed through the MR at a rate of 2.4 mmolh 'ch"' (0.3Igh"'). Gave 

a yellow oil 1.8g; conversion was found to be 66%, which consisted of, 95% 3-acetyl-3-

fluoro-3,4,5-trihydrofuran-2-one (0.22gh'') and 4% 3-fluoro-3-(2-fluoroacetyl)-3,4,5-

trihydrofuran-2-one. 3-Acetyl-3-fluoro-3,4,5-trihydrofuran-2-one was isolated on silica 

using dichloromethane as elutant. (As compared to literature data. 106) 

3-Acetyl-3-fluoro-3,4,5-trihydrofuran-2-one (78): 0.3g; Colourless oil; 5 ' H (200MHZ; 

C D C I 3 ) 2.44 (3H, d, '^JHF 5.0, C H 3 ) , 2.61 ( IH, m), 2.82 ( IH, m), 4.47 (2H, m, C H 2 O ) ; 

6̂ F̂ (188MHz; C D C I 3 ) -162.6 (m); 6*̂ C (lOOMHz; C D C I 3 ) 203.1 (d, ^JCF 31.1, C_6), 

169.1 (d, % F 23.9, C 2 ) , 96.2 (d, ' J C F 203.2, C 3 ) , 65.6 (d, ' J C F 5.0, C.5), 31.9 (d, % F 20.8, 

C.4), 25.8 (s, C 7 ) ; Unax (KBr plates)/cm-^ 2990, 2928, 1792, 1725; found C, 49.39, H, 

4.99. C 6 H 7 F O 3 requires: C, 49.31, H, 4.79%; m/z ( E F ) 104 ( [M-C2H20]^, 24%), 59 (11), 

43 (100). 

3-Fluoro-3-(2-fluoroacetyl)-3,4,5-trihydrofuran-2-one (not isolated) (79): S'̂ F -172.9 

(m, IF, F.3), -236.8 (td, IF, ^JHF 46, ' 'JFF 7, C O C H 2 F ) , m/z ( E F ) 136 ([M-CO]^ 4%), 87 

(100). 

10.2.4 Direct fluorination of 2-acetylcyclohexan-l-one (80) 

2-Acetylcyclohexan-l-one (2.0g, 14 mmol) was dissolved in methanoic acid (2.0g, 43 

mmol) and passed through the MR at a rate of 1.9 mmolh 'ch"^ (0.27gh"^). Gave a yellow 

oil 2.1g; conversion was found to be 93%, which consisted of, 78% 2-acetyl-2-

fluorocyclohexan-l-one (0.22gh"') and 9% 2-fluoro-2-(2-fluoroacetyl)-cyclohexan-l-one. 

2-Acetyl-2-fluorocyclohexan-l-one was separated on silica using dichloromethane as 

elutant. (As compared to literature data. 106) 

2-Acetyl-2-fluoro-cyclohexan-l-one (81): 0.3 g; yellow oil; 8^H (500MHz; C D C I 3 ) 2.67 

(m, 2H), 2.31-2.41 (m, IH), 2.29 (d, 3H, "JHF 5.5, C H 3 ) , 1.76-2.04 (m, 5H); S'V 

(188MHz; C D C I 3 ) -157.7 (m); 5'̂ C (126MHz; C D C I 3 ) 204.6 (d, ^JCF31.0, C.7), 202.6 (d, 

% F 18.0, Ci ) , 101.4 (d, ' J c F 196.6, C.2), 40.1 (s, Ce), 35.8 (d, ^JCF21.0, C 3 ) , 26.4 (s, C.5), 
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26.1 (s, Cg), 21.1 d, ^JCF6.9, C^); m/z (EI) 158 ( M ^ 0.87%), 43 (100); N T , 158.0739. 

CgHiiFOa requires IVF, 158.0743. 

2-Fluoro-2-(2-fluoroacetyI)-cyclohexan-l-one (not isolated) (82): 6'^F (188MHz; 

C D C I 3 ) -169.6 (br.s), -236.4 (td, %F46.8 '*JFF 7.3, C O C H 2 F ) ; m/z (EI) 176 (M*, 3%), 95 

(100), 42 (85). 

10.2.5 Direct fluorination of ethyl 2-oxocyclohexane carboxylate (83) 

Ethyl 2-oxocyclohexane carboxylate (2.0g, 12 nmiol) was dissolved in methanoic acid 

(2.0g, 43 mmol) and passed through the MR at a rate of 1.7 mmolh 'ch'' (0.29gh"'). Gave 

a yellow oil 2.0g; conversion was found to be 86%, which consisted of, 76% ethyl 1-

fluoro-2-oxocyclohexane carboxylate (0.21gh"'). Ethyl l-fluoro-2-oxocyclohexane 

carboxylate was isolated on silica using dichloromethane as elutant. (As compared to 

literature data. 106) 

Ethyl l-fluoro-2-oxocycIohexane carboxylate (84): 0.3g; yellow oil; 5 ' H (200MHz; 

C D C I 3 ) 1.28 (t, 3H, ^JHH7.0,CH3), 1.86 (m, 4H), 1.98-2.77 (m, 4H), 4.25 (q, 2H, ^JHH7.0, 

C H 2 ) ; 5 ' ' F (188MHZ; C D C I 3 ) -161.2 (tm, ^JHF 17.3); 5'̂ C (lOOMHz; C D C I 3 ) 201.7 (d, 

'jcF 19.7, C.2), 166.7 (d, 'JCF24.6, C.7), 96.2 (d, ' J C F 195.3, d ) , 62.2 (s, Cg), 39.5 (s, C.3), 

35.8 (d, 'JcF 21.6, C^), 26.4 (s, C^), 20.8 (d, ' J C F 6.1, C.5), 13.8 (s, C.9); (KBr 

plates)/cm"' 2949, 2871, 1757, 1734; found: C, 57.19, H, 6.94. C9H13FO3 requhes: C, 

57.45, H, 6.91%; m/z (EI"") 188 (M^, 2%), 67 (98), 55 (55), 39 (73), 29 (100), 27 (69). 

10.3 Triple Channel Microreactor General Procedure 

The reactions below follow the procedure described, unless otherwise stated. 

Microreactor (MR) was cooled to reaction temperature (5°C) by an external cryostat. 

Ruorine was passed through the MR at a rate of 30 mlmin'V 7.8 mmolh"' in total. 

Reaction mixture was passed through the microreactor at a rate of 1.5 mlh'' in total. 

General work-up involves pouring the reaction mixture onto water (100 ml), followed by 

extraction by several portions of dichloromethane, these are combined and washed with 

saturated sodium hydrogen carbonate solution (25 ml), after which, the organic phase was 

dried over magnesium sulfate. Solvent is removed by rotary evaporation, giving the cmde 

product. 
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10.3.11,3-Dicarbonyl Compounds 

10.3.1.1 Direct fluorination of ethyl 3-oxobutanoate (70) 

Experiment 1: Ethyl 3-oxobutanoate (6.0g, 46 mmol) was dissolved in methanoic acid 

(6.0g, 130 nunol) and passed through the MR maintained at 18°C, at a rate of 2.1 mmolh' 

^ch"' (0.82gh"'), for a period of 4.0hrs. Gave a colourless oil 3.6g; conversion was found 

to be 53%, which consisted of, 87% ethyl 2-fluoro-3-oxobutanoate (0.43gh'^). 

Experiment 2: Ethyl 3-oxobutanoate (6.0g, 46 mmol) was dissolved in methanoic acid 

(6.0g, 130 mmol) and passed through the MR at a rate of 2.1 mmolh'^ch"' (0.82gh"') for a 

period of 5.0hrs. Gave a colourless oil 7.2g; conversion was found to be 66%, which 

consisted of, 71% ethyl 2-fluoro-3-oxobutanoate (0.44gh'^). 

Experiment 3: Ethyl 3-oxobutanoate (15.0g, 115 mmol) was dissolved in methanoic acid 

(15.0g, 326 mmol) and passed through the MR at a rate of 2.1 mmolh'^ch ' (0.82gh'') for 

a period of IS.Ohrs. Gave a colourless oil 13.Ig; conversion was found to be 77%, which 

consisted of, 87% ethyl 2-fluoro-3-oxobutanoate (0.62gh"^). 

Experiment 4: (Utilised product outlet tubes which were 50 mm longer) Ethyl 3-

oxobutanoate (24.0g, 185 mmol) was dissolved in methanoic acid (24.0g, 522 mmol) and 

passed through the MR at a rate of 2.1 mmolh'^ch"' (0.82gh'') for a period of 24.0hrs. 

Gave a colourless oil 25 .Og; conversion was found to be 91%, which consisted of, 65% 

ethyl 2-fluoro-3-oxobutanoate (0.55gh"'). 

Experiment 5: Ethyl 3-oxobutanoate (20.0g, 154 mmol) was dissolved in methanoic acid 

(20.0g, 435 mmol) and passed through the MR maintained at 0°C, at a rate of 2.1 mmolh" 

'ch ' (0.82gh'') for a period of 6.0hrs. Gave a colourless oil 5.5g; conversion was found to 

be 79%, which consisted of, 94% ethyl 2-fluoro-3-oxobutanoate (0.69gh'^). 

Experiment 6: Ethyl 3-oxobutanoate (22.0g, 169 mmol) was dissolved in methanoic acid 

(22.0g, 478 mmol) and passed through the MR maintained at 0°C, at a rate of 2.1 mmolh" 

'ch"- (0.82gh"') for a period of 18.6hrs. Gave a colourless oil 24.1g; conversion was found 

to be 70%, which consisted of, 96% ethyl 2-fluoro-3-oxobutanoate (0.63gh"^). 

10.3.1.2 Direct fluorination of ethyl 2-methyl-3-oxobutanoate (74) 

Experiment 1: Ethyl 2-methyl-3-oxobutanoate (13.0g, 90 mmol) was dissolved in 

methanoic acid (12.4g, 270 mmol) and passed through the MR at a rate of 2.0 mmolh"'ch" 
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' (0.86gh"') for a period of 12.0hrs. Gave a yellow oil 10.9g; conversion was found to be 

47%, which consisted of, 38% ethyl 2-fluoro-2-methyl-3-oxobutanoate (0.17gh"'). 

Experiment 2: (Utilised product outlet tubes which were 50 nmi longer) Ethyl 2-methyl-

3-oxobutanoate (6.6g, 46 mmol) was dissolved in methanoic acid (22.8g, 496 mmol) and 

passed through the MR at a rate of 0.8 nunolh 'ch ' (0.35gh"') for a period of 9.0hrs. Gave 

a yellow oil 6.3g; conversion was found to be 67%, which consisted of 40% ethyl 2-

fluoro-2-methyl-3-oxobutanoate (0.lOgh ' ) . 

10.3.1.3 Direct fluorination of 2-acetylcyclohexan-l-one (80) 

Experiment 1: 2-Acetylcyclohexan-l-one (9.8g, 70 mmol) was dissolved in methanoic 

acid (9.8g, 213 mmol) and passed through the MR at a rate of 2.0 mmolh'^ch"' (0.84gh"') 

for a period of lO.Ohrs. Gave a yellow oil 9.6g; conversion was found to be 53%, which 

consisted of 75% 2-acetyl-2-fluorocyclohexan-l-one (0.38gh-'). 

Experiment 2: (Utilised product oudet tubes which were 50 mm longer) 2-

Acetylcyclohexan-l-one (lO.Og, 71 mmol) was dissolved in methanoic acid (15.0g, 326 

mmol) and passed through the MR at a rate of 1.5 mmolh'^ch"' (0.63gh"') for a period of 

S.Ohrs. Gave a yellow oil 9.6g; conversion was found to be 95%, which consisted of 67% 

2-acetyl-2-fluorocyclohexan-1 -one (0.45gh-'). 

Experiment 3: (Utilised product oudet tubes which were 50 mm longer) 2-

Acetylcyclohexan-l-one (8.7g, 62 mmol) was dissolved in methanoic acid (13.0g, 283 

mmol) and passed through the MR at a rate of 1.9 mmolh 'ch ' (0.80gh"') for a period of 

ll.Ohrs. Gave a yellow oil 9.0g; conversion was found to be 99%, which consisted of, 

65% 2-acetyl-2-fluorocyclohexan-l-one (0.58gh"'). 

10.3.1.4 Direct fluorination of ethyl 2-chloro-3-oxobutanoate (85) 

(Utilised product outlet tubes which were 50 mm longer) Ethyl 2-chloro-3-oxobutanoate 

(14.0g, 86 mmol) was dissolved in methanoic acid (31.8g, 691 mmol) and passed through 

the MR at a rate of 0.9 nunolh"'ch"' (0.44gh'') for a period of 14.0hrs. Gave a colouriess 

oil 9.2g; conversion was found to be 59%, which consisted of, 74% ethyl 2-chloro-2-

fluoro-3-oxobutanoate (0.22gh'*). (As compared to literature data. 106) 
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Ethyl 2-chloro-2-fluoro-3-oxobutanoate (not purified) (86): 6F (188 MHz; CDCI3) -

123.4 (s); m/z ( E F ) 183 (M*{^^C1}, 3 %), 140 (76), 112, (92), 109 (74), 91 (58), 44 (52), 

43 (100), 29 (73), 27 (68); IVfl^^Cl}, 182.0151. CeHg^'ClFOj requires M^, 182.0146. 

10.3.2 Aromatic Compounds 

10.3.2.1 l-Methyl-4-nitrobenzene General Procedure 

The reactions below follow the procedure described, unless otherwise stated. Reaction 

solvent consists of acetonitrile/ methanoic acid in a 3:2 ratio; typically, 50ml. The 

solution was passed through the MR for a period of IS.Ohrs. 

Direct fluorination of l-methyl-4-nitrobenzene (87) 

Experiment 1: l-methyl-4-nitrobenzene (9.8g, 72 mmol) was dissolved in acetonitrile 

(48ml) and passed through the MR maintained at 20°C, at a rate of 1.0 mlh'^ch"' (3.0 mlh" 

' in total), 1.5 mmolb'^ch ' (0.62gh''), for a period of 14.0hrs. Gave a yellow oil 11.2g; 

conversion was found to be 15%, which consisted of, 71% l-fluoro-2-methyl-5-

nitrobenzene (0.07gh ' ) . (As compared to literature data.^l) 

Experiment 2: 1-methyl-4-nitrobenzene (5.9g, 43 mmol), at a rate of 1.0 mlh 'ch"' (3.0 

mlh ' in total), 0.9 mmolh 'ch"' (0.37gh''). Gave a yellow oil 14.3g; conversion was found 

to be 44%, which consisted of, 78% l-fluoro-2-methyl-5-nitrobenzene (0.14gh"^). 

Experiment 3: 1-methyl-4-nitrobenzene (5.9g, 43 mmol), passed through the MR 

maintained at 0°C, at a rate of 1.0 mlh 'ch"' (3.0 rtilh"' in total), 0.9 mmolh 'ch"' (0.37gh' 

' ) . Gave a yellow oil 16.6g; conversion was found to be 66%, which consisted of, 71% 1-

fluoro-2-methyl-5-nitrobenzene (0.20gh"'). 

Experiment 4: 1-methyl-4-nitrobenzene (3.0g, 22 mmol), at a rate of 2.0 mlh'^ch"' (6.0 

mlh"' in total), 0.9 mmolb'^ch ' (0.37gh"'). Gave a yellow oil 6.2g; conversion was found 

to be 53%, which consisted of, 60% l-fluoro-2-methyl-5-nitrobenzene (0.13gh''). 

Experiment 5: 1-methyl-4-nitrobenzene (3.0g, 22 mmol), passed through the MR 

maintained at 0°C, at a rate of 2.0 nilh''ch ' (6.0 mlh"' in total), 0.9 nmiolh"'ch"' (0.37gh" 

' ) . Gave a yellow oil 4.5g; conversion was found to be 86%, which consisted of, 54% 1-

fluoro-2-methyl-5-nitrobenzene (0.19gh"'). 
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Experiment 6: l-methyl-4-nitrobenzene (3.0g, 22 mmol), passed through the MR 

maintained at 0°C, at a rate of 2.0 mlh'^ch ' (6.0 mlh ' in total), 0.9 nraiolh 'ch"' (0.37gh' 

^). Gave a yellow oil 3.5g; conversion was found to be 77%, which consisted of, 66% 1-

fluoro-2-methyl-5-nitrobenzene (0.21 gh"^). 

Experiment 7: (Utilised product outiet tubes which were 50 mm longer) l-methyl-4-

nitrobenzene (3.0g, 22 mmol), passed through the MR maintained at 0°C, at a rate of 2.0 

mlh'^ch"' (6.0 mlh"^ in total), 0.9 nraiolb'^ch'' (0.37gh"^), for a period of 6.5hrs. Gave a 

yellow oil 4.9g; conversion was found to be 80%, which consisted of, 51% l-fluoro-2-

methyl-5-nitrobenzene (0.17gh"'). 

Experiment 8: (Utilised product outlet tubes which were 50 mm longer) l-methyl-4-

nitrobenzene (3.0g, 22 mmol), passed through the MR maintained at 0°C, at a rate of 2.0 

mlh 'ch"' (6.0 mlh ' in total), 0.9 nunolh'^ch'^ (0.37gh"'), for a period of 8.0hrs. Gave a 

yellow oil 4.5g; conversion was found to be 86%, which consisted of, 56% l-fluoro-2-

methyl-5-nitrobenzene (0.19gh"^). 

l-FIuoro-2-methyI-5-nitrobenzene (not isolated) (88): Sp (188 MHz; C D C I 3 ) -113.5 

(m); m/z ( E F ) 155 ( M ^ 100 %), 125 (82), 109, (96), 107 (66), 97 (58), 83 (93), 63 (54), 

57 (58); M+, 155.038678. C7H6FNO2 requkes M*, 155.038257. 

10.3.2.2 l-Methyl-2,4-dinitrobenzene General Procedure 

The reactions below follow the procedure described, unless otherwise stated. Reaction 

solvent consists of acetonitrile/ methanoic acid in a 3:2 ratio; typically, 50ml. The 

solution was passed through the MR at a rate of 2 mlh'^ch'^ (6.0 mlh ' in total), 0.9 

mmolh 'ch"' (0.49gh"') for a period of 18.0hrs. 

Direct fluorination of l-methyl-2,4-dinitrobenzene (89) 

Experiment 1: 1-methyl-2,4-dinitrobenzene (4.0g, 22 mmol). Gave a yellow oil 7.9g; 

conversion was found to be 40%, which consisted of, 70% l-fluoro-2-methyl-3,5-

dinitrobenzene (0.15gh''). 

Experiment 2: l-methyl-2,4-dinitrobenzene (4.0g, 22 mmol). Gave a yellow oil 4.6g; 

conversion was found to be 40%, which consisted of, 66% l-fluoro-2-methyl-3,5-

dinitrobenzene (0.14gh"'). 
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Experiment 3: (Utilised product outlet tubes which were 50 mm longer) l-methyl-2,4-

dinitrobenzene (4.0g, 22 mmol), passed through the MR maintained at 0°C, for a period 

of 6.5hrs. Gave a yellow oil 3.8g; conversion was found to be 48%, which consisted of, 

68% l-fluoro-2-methyl-3,5-diniti-obenzene (O.lSgh"'). 

Experiment 4: (Utilised product outlet tubes which were 50 mm longer) l-methyl-2,4-

dinitrobenzene (4.0g, 22 mmol), passed through the MR maintained at 0°C, for a period 

of 8.0hrs. Gave a yellow oil 5.5g; conversion was found to be 51%, which consisted of, 

66% l-fluoro-2-methyl-3,5-dinitrobenzene (0.18gh"^). l-Fluoro-2-methyl-3,5-

dinitrobenzene was isolated on silica using 40-60 petroleum ether/ diethyl ether (1:1) as 

elutant. (As compared to literature data.296) 

l-Fluoro-2-methyl-3,5-dinitrobenzene (90): 0.4 g; yellow oil; 5 'H (200 MHz; C D C I 3 ) 

2.59 (d, 3H, %F2 .2 ,Me) , 8.16 (dd, IH, % F 8 . 4 , X H 2.4, H5) , 8.61 (br.s, IH , H3); 

(188 MHz; C D C I 3 ) -106.2 (d, ^JHF 8.3); 5'̂ C (100 MHz; C D C I 3 ) 161.0 (d, ' J C F 252.2, 

C6), 150.1 (s, C3), 146.0 (d, ^JCF9.8, C4), 129.2 (d, ^JCF20.8, C5), 115.5 (d, ^JCF3.8, C2), 

114.6 (d, ^JCF28.9, CI), 11.7 (d, ^JCF4.9, C7); n ^ (KBr plates)/cm"' 3106, 2852, 1590, 

1538; m/z ( E f ) 200 ( M ^ 56 %) , 183 (100), 137, (71), 108 (70), 107 (94), 96 (54), 81 

(74), 57 (53), 30 (66); M*, 200.023858. C7H5FN2O4 requires M*, 200.023335. 

10.3.2.3 Direct fluorination of 3-nitrophenyl disulflde (91) 

Two-Step (Bulk and Microreactor) General Procedure 

The reactions below follow the procedure described, unless otherwise stated. 3-

Nitrophenyl disulfide (2.0g, 6 mmol) was dissolved in acetonitrile (100ml) and cooled to 

0°C. The solution was rapidly stirred using an overhead stirrer, typically at 350 

revolutions min"^ Fluorine (24 mmol, 4 equivalents) was bubbled through the solution at 

a rate of 25 mlmin"' (6.5 mmolh"'). A sample was removed for '^F NMR analysis to 

determine l-(trifluorosulfur)-3-nitrobenzene concentration. The resultant solution of 1-

(trifluorosulfur)-3-nitrobenzene was passed through the microreactor maintained at 20°C, 

at a rate of 7.3 mlh"'ch"'. General work-up involves shaking the reaction mixture with 

potassium fluoride (~lg), solvent is removed by rotary evaporation, giving the crude 

product. All reactions were performed using product outiet tubes, which were 50 mm 

longer. 
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Preliminary experiment: At regular intervals, the flow of fluorine was stopped and the 

fluorination apparatus purged with nitrogen for 5 minutes. A 1ml sample was taken and 

this was compared to a known reference of trifluoromethylbenzene. This was repeated for 

several hours. 

Experiment 1: Analysis showed a 75% yield of l-(trifluorosulfur)-3-nitrobenzene (0.09 

molml"') (0.65 nmiolh 'ch"'). Solution passed through the microreactor for a period of 

2.8hrs. Gave an orange oil 2.4g; a 41% yield of l-(pentafluorosulfur)-3-nitrobenzene 

(0.20gh"') was obtained. 

Experiment 2: Analysis showed a 62% yield of l-(trifluorosulfur)-3-nitrobenzene (0.07 

molml ') (0.51 mmolh'^ch"'). Solution passed through the microreactor for a period of 

2.8hrs. Gave an orange oil 4.3g; a 56% yield of l-(pentafluorosulfur)-3-nitrobenzene 

(0.24gh-') was obtained. 

Experiment 3: Analysis showed a 56% yield of l-(trifluorosulfur)-3-nitrobenzene (0.07 

molml"^) solution of l-(trifluorosulfur)-3-nitrobenzene was passed through the 

microreactor at a rate of 5.0 mlh 'ch '. (0.34 mmolh 'ch"'). Solution passed through the 

microreactor for a period of 3.5hrs. Gave an orange oil 3.4g; a 52% yield of 1-

(pentafluorosulfur)-3-nitrobenzene (0.14gh'') was obtained. 

3-Nitrophenyl Disulflde One-Step (Microreactor) General Procedure 

The reactions below follow the procedure described, unless otherwise stated. 3-

Nitrophenyl disulfide (l.Og, 3 mmol) was dissolved in acetonitrile (50ml) and passed 

through the MR maintained at 20°C. General work-up involves shaking the reaction 

mixture with potassium fluoride (~lg), solvent is removed by rotary evaporation, giving 

the crude product. Al l reactions were performed using product outlet tubes, which were 

50 mm longer. 

Experiment 1: Solution passed through the microreactor at a rate of 2.0 mlh 'ch"' (6.0 

mlh"' in total), 0.12 mmolh 'ch"^ (O.llgh"'), for a period of 7.0hrs. Gave a yellow oil 7.5g; 

a 60% yield of l-(pentafluorosulfur)-3-nitrobenzene (O.llgh"') was obtained. 

Experiment 2: Solution passed through the microreactor at a rate of 1.0 mlh 'ch"' (3.0 

mlh ' in total), 0.06 mmolh 'ch ' (0.06gh"'), for a period of 8.7hrs. Gave a yellow oil 5.8g; 

a 40% yield of l-(pentafluorosulfur)-3-nitrobenzene (0.04gh"') was obtained. 
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Experiment 3: Solution passed through the microreactor at a rate of 2.5 mlh 'ch ' (7.5 

mlh"^ in total), 0.15 mmolh 'ch"' (0.14gh"'), for a period of 5.7hrs. 20% Fluorine was 

passed through the microreactor at a rate of 5.2 mmolh"'ch'\ Gave a yellow oil 7.7g; a 

55% yield of l-(pentafluorosulfur)-3-nitrobenzene (0.12gh'') was obtained. 

Experiment 4: Solution passed through the microreactor at a rate of 3.5 mlh 'ch"' (10.5 

mlh"' in total), 0.21 mmolh'*ch"' (0.19gh"'), for a period of 4.2hrs. 20% Fluorine was 

passed through the microreactor at a rate of 5.2 mmolh'^ch '. Gave a yellow oil 4.8g; a 

52% yield of l-(pentafluorosulfur)-3-nitrobenzene (0.16gh"*) was obtained. 

Experiment 5: Solution passed through the microreactor at a rate of 2.0 mlh 'ch'^ (6.0 

mlh"' in total), 0.12 mmolh 'ch"' (O.llgh"'), for a period of 6.7hrs. 20% Fluorine was 

passed through the microreactor at a rate of 5.2 mmolh 'ch"'. Gave a yellow oil 7.4g; a 

42% yield of l-(pentafluorosulfur)-3-nitrobenzene (O.OSgh ') was obtained. 

Purification was achieved by chromatography on silica with dichloromethane as elutant. 

(As compared to literature data. ̂  44) 

l-(Pentafluorosulfur)-3-mtrobenzene (93): 0.4g; orange oil; 5 ' H (500MHZ; CDCI3) 

7.73 (IH, t, V 8.0, H.5), 8.11 (IH, dd, V 8.5 % F 1-5, H_6), 8.42 (IH, d, V 8.5, H.4), 

8.65 (IH, t, V 2.0, H.2); 6'^F (470MHz; CDCI3) 80.7 (IF, p, ^JFF 150.4, SFax), 62.4 (4F, 

d, ^JFF 150.4, SFeq); (lOOMHz; CDCI3) 154.1 (p, ^JCF 19.7, C.,), 148.1 (s, C.3), 131.7 

(p, ĴcF 4.7, C.6), 130.1 (s, C.5), 126.4 (s, C^), 121.8 (p, ^JCF 4.7, C2); m/z (Er) 249 (IVT, 

96%), 203 (87), 95, (100), 89 (94), 83 (69), 76 (85), 75 (94), 74 (77), 50 (78), 30 (59); 

IVT, 248.9886. C6H4F5NO2S requires IVT, 248.9883. 

10.4 V-21-3 General Procedure 

The reactions below follow the procedure described, unless otherwise stated. 

Microreactor (MR) was cooled to reaction temperature (10°C) by an external cryostat. 

Fluorine was passed through the MR at a rate of 30 mlmin V 7.8 mmolh"' in total. 

Reaction mixture was passed through the microreactor at a rate of 1.5 mlh"' in total; 1.8 

mmolh"'ch"' (0.70gh"'). General work-up involves pouring the reaction mixture onto 

water (300 ml), followed by extraction by several portions of dichloromethane, these are 

combined and washed with saturated sodium hydrogen carbonate solution (50 ml), after 
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which, the organic phase was dried over magnesium sulfate. Solvent is removed by rotary 

evaporation, giving the crude product. 

10.4.1 Direct fluorination of ethyl 3-oxobutanoate (70) 

Several identical reagent solutions were prepared; a typical solution consisted of ethyl 3-

oxobutanoate (135.0g, 1.04 mmol) and methanoic acid (195.0g, 4.24 mol) (1:4.1 ratio 

respectively). 

Experiment 1: Reaction duration 20.5hrs. Gave a colourless oil 24.47 g; conversion was 

found to be 75%, which consisted of, 92% ethyl 2-fluoro-3-oxobutanoate (0.55gh''). 

Experiment 2: Reaction duration 20.0hrs. Gave a colourless oil 30.42 g; conversion was 

found to be 62%, which consisted of, 90% ethyl 2-fluoro-3-oxobutanoate (0.45gh"'). 

Experiment 3: Reaction duration 23.5hrs. Gave a colourless oil 31.63 g; conversion was 

found to be 76%, which consisted of, 92% ethyl 2-fluoro-3-oxobutanoate (0.56gh"'). 

Experiment 4: Reaction duration 23.0hrs. Gave a colourless oil 24.63 g; conversion was 

found to be 77%, which consisted of, 91% ethyl 2-fluoro-3-oxobutanoate (0.56gh"'). 

Experiment 5: Reaction duration 23.8hrs. Gave a colourless oil 26.66 g; conversion was 

found to be 74%, which consisted of, 90% ethyl 2-fluoro-3-oxobutanoate (0.53gh"'). 

Experiment 6: Reaction duration 24.0hrs. Gave a colourless oil 27.18 g; conversion was 

found to be 86%, which consisted of, 94% ethyl 2-fluoro-3-oxobutanoate (0.65gh''). 

Experiment 7: Reaction duration 48.0hrs. Gave a colourless oil 42.83 g; conversion was 

found to be 71%, which consisted of, 91% ethyl 2-fluoro-3-oxobutanoate (0.52gh"'). 

Experiment 8: Fluorine was passed through the MR at a rate of 15 mlmin 'ch V 3.9 

mmolh 'ch"' (45 mlmin V 11.7 mmolh"' in total). Reaction duration IS.Ohrs. Gave a 

colourless oil 34.98 g; conversion was found to be 91%, which consisted of, 87% ethyl 2-

fluoro-3-oxobutanoate (0.63gh"*). 

Experiment 9: Fluorine was passed through the MR at a rate of 15 mlmin 'ch V 3.9 

mmolh'^ch"' (45 mlmin'V 11.7 mmolh"' in total). Reaction duration 29.8hrs. Gave a 

colourless oil 47.09 g; conversion was found to be 93%, which consisted of, 86% ethyl 2-

fluoro-3-oxobutanoate (0.64gh"'). 

Experiment 10: Reaction mixture was passed through the microreactor at a rate of 0.25 

mlh 'ch"' (0.75 mlh ' in total) 0.9 mmolh 'ch-1 (0.35gh"^). Reaction duration 23.0hrs. 
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Gave a colourless oil 26.66 g; conversion was found to be 77%, which consisted of, 91% 

ethyl 2-fluoro-3-oxobutanoate (0.32gh"'). 

10.4.2 Direct fluorination of 3-acetyl-3,4,5-trihydrofuran-2-one (77) 

Several identical reagent solutions were prepared; a typical solution consisted of 3-acetyl-

3,4,5-trihydrofuran-2-one (119.0g, 0.93 mmol) and methanoic acid (168.0g, 3.72 mol) 

(1:4 ratio respectively), 2.0 molh 'ch"' (0.7Igh'^). 

Experiment 1: Reaction duration 28.0hrs. Gave a yellow oil 36.55 g; conversion was 

found to be 74%, which consisted of, 98% 3-acetyl-3-fluoro-3,4,5-trihydrofuran-2-one 

(0.64gh-'). 

Experiment 2: Reaction mixture was passed through the microreactor at a rate of 0.25 

mlh 'ch ' (0.75 mlh"' in total), 1.0 mmolh 'ch"' (0.35gh ' ) . Reaction duration 50.0hrs. 

Gave a yellow oil 22.89 g; conversion was found to be 96%, which consisted of, 95% 3-

acetyl-3-fluoro-3,4,5-trihydrofuran-2-one (0.40gh''). 

10.5 General Procedure (V-21-9) 

As previously described for the V-21-3. Fluorine was passed through the MR at a rate of 

90 mlmin V 23.4 mmolh ' or 46.8 mmolh"\ 10% and 20% F2 in total respectively. 

Reaction mixture was passed through the microreactor at a rate of 4.5 mlh ' in total, 1.8 

mmolh 'ch"' (2.11gh"'). 

10.5.1 Direct fluorination of ethyl 3-oxobutanoate (70) (10 % fluorine) 

Several identical reagent solutions were prepared; a typical solution consisted of ethyl 3-

oxobutanoate (270 g, 2.077 mol) and methanoic acid (380 g, 8.261 mol). The solution 

was passed through the MR for a period of 19 hrs in all experiments. 

Experiment 1: Gave a colourless oil 115.16 g; conversion was found to be 74%, which 

consisted of, 91% ethyl 2-fluoro-3-oxobutanoate (1.61gh"'). 

Experiment 2: Gave a colourless oil 93.17 g; conversion was found to be 74%, which 

consisted of, 91% ethyl 2-fluoro-3-oxobutanoate (1.61gh''). 

Experiment 3: Gave a colourless oil 42.00 g; conversion was found to be 63%, which 

consisted of, 92% ethyl 2-fluoro-3-oxobutanoate (1.39gh ' ) . 
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Experiment 4: Gave a colourless oil 90.75 g; conversion was found to be 76%, which 

consisted of, 91% ethyl 2-fluoro-3-oxobutanoate (1.66gh"'). 

Experiment 5: Gave a colourless oil 41.61 g; conversion was found to be 75%, which 

consisted of, 91% ethyl 2-fluoro-3-oxobutanoate (1.64gh''). 

Experiment 6: Gave a colourless oil 105.45 g; conversion was found to be 80%, which 

consisted of, 95% ethyl 2-fluoro-3-oxobutanoate (1.82gh''). 

Experiment 7: Gave a colourless oil 100.91 g; conversion was found to be 78%, which 

consisted of, 91% ethyl 2-fluoro-3-oxobutanoate (1.70gh''). 

Direct fluorination of ethyl 3-oxobutanoate (70) (20 % fluorine) 

Experiment 1: Gave a colourless oil 136.45 g; conversion was found to be 83%, which 

consisted of, 87% ethyl 2-fluoro-3-oxobutanoate (1.73gh"'). 

Experiment 2: Gave a colourless oil 132.83 g; conversion was found to be 93%, which 

consisted of, 94% ethyl 2-fluoro-3-oxobutanoate (2.10gh"'). 
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