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Abstract

The development of organofluorine chemistry has revolutionised the way many agro-
chemical and pharmaceutical companies design and screen potential new active in-
gredients. As part of these advances, several methods of selectively introducing C—F,

>CF5 or —CF3 groups into a range of organic compounds has been developed.

In this thesis, we describe the selective syntheses of >CFy groups using fluorine gas
(F3) by transformation of CHy groups a- to carbonyl systems. Our fluorination
methodology was applied to a range of 1,3-diketone, 1,3-diester, 1,3-ketoester and
ester substrates to produce the corresponding CF,C=0 derivatives. The reactivity
of Fy was mediated by the addition of various nitrogen bases, with the addition of
quinuclidine appearing to afford the best selectivity for the selective synthesis of
>(CF5 containing compounds which could, in principle, be scaled up to manufactur-

ing quantities.

Further reactions of some of the difluoroesters synthesised during this project were
investigated. The ArCF,X moiety is of particular interest currently to the life science
industries due to the beneficial physicochemical and pharmacokinetic properties
that the incorporation of fluorine provides. In particular, amidation reactions were

successfully performed to generate a new synthetic route to difluoroamides.

Finally, selective fluorinations of aromatic systems using F, in basic media was
attempted to complement previous literature on the fluorination of these systems in

acidic media.
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Chapter 1

Selective Fluorination Strategies

1.1 Introduction

The world’s population is growing at a steady pace and is expected to reach 9.7
billion by the year 2050.> At the same time, the amount of land available for the
growth of arable crops is decreasing due to climate change making some areas no
longer available for crop production. This is compounded by the increase in meat-
based diets as global populations move to cities. Meat-based diets require more
water, land and energy than a vegetarian diet, and so it is likely that global food
shortages will increase, and begin to affect the developed world.? As such, there is
growing pressure on agrochemical companies to develop new methods of increasing
global food production; either by increasing crop yields by the development of new
herbicides and insecticides or by the development of new crop strains that themselves

are more resistant to disease or have a wider tolerance of growing conditions.

Fluorine is incorporated into bioactive molecules due to a wide range of favour-
able physiochemical properties such as enhanced bioavailability as well as increased
metabolic permeability and stability.®® Agrochemical companies are following the
trend set by pharmaceutical companies of regularly introducing fluorine atoms into
potential active ingredients (Al)s. One discovery strategy involves systematically
incorporating fluorine into every synthetically available position of a potential agro-
chemical to determine if this will increase beneficial physiochemical properties of
the Al In 2018, 30% of the new Food and Drug Administration (FDA) approved
drugs contained at least one fluorine atom, with an average of 2.7 fluorine atoms

per fluorinated drug, and fluorine is found in 50% of marketed agrochemicals.®
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CHAPTER 1. SELECTIVE FLUORINATION STRATEGIES

In general, fluorine atoms have seen growing use in applications in everything from
household applications, such as non-stick frying pans and waterproof phones, to
industrial applications, such as refrigerants and fluoropolymers. Its unique proper-
ties have led to the development of new areas of synthetic chemistry focusing on the
selective incorporation of fluorine into molecules. Despite being the 13" most abund-
ant element in the earth’s crust, fluorine is usually found naturally in the insoluble
salts fluorspar (CaF'y) or cryolite (NagAlFg) which give rise to the limited examples of
fluorinated highly toxic natural products. Since the discovery of the first fluorinated
natural product potassium fluoroacetate and its metabolites, there have only been a
handful of other fluorinated natural products discovered, such as 4-fluorothreonine,
nucleocidin, several w-fluorinated fatty acids and recently (2R354.S)-5-fluoro-2,3,4-
trihydroxypentanoic acid.”'® Despite the other halogens having a lower natural
abundance than fluorine, there are around 3000 natural products containing other
halogens which highlights the difficulties organisms have incorporating fluorine.'*
Fluorine has been used to increase bioactivity since fludrocortisone (1, Florinef),
was approved in 1955 in which fluorine replaces hydrogen at the 9- position (Fig-
ure 1.1).

Figure 1.1: Fludrocortionse, tradename Florinef

Agrochemical companies incorporate fluorine into Als to utilise its unique biochem-
ical and physiochemical properties. This thesis is concerned with the development
of inexpensive fluorination methodologies that could, in principle, be used for the

manufacture of new fluorinated agrochemicals.

Consequently, this introduction discusses organofluorine chemistry in general, and its
applications in agrochemicals. It will also discuss reactions concerning the formation

of CFy groups, which are of particular relevance to the results discussed.
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CHAPTER 1. SELECTIVE FLUORINATION STRATEGIES

1.2 Properties of Fluorine

Fluorine is slightly larger than hydrogen, but with completely different electronic
properties due to fluorines high electronegativity and three lone pairs of electrons.
It is this difference in electronegativity that leads to a range of physiochemical and

biochemical properties that are beneficial in Als.

1.2.1 Size of Fluorine

While the van der Waals radius of fluorine is only 20% larger than hydrogen, the
C—F bond displays characteristics such as size and length that are more similar
to a C=0 bond than a C—H bond (Table 1.1).}57 Fluorine is often used as a
bioisostere for the C—OH group. For example, fluorine has been successfully used
to replace a tertiary hydroxyl group in the Syngenta triazole fungicide flutriafol 2.
While the fluorinated analogue is still able to bind to its target site and display
some biological activity, the overall fungicidal effect is reduced due to the lack of a

hydroxyl functionality to act as a hydrogen bond donor.'®

/=N /=N
NN NN
2 3

Figure 1.2: Flutriafol and its trifluorinated analogue

The high electronegativity of fluorine leads to a highly polarised C—F bond (1.41 D)

that leads to a bond with more electrostatic and less covalent character (Table 1.2).
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Table 1.1: Bond length and volumes of the C—F bond compared to the C—H,
C=0, C-OH and S=0 bonds" "

Bond Bond O van der W?als van der Waals O Totalo size
length/A radius/A volume of atom/A? /A
C-H 1.09 1.20 7.24 2.29
C-F 1.35 1.47 13.31 2.82
c-Cl 1.77 1.75 22.45
C=0 1.23 1.52 14.71 2.73
C-OH 1.43 1.52 14.71
S=0 1.44 1.52 14.71

Table 1.2: Electronic properties of the C—F bond compared to the C—H, C=0,
C—-OH and S=0 bonds

Bon Electronegativity of Dipole moment
the element (n)/D

C-H 2.20 ~ —0.4

C-F 3.98 1.41

C-Cl 3.16 1.87 (CH3Cl)

C=0 3.44 2.33 (H,C=0)

C-OH 3.44 2.87 (CH30H)

S=0 3.44 4.44 (CH3S0,CHj3)

1.2.2 Bond Strengths

The C—F bond (105.4 kcal mol™?) is the strongest single bond to carbon in organic
chemistry due to its increased electrostatic nature. Ionic contributions between FO~
and C°*contributes to the standard covalent bond increasing overall bond strength.
The strength of a C—F bond depends on the number of fluorine atoms attached to the
carbon. As more fluorines are added to carbon, the p-character of the C-F increases,
leading to more polarization and, hence, stronger bonds as observed for the bond
strengths of fluoromethane to tetrafluoromethane (Table 1.3).1° The negative charge
density on each additional fluorine remains constant, and so successive fluorines are
attached to an increasingly positive carbon, therefore, increasing the electrostatic

contributions to bond strength.
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CHAPTER 1. SELECTIVE FLUORINATION STRATEGIES

Table 1.3: Effect of fluorine substitution on the strength of the C-F bond

C-F Bond energies/

Ent C d
niry ompoun kcal mo]fl
1 CH,3F 107
2 CH,F, 110
3 CHF, 115
4 CF, 116

Increasing the number of hydrogens replaced by fluorine can have significant effects
on the overall polarity of the molecule. Whereas 1,4,7,10,13,16-

hexaoxacyclooctadecane (18-crown-6, 4) shows good selectivity for binding cations,
the corresponding perfluorinated crown ether 5 has reversed polarity at the centre

and thus binds to anions such as fluoride or superoxide anions (Figure 1.3).

R FFR F
F

F
F o F
0 0 N oS
F F
S s
F F
o) o) Z o 07\
F F
FFFF
4 5
M* - e.g., Na*, K* X =eg. F, Oy
Figure 1.3: Comparison of the ion complexes of 18-crown-6 and its perfluorinated

analogue

A further effect of the C-F bond polarization is its effect on hybridisation. The
non-polarized C-H bond prefers to be attached to sp? hybridised carbons whereas
fluorine prefers to be attached to sp® hybridised carbon atoms. The fluorine attracts
p-electron density from the sp? carbon into its low lying 2p orbital. The preference
for fluorine to be attached to an sp? carbon can be shown in the Cope 3,3-sigmatropic
rearrangement of 1,1-difluoro-1,5-hexadiene 6 to 3,3-difluoro-1,5-hexadiene 7 which

is favoured by 5 kcal mol™! (Figure 1.4).%°
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CHAPTER 1. SELECTIVE FLUORINATION STRATEGIES

~NCF, = F
= X

6 7

Figure 1.4: Isodemic Cope rearrangement of 6 illustrating the preference for

fluorine to bond to an sp® carbon

1.2.3 pK,

Fluorine is the most electronegative element and as such, can have a significant elec-
tronic effect on nearby functional groups. Incorporating fluorine into organic mo-
lecules can lower the p K, of functional groups, even several carbons away (Table 1.3)
and this effect increases with the incorporation of subsequent fluorine atoms.?!
Changes in pK , can have many positive effects on physiochemical properties such as
solubility and binding affinities, and pharmacokinetic properties such as bioavailabil-
ity and metabolism. The lowering of the pK, of nearby amines, alcohols, carboxylic
acids and phosphonic acids can increase bioavailability and efficacy by increasing

membrane penetration at physiological pH.??

Table 1.4: Effect of fluorine substitution on pK, and pKj,

Carboxylic acid pK., Alcohol pK. Amine pKy
CH3CO.H 4.76 CH3CH,OH 15.9 CH3CH,NH,  10.6
CH,FCOH 2.59 CF3CH,OH 12.4 CF3CH,NH, 5.7
CHF,CO.H 1.34 (CH3)3CH,OH 19.2 CgHsNH, 4.6
CF3COH 0.52 (CF3);CH,OH 5.1 CgFsNH, —0.36

1.2.4 Lipophilicity

The lipophilicity of an AT is important in agrochemicals for two main reasons; mem-
brane permeability and soil leaching. Lipophilicity is expressed as logP where P is

the partition coefficent between octanol and water.

b t t octano
108 Pyt s, = log <[Su strate]oe 1)

[substrate]yater

(1.1)

Lipophilicity increases the amount of the AI that is transported in vivo around the

target organism and raises the rate of passive diffusion across membranes. More
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CHAPTER 1. SELECTIVE FLUORINATION STRATEGIES

lipophilic molecules often have higher binding efficiencies at the active site regions

of enzymes as these have a lower polarity than the rest of the cellular environment.

Increased lipophilicity is commonly exploited in insecticides such as diflubenzuron 8
which has an increased penetration into the central nervous system (CNS) of insects
that is correlated to their logP.?3 This strategy effects the CNS of insects, thus not

harming treated crops.

Figure 1.5: Diflubenzuron

If a molecule is too lipophilic then the increase in solubility causes formulation and
stability issues. While the incorporation of an Al across a membrane by passive
diffusion is desired, if the Al is too lipophilic, it is possible for the compound to
remain trapped in the lipid core and not be transported to the desired site. Above a
log P value of approximately 3.5, the mobility of the compound through the plants
xylem starts to become very limited.?* Lipophilicity of an Al requires a balance
though; if the Al is not lipophilic enough then it will not be taken up by the plant

or insect or transported around the organism.

The incorporation of fluorine can modulate lipophilicity, either raising or lowering
it, depending on the location of the fluorine atom. In the case of aliphatic systems,
terminal mono-, di-, and tri-fluorinated systems tend to decrease lipophilicity due
to the polar effects of the strong C-F and C-CF3 bond dipoles created by the

electronegative fluorine.?’

Perfluoroalkyl groups are added to organic molecules to increase lipophilicity such
as in the broad spectrum insecticide flubendiamide 9.26 Incorporation of fluorine
into aryl and heteroaryl systems such as PhF, PhCF3; and PhOCFj3 also increases
lipophilicity due to interactions of fluorine with m-bonds. Als are often made more
lipophilic by incorporating a fluorophenyl moiety such as in meperfluthrin 10. While
a-fluorinated carbonyl derivatives are more lipophilic in octanol, the standard or-
ganic solvent used to determine partition coefficients, they are less lipophilic in
hydrocarbon-water systems such as hexane or benzene. a-Fluoro and «a,a-difluoro

carbonyl derivatives undergo an increased rate of hydration compared to the non-
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fluorinated carbonyl system. In an octanol-water mixture, fluorine substitution in-

creases the rate of acetalization with the alcohol, and hence lipophilicity increases.

j) F
| Cl = J\O F
o}
o HN (e} Cl O

~& F

//S\ F

(e}

9 10

Figure 1.6: Flubendiamide and meperfluthrin

A logP value of around 3 is the trigger for potential leaching of an Al through the
soil, which can have significant environmental concerns unless half-life in the soil
(DT5g) is short. Aquatic organisms uptake organic compounds at a rate that is
roughly in proportion to their logP value and, with limited means of excretion, Als

can build up to toxic amounts.

1.2.5 Degradation of Active Ingredients in Soil

The DTy is essential to consider in the development of new agrochemicals due to en-
vironmental and economic considerations. There is a beneficial steric halogen effect
of introducing fluorine into the 2- and 6- positions of phenyl rings on environmental
stability. The introduction of fluorine can cause different metabolic pathways to
decompose the Al as discovered by comparing the benzyl phenyl urea insecticide

diflubenzuron 8 with its N-2,6-dichlorobenzoyl analogue 11.

Cl
F o jL/@/ F 0 o cl
OH ~
N N - .
F F
12

8 13
2-3d
|
ad o o /©/ c ¢ a cl
NJ\N Soil N NHy + /©/
H H HoN
ol cl

11 14 15

6—12 months

Scheme 1.1: Metabolism of diflubenzuron and its dichlorinated analogue under soil

conditions
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Both diflubenzuron 8 and the chlorinated analogue 11 are stable at acidic pH but
hydrolysed in the soil (pH 9-10) with a DT5q of 2-3 days (d) and 6-12 months re-
spectively.?” At higher pH values, they undergo different amide hydrolysis reactions.
The different reactions can be explained by comparing the bond angles between
the -CO(NH)- moiety and the aromatic ring. Due to the larger size of chlorine,
the 2,6-dichlorobenzoyl moiety is at 90° to the benzoyl phenyl urea (BPU) frame,
whereas the smaller fluorine results in the 2,6-difluorobenzoyl moiety lying in the
same plane as the BPU frame.?® Without this rotation, the amide adjacent to the
difluorophenyl ring in 8 is susceptible to hydrolysis, and so is metabolised at a much
faster rate. Interestingly, 8 has a larvicidal activity against Pieris brassicae 20 times
that of the chlorinated analogue 11 despite having a lower logP value due to the
more hydrophilic nature of fluorine than chlorine. Usually, the larvicidal activity is

proportional to a higher logP value.

1.2.6 Oxidative Metabolism

Als are rarely excreted from an organism without some modification performed to
aid excretion. In mammals, this is usually performed by Cytochrome P450 monooxy-
genases found in the liver. This family of heme-thiolate proteins selectively oxidise
compounds at specific, metabolically labile sites. Once oxidised, lipophilicity is
decreased, and, hence, the metabolites are excreted more readily. This is a sig-
nificant issue for the pharmaceutical industry, as the body attempts to detoxify
and excrete drugs before they reach their desired target site. The C-F bond is the
strongest single bond in organic chemistry, and introduction of fluorine effectively
blocks oxidative metabolism at that position.?® This effect was used in the lead op-
timisation of the cholesterol inhibitor Ezetimib 16.2%3% Introduction of fluorine onto
the aromatic rings in the para position prevents ring oxidation by Cytochrome P450
enzymes. Additionally dealkylation of the C4 methoxy group and stereoselective
benzylic oxidation, resulted in a compound that was 400 times more potent than

the lead compound 17.

In particular, 4-fluorophenyl groups are often used in Als to increase bioavailabil-
ity.3! However, while electron-withdrawing fluorine atoms stabilise aromatics against
oxidative and electrophilic attack, polyfluorination can increase susceptibility to nuc-
leophilic attack. It is for this reason that usually only a few fluorine atoms, in specific

locations, are incorporated into agrochemicals, in general.
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Figure 1.7: Ezetimibe and its precursor clinical candidates with their effective
doses (EDsp)

The metabolic pathways that an Al can undergo are very crop-specific. By careful
selection of the fluorination site, the applicable crop selection can be broadened or
narrowed and, in some cases, can be drastically altered. By moving the location of a
—CF3 group and a few other minor structural changes, picoxystrobin 19 (Syngenta)
is now no longer a fungicide, but the acaricide fluacryprim 20 with a completely

different mode of action as it now fits the active site of a different enzyme.
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Figure 1.8: Picoxystrobin and fluacryprim

The importance of fluorine in the agrochemical industries can not be overstated due
to the range of beneficial physicochemical properties it can imbue as discussed above.
As fluorine is generally not present in naturally occurring molecules, there has been
much focus on developing methods of introducing fluorine into organic systems. Im-
portantly, the specific location of fluorine in a molecule is important as it relates to
pK . and metabolic stability and, therefore, regioselective fluorination strategies are
desired. There are many excellent reviews on selective electrophilic and nucleophilic
fluorination strategies to introduce C-F, CF3 and —OCFj3 into molecules, and, of
particular relevance to the research in this thesis, Pattison has recently written a
review on synthetic strategies to generate a,a-difluorodiketones.>3?38 In the follow-
ing sections, a brief overview of the fluorination methodology of particular relevance

to the research in this thesis is described.
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1.3 Selective Difluorination Strategies

Fluorine increases the electrophilicity of carbonyl carbons when it is introduced a-
to the moiety. Incorporation of two fluorine atoms can often drastically increase
the rate of hydration of the carbonyl group due to fluorines electronegativity that
activates the C=0 group to nucleophilic attack. While hydration is often not desired
for synthetic applications, it can have beneficial biophysical properties. Several
enzymes are inhibited by hydrated ketones, and hydrated difluoroketones have been
used as highly effective inhibitors by replacing amide moieties that are susceptible
to hydrolysis (Scheme 1.2).39:40

o H,0 HO OH
R R
F F F F
21 22
o (0]
H
PN NI
N N
H (0}
H
°© Z-Val<_ N N. Valz
NH N a-
j\(F
e}
F
23 24
Procine Pancreatic Elastase Inhibitor HIV-Protease Inhibitor
Ki=0.27 uM Ki=0.1nM

Scheme 1.2: Hydrate formation of an «, a-difluoroketone and examples of enzyme

inhibitors containing this functionality

Of particular interest to the agrochemical and pharmaceutical industries are the
synthesis of ArCFy;H containing compounds due to unique biochemical properties
that allow these systems to act as a bioisostere of both hydroxyl and thiol as wells
as acting as a lipophilic hydrogen bond donor.*'#? For example, the fluorinated
pyrazole carboxamide 30 has increased fungicidal activity against Alternia solani
when a difluoromethyl group (30a, X = H) is present compared to the trifluoro-
methyl derivative (30b, X = F) (Figure 1.10).%* The difluoromethyl group acts as a
weak hydrogen bond donor to the amide carbonyl, and appears to have a significant
role in the enzyme-inhibitor interaction. Incorporation of an ArCFyH moiety into an
organic molecule also increases the metabolic stability, solubility and oral bioavail-

ability compared to the phenyl derivative. Consequently, this thesis will focus on the
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Figure 1.9: Example CF5 containing pharmaceuticals and agrochemicals

growing field of selective formation of CF, by fluorination strategies; in particular
the synthesis of a,a-difluorodiketones, the use of difluoromethyl fluorinated building

blocks and direct fluorinations using relatively inexpensive fluorine gas.

N
N |

N

|

30a;Xx=H
30b;X=F

Figure 1.10: Fluorinated pyrazole carboxamide

1.3.1 Nucleophilic Fluorinations for RCOCF3;R Synthesis

Most nucleophilic fluorination reactions using fluoride occur through halogen ex-
change (halex) reactions utilising existing synthetic strategies for incorporating other
halogens into molecules. Hydrogen fluoride (HF) is often used on an industrial scale
due to its low cost (Scheme 1.3). Mixing HF with a nitrogen base such as triethyl-
amine or pyridine gives a less volatile fluorinating reagent with a pH near neutral

which lowers the corrosive nature of the HF reagent.**
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Scheme 1.3: Part of the synthesis of flucarbazone highlighting nucleophilic
fluorination by HF to form an —OCF5 group*

While these halex strategies are useful to introduce C-F, C—-CF3 or O—CF3 groups,
the formation of gem-difluoro groups is more difficult due to the formation of mono-
fluorinated products or unwanted by-products. Some success at transforming gem-
dichloro and gem-diiodo groups to the desired CF, is achieved using silver salts
such as silver tetrafluoroborate (AgBF,).%> An advantage of using this methodo-
logy is that different halogens in a molecule can be replaced by fluorine, such as
in the synthesis of a gem-difluorinated glucopyranosyl using silver fluoride (AgF)
(Scheme 1.4).%6

X X AgBF4 F F
R1 RZ DCM, r.t. R1 Rg
34 35
X=Cl, | 35-84%

OAc

N-Bromosuccinimide

AcOr- AgF AcOr

AcO  OAc AcO
36 37 38
62% 70%

Scheme 1.4: Nucleophilic substitutions of halogens by fluoride

The CF, functionality can be readily introduced using deoxyfluorination agents such
as sulfur tetrafluoride SFy, diethylaminosulfur trifluoride (DAST) 39, Deoxo-Fluor
40, Xtalfluor-E and Xtalfluor-M 41a,b (Figure 1.11).

These reagents convert carbonyls to CFy groups in usually good yields and are often
functional group tolerant. DAST 39 has been used to successfully difluorinate poten-
tially biologically active compounds, as well as a wide range of carbonyl-containing
molecules (Scheme 1.5).4748 Unfortunately 39 is moisture sensitive, and upon heat-

ing can convert to the highly explosive (NEty),SFy after eliminating SF,.

31



CHAPTER 1. SELECTIVE FLUORINATION STRATEGIES
L 'y .
0 o
N ~ \/\'Tl/\/ ~ N ) [+j
SF SFs &, O I e
8 2 SF,
39 40 41a 41b

Figure 1.11: Nucleophilic fluorinating agents DAST, Deoxo-Fluor, Xtalfluor-E,
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Scheme 1.5: Examples of nucleophilic fluorinations using DAST including part of
the synthesis of (R)-14,14-difluoro-13-hydroxy-9(Z),11( E)-octanedienoic acid

Deoxofluor 40 now has more widespread use than DAST 39 as it is more thermally
stable, but is also moisture-sensitive, and decomposes to produce HF. 41a is also
commonly used as it is non-explosive, crystalline, less moisture sensitive and results

in fluorodeoxygenation with fewer by-products such as corrosive HF. While these
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nucleophilic fluorinating agents offer more control than HF, in general, they are too

expensive to use on the scales required for the agrochemical industry.*?

These general reagents for CFy formation have been used to synthesise difluoro-
carbonyl derivatives (CFyC=0 groups). It is possible to selectively replace brom-
ine instead of chlorine with fluorine a- to carbonyls by using mercury (II) fluoride
(HgF5).5° While this strategy of bromination using N-bromosuccinimide (NBS) fol-
lowed by fluorination using HgFs proceeds with excellent conversion and selectivity
to form «, a-difluorocarbonyls (Scheme 1.6), HgF5 is highly toxic, and so not prac-

tical on larger scales.

6} o} o}

)JvPh NBS )S(Ph HgF )S(Ph
Me Me Me
Br Br F F
51 52 53
o o o
CI\)H/Me NBS ClQS(Me HoF2 CI\)%Me
F F Br F F
54 55 56

Scheme 1.6: Halogen exchange of gem-dihalodicarbonyl compounds

Some examples of «,a-difluorocarbonyl compounds synthesised by the deoxyfluorin-
ation of 1,2-dicarbonyl compounds using DAST and related fluorinating agents are
shown in Scheme 1.7.37°153 These reagents show selectivity for deoxyfluorination of
benzylic carbonyl in 1,2-ketoesters, though extreme care must be taken when heat-
ing reactions using 39 as it is potentially explosive at temperatures above 50 °C.
Reactions with 1,2-diketones showed a similar selectivity, with difluorination pref-
erentially replacing the benzylic carbonyl. Fluorination of 1,2-ketoaldehydes leads
in general to the polyfluorinated ethers due to increased reactivity of the aldehyde
carbonyl, though the difluoro acid can be obtained by reacting the aldehyde in low
concentration in the presence of moisture to form the hydrated adduct which blocks

dimerisation.

a, a-Difluorocarbonyl derivatives have also been synthesised by oxidative fluorodesul-
furization of an a-hydroxyorthothioester 64 with tetrabutylammonium dihydro-
gentrifluoride (n-BuyNHyF3) and 1,3-dibromo-5,5-dimethylhydantoin (DBH) (Scheme 1.8).
DBH acts as a source of electrophilic bromine which activates the thioethers as
leaving groups. Fluoride from n-BuyNHsF3 then displaces the thioether and, after
oxidation, the resulting difluoro(methylthio)methyl ketone 65 is produced.?®
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Scheme 1.7: Examples of nucleophilic fluorinations of dicarbonyls to give

a,a-difluorocarbonyl compounds®”:5!-23
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Scheme 1.8: Oxidative fluorodesulfurization to give «,a-difluorocarbonyl

compounds®*?®

1.3.2 Electrophilic Fluorination for CF; Synthesis

While many nucleophilic fluorinating reagents give good conversion to the desired
>CFy containing products, they are often hazardous. Electrophilic fluorinating
agents were designed to be easier to use on a discovery scale using general laboratory
equipment and many successful synthetic strategies have been widely reported.?¢9
The majority of currently used electrophilic fluorinating agents contain a labile N-F
bond that is used to deliver “F*”, often from a quaternary (RsNTFX ) nitrogen
salt. Selectfluor™ 66 is a bench stable, non-hygroscopic white solid that is commonly
used on a discovery scale to regioselectively introduce a single fluorine atom. The
synthesis of the most common electrophilic fluorinating agents are well reported
in the literature, and there is continual development of related chiral electrophilic

fluorinating agents (Scheme 1.9).60:61
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Scheme 1.9: Commonly used electrophilic fluorinating agents

The development of electrophilic fluorinating agents has greatly pushed the bound-
aries of synthetic organofluorine chemistry but it is worth noting that there are two
significant limitations to these reagents that are often overlooked. Many electrophilic
fluorinating agents have a very low atom economy due to the low molecular weight
of fluorine relative to the fluorinating agent—=Selectfluor™ 66 is only 5% fluorine by
weight. Due to the low atom economy relatively large amounts of the reagent are
required, which can often cost significantly more than nucleophilic reagents. Due to
these cost issues, electrophilic fluorinating agents are rarely used on an industrial
scale with the noticeable exception of the high value fluorinated steroid fluticasone

propionate 75 (Flovent, Flonase) (Scheme 1.10).5

AgNOS

Selectfluor™

76 75
93%

Scheme 1.10: Synthesis of fluticasone propionate highlighting the fluorination

using Selectfluor ™62

Electrophilic fluorinating agents are easy to use in regular glassware, and they al-
low for the avoidance of corrosive or hazardous sources of fluorine. However, it is

worth mentioning that all electrophilic fluorinating agents are synthesised by dir-
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ect fluorination using fluorine gas followed by a counterion exchange. Electrophilic
fluorinating agents do not remove the issues created by using fluorine gas in the

synthesis of Selectfluor™ 66, as frequently stated in the literature.

Electrophilic fluorinating agents give the highest conversion when there are enoliz-
able protons present in a compound, usually a- to a carbonyl group. Selective di-
fluorination of cytidine 77 to give the 5,5-difluoro-6-methoxy adduct 78 is achieved
using both Selectfluor™ 66 and acetyl hypofluorite (AcOF) (Scheme 1.11).5364 The

H-fluoro adduct is not detected under these conditions.

Selectluor™

MeCN/ MeOH, reflux

78
82%

Scheme 1.11: Difluorination of cytidine by Selectfluor™ to give the
5,5-difluoro-6-methoxy adduct®?

1.3.2.1 Synthesis of o, a-Difluorocarbonyl Derivatives

Electrophilic fluorinating agents introduce fluorine with good selectivity at enolisable
positions by reacting with the enol tautomer, and so are often used to introduce
fluorine a- to carbonyl groups; monofluorination of a- and §-dicarbonyl derivatives

d.?6:65-68 Difluorination is often seen as an unwanted side reaction

is well reporte
in these fluorinations, and, in many cases, conditions are optimised to limit the

formation of difluorinated by-products.

Banks found that while monofluorination of positions a- to C=0 groups can occur
relatively quickly, difluorination occurs much slower, and depends on the propor-
tion of the monofluorinated intermediate existing in the enol form (Scheme 1.12).%
The rate of difluorination appears to decrease in the order diketone > ketoester >
ketoamide. Intermediates that have a high proportion of the keto form can even-
tually achieve complete conversion to the difluoro product, but can this take over
20 days. The rate of difluorination can be dramatically increased by forming the
sodium enolate of the monofluorinated intermediate before the addition of a second

equivalent of the electrophilic fluorinating agents. Difluorination of the less reactive
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substrates was only achieved by fluorinating the monofluoro enolate in a stepwise
reaction. These results indicate that the keto form of the monofluoro intermediate
is resistant to subsequent fluorination but the enol, and especially the enolate form,

can undergo additional fluorination to give the gem-difluoro product.

o o o O OH o o
P U U
R1 R2 Fast R1 R2 R1 Rz
F
79 80
o o O OH o o

f=
ES— Z
Ry Rz Slow Ry Ro Ry Ro
F

F F F
81

Base

Scheme 1.12: General mechanism of electrophilic difluorination of S-dicarbonyl

derivatives®®

However, a one-pot difluorination of propiophenone 82 was achieved with good se-
lectivity (95:5 diF:mF) using the N-F sultam 83 as a source of electrophilic fluorine,
and potassium bis(trimethylsilyl)amide (KHMDS) as a strong organometallic base
to form the metal enolate (Scheme 1.13).5% Interestingly the choice of base is im-
portant, as using lithium bis(trimethylsilyl)amide (LiHMS) to generate the lithium
enolate and one less equivalent of 83 gives the monofluorinated product with a 95:5

selectivity compared to the difluoro product.

A commonly used strategy to synthesise an a,a-difluoroketo compound by C—F
bond formation is to difluorinate the related enamine or imine and then hydrolysis
to give the desired ketone. As imines tautomerize to the corresponding enamines
faster than ketones to enols, fluorinations with electrophilic fluorinating agents often
given greater conversion to the difluoro product than their ketone equivalent. Dur-
ing the difluorination of the N-butylimine 85 with 71, the addition of a weak base
such as sodium carbonate (NayCOj3) is required to remove the super acid by-product
bis[(trifluoromethane)sulfonyljazane (HN(SO2CF3),) produced after 71 has trans-
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o 1. KHMDS (2.4 equiv.), THF, -78 °C o
2.THF, -78 °C-r.t.
F F
82 84
N—F 64%
”\\O 95:5, diF: mF
0
83
2.6-3.6 eq.

Scheme 1.13: gem-Difluorination of propiophenone®

ferred its fluorine atom (Table 1.5).%® Stavber expanded the results of DesMarteau
to compare the observed selectivity when different electrophilic fluorinating agents
are used to fluorinate 85.7" While most give the difluoro compound as the major
product, the N-fluoro pyridinium salt (Table 1.5, Entry 4) shows complete selectivity

for the monofluorinated product 86.

Table 1.5: Selectivity of fluorination of an N-buimine3”

Uy o) o)
| 1. Fluorinating reagent (2 equiv.) F F
NagCOS, DCM, r.t. + F
[Ij 2. HCl/ H,0 C ii
85 86 87
Entry Fluorinating Ratio 86:87 Yield®/%
reagent
1 71bP 0:100 65¢
66 0:100 95
72 12:88 65
| X
4 o N 100:0 65
F
BF4

2 Total yield of both 87a and 87b as determined by YF NMR
spectroscopy

b Nay,CO3 added

¢ Isolated yield

Alkynes can be difluorinated in an acetonitrile (MeCN)/ H5O solvent mixture to

produce «, a-difluoroketones (Scheme 1.14). The two solvent system plays a key
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role, the MeCN solvates the alkyne, and the water traps the carbocation formed
during fluorination. The reaction proceeds selectively when a phenylacetlyene is
used as the substrate, with complete Markovnikov regioselectivity observed due to
formation of the more stable carbocation at the benzylic position. This selectivity

is observed when a range of electrophilic fluorinating reagents are used.”™ ™

R o

©/ Accufluor™ ©)S< R
(2 equiv.)
F F
MeCN/ H,O
80 °C, 6-24 hr
89 90
R =H, Me, tBu, Ph 58-72%

Scheme 1.14: Fluorination of phenylalkynes with electrophilic fluorinating agents

such as Accufluor™™-73

Browne et al. developed successful gem-difluorination by grinding S-diketones and
-ketoesters in a mixture mill with an electrophilic fluorination agent (Scheme 1.15).77
While high conversion of starting material to the 2-fluoro and 2,2-difluoro was
achieved, selectivity for the difluoro product is low. Benefits of this method include
reactions not requiring solvent or heat, and requiring significantly shorter reaction
times (2 h compared to up to 5 d) for similar reactions using conventional methods.
Interestingly, the selectivity for the monofluoro product can be increased to 50:1
from 3:2 to the difluoro product by the addition of a small amount of MeCN. This
selectivity is similar to that observed when these substrates are fluorinated with elec-
trophilic fluorinating agents under various conditions.’”% The addition of sodium
chloride (NaCl) as a grinding auxiliary is required to achieve any conversion to the
difluoro product when a liquid ketoester is used as a starting material. Addition of
sodium carbonate increases conversion to the difluoro product, but from these ex-
periments, it cannot be determined if this improvement is due to the NayCO3 acting
as a base, as an additional grinding auxiliary agent, or a combination of these two

factors.

Gem-difluorination is most successful when there is only one preferred enolizable
carbon atom. The desired 2,2-difluoro-1,3-keto product was isolated as the major
product by Bertozzi despite the presence of alternative enolisable sites by the ad-
dition of an excess of cesium carbonate (Csy;CO3) (Scheme 1.16)."® By premixing
the diketone and base, the central >CH, is deprotonated forming the enolate as
these protons are more acidic than the enolisable protons adjacent to each carbonyl.
Excess base ensures that the monofluorinated intermediate remains as the enolate,

allowing for subsequent fluorination.
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Scheme 1.15: Mechanochemical grinding difluorinations of

1,3-diphenylpropane-1,3-dione and ethyl benzoylacetate with Selectfluor™™7
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MeCN

97 98
73%

Scheme 1.16: Synthesis of 2,2-difluoro-1,3-cyclooctanedione™

Pattison developed a hybrid electrophilic fluorination/ fragment based building
block methodology to potentially fix the issue of non-regioselective difluorination in
compounds with multiple enolisable protons (Scheme 1.17).7" A geminal bis(boron)
compound 99 is deprotonated using lithium tetramethylpiperidide (LiTMP) then
coupled with an ester to form an a-diboryl ketone 101 which readily tautomerises to
a boron enolate. This enolate is selectively formed, even if there are other enolisable
protons present because boronates can stabilise a-carbanions through hyperconjug-
ation with the empty p-orbital of boron. The enolate can then be trapped with
an electrophile such as 72 twice to yield the desired gem-difluoro compounds 102.
This difluoro-coupling has a vast potential scope by simple variations of the starting

madterials.

1.3.3 CF5 Containing Building Blocks

While it is certainly possible to make gem-difluoro products using nucleophilic or
electrophilic fluorinating agents, there are often issues associated with using these

such as selectivity and toxicity of some reagents. There is a large amount of liter-
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Scheme 1.17: Synthesis of a, a-difluoroketones via an a, a-bis(enolate) equivalent””

ature on the introduction of a trifluoromethyl (- CF3) group into a molecule. Key
examples of —CF3 reagents include the Ruppert-Prakash (trifluoromethyltrimethyl-
silane, TMSCF3, 103), Togni I 104 and II 105 and Umemoto reagents I 106 and

IT 105.
F F (2
| F% FF

-~
E Sj F |I—O I—O F
~ S
> e
F 0 F
%
103 104 105 106; X = BF,-
107; X =OTf

Figure 1.12: Several commonly used reagents used to incorporate the —CF3 group

By adapting the reagents and strategies used to incorporate —CFj3 into molecules,
there has been a recent growth in the number of papers published that can in-
troduce >CF5 into organic systems in the form of —CFyH, —CF,CO5R, —OCFyH
and —SCF,H using adapted reagents. For example, (difluoromethyl)trimethylsilane
(TMSCF,H, 108) is often used in an analogous fashion to the CFj variant 103.
While fluoride-activated addition reactions to aldehydes using 103 proceed with ex-
cellent yields at r.t., the use of TMSCFyH gives low yields using these conditions,
even at 100 °C, due to the stronger C—Si bond in TMSCF,H.™ Further studies
have shown that room temperature additions can proceed using TMSCF.H by per-
forming the reaction in polar aprotic solvents such as dimethylformamide (DMF)
(Scheme 1.18).™ While this provides a simple route for introducing a CF,H moiety
into organic systems, the high cost of 108 prohibits the use of this reagent on a

manufacturing scale.
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o) 1. TMSCF2H (2 equiv.) OH
CsF (13 mol%)
DMF
Ry H ®.9h R4 CFoH
2. TBAF
109 rt,1h 110
12 examples

50-96%

Scheme 1.18: Direct nucleophilic difluoromethylation of various aldehydes with

(difluoromethyl)trimethylsilane™

Alternatively, difluoromethyl phenyl sulfoxide (PhSOCF,H, 111) and difluoromethyl
phenyl sulfone (PhSO,CFyH, 112) have been used as simple, one-step reagents to
introduce the >CF, functionality (Scheme 1.19).8%8! Reactions occur with good
conversion, but poor diastereoselectivity, yet the additional PhSO or PhSO, handle

allows for additional processes to expand the range of CF; containing compounds.?

Q PhSOCF;H, +-BuOK Re R Q Pyrolysis fi
A S o F
Ri™ R DMF, 30 °C HO R
F F F
113 114 115
77-99%
0.0

N\

PhSO,CF,H, £BuOK g Na(H
R X il R/X Ho) R™ O CFH
FF
117

DMF, -50 °C, 1 h MeOH, NagHPO4

116 118

Scheme 1.19: Additions of PhSOCF;H and PhSO,CF5H and further

functionalisation®082

The ethyl halodifluoroacetates, in particular commercially available ethyl bromodi-
fluoroacetate 119, have been used as fluorinated building blocks (FBB) through
various synthetic strategies such as Reformatsky and aldol reactions.®* 8¢ Successes
have been achieved with good yields, but often require multiple equivalents of zinc
(Scheme 1.20).

Ethyl aryldifluoroacetates 124 can be synthesised by coupling 119 with arylboronic
acids 129, aryl halides 130 or arylzinc compounds 131.57% Yields for these re-
actions are moderate to good, but often require the use of expensive palladium,
ruthenium or cobalt catalysts for radical reactions via a difluorocarbene like inter-

mediate, or stoichiometric quantities of copper or zinc (Scheme 1.21).
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o) o) OH O
)J\ R4
Br%J\O/\ n Brzn %J\O/\ R Rz RZMO/\
F F F F F F
119 120 121
|
_Si o
o) o> )k R OH O
Br%J\ PN Metal F\%\ PN Ri™ R 1% PN
0 0 Ry o}
FF TMSCI F FF
119 122 121

Scheme 1.20: Reformatsky reaction (top) and aldol reaction (bottom) using ethyl

bromodifluoroacetate
CpgoFe
Ar-H +  BrCF,CO,Et Hs0, Ar-CF,CO,Et
123 119 D'\rﬂfo 124
p - F
R—/ T N\ Ru(phen)3Cla.xH20 (1.0 mol%) R—/ T N\ F
o BrCF,CO,Et (2 equiv.) o
. X S X 0
DMSO o —
N,N-dimethyl-4-toluidine (1 equiv.)
125 126
Ar-X +  BrCF,COLEt cu Ar-CF,CO,Et
127 119 DMSO 124
55°C
o~ ZnCl CoCl, (0.05 equiv.)
R— | +  BrCF,COzEt Ar-CF,COEt
X TMEDA O/NMez
128 119 “INMe, 124
THF, r.t.

Scheme 1.21: Synthesis of ArCF,CO3Et compounds using ethyl

bromodifluoroacetate®”

Notably, the difluoro ester can be hydrolysed to the difluoroacid, and then de-
carboxylated to produce the —CFyH containing substrate such as in the case of

benzofuran derivatives (Scheme 1.22).%1

Additionally, there is growing interest in one pot difluoromethylations to produce
ArCF,H using the readily available FBB 119 (Scheme 1.23).9293 While these meth-
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CsF (5 equiv.)

Cul (10 mol%)
1,10-phenanthroline (12 mol%) K2COg3 (3 equiv.)
BroCF,CO2Et MeOH, NMP
KoCOj3 (2 equiv.) 200°C, 16 h
DMF, 80 °C 133 134

132

Scheme 1.22: Stepwise synthetic strategies to generate ArCFyH compounds using
>CF, containing FBBs”!

ods use a cheap source of >CF5, they usually require large amounts of expensive

metal catalysts.

PAClo(PPhg), (5 mol%)

B(OH)2 Xantphos (7.5 mol%) CFyH
hydroquinone (2.0 equiv.)
~ + BrCF,CO,Et AN
| P Fe(acac)s (3.5 mol%) |
R/ styrene (20 mol%) "/
KoCO3, dioxane, 80 °C) R
135 119 136
38 examples
33-89%
X CF,H
X Pd(dba),/DPPF AN
| 20 mol% [(SIPr)AgCI] |
S S
R
TMSCF,H (2 equiv.), NaOBu (2 equiv.)
137 dioxane or toluene, 80 °C, 4-6 h 136
X =Br, | 26 examples
58-96%

Scheme 1.23: One-pot synthetic strategies to generate ArCFyH compounds using
CF, containing FBBs?%%3

Iseki et al. showed that 2,2-difluoro-f-ketoesters can be synthesised by reaction of

an acid chloride and difluoroketene silyl acetal 122 using mild conditions developed

by Hosomi (Scheme 1.24).94%

|
- o o

o O/Si\
* CuCl (1.11 equiv. SN M
R)J\CI F%O/\ ( quiv.) O s R
; DMI, 50 °C, 30 min.
138 122 139
1.1 equiv. 54-90%

Scheme 1.24: Synthesis of 2,2-5-ketoesters from an acid chloride and silyl enol

ether?”
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While gem-difluoroalkene building blocks usually react with nucleophiles at the di-
fluoro substituted carbon by addition-elimination or Sy2 type additions, the intro-
duction of a siloxy group causes the difluoroalkene to react with electrophiles to
give «, a-difluoroketones.”® Addition of copper (II) triflate (Cu(OTf)y) in MeCN
causes oxidation of the difluoroenol silyl ether 140 which homocouples to form the
tetrafluoro dimer 141 in excellent yields. Addition of a heteroaromatic and slight
modification of the reaction conditions allowed for oxidative cross-coupling between

the difluoroenol silyl ether and the heteroaromatic giving a more complex FBB
(Scheme 1.25).

(0] Mg (12 mmol) OSiMes
\/ F THF (12 mL)
SI\Cl + | S F = Ar
R—+ 0°C, Al
P FF rgon ¢
142 143 140
12 mmol 3 mmol
F F O 1. Cu(OTf), (1.2 equiv.) OSiMes Cu(OTf), (1.1 equN) R F
Ar MeCN (2 mL) Fo MeCN (10 mL) H,0(0.2mL) R X
Ar -30-0 °C, 20 min. Ar C,3h \ Ar
\
141 140 144
5 examples (10 mmol) 8 examples
58-86% X=0,S,NTs 61-88%

Scheme 1.25: Oxidative cross-coupling of difluoroenol silyl ethers 140 with
196

heteroaromatics or itself to give the homocouple product 14
These are only a selection of the ever growing field of CF5 containing FBBs. This
thesis will focus on strategies of C—F bond formation, particularly industrially viable
routes to fluorinate organic compounds for the synthesise of CFy—~C=0O containing

organic systems.

1.3.4 Direct Fluorinations

We discussed above the synthesis of difluoro containing compounds, in particular
difluoroketones and ArCFyH derivatives. While many of these strategies give the
desired products with good conversions, they often require reagents that may be
impractical on an industrial scale due to cost. Fluorine gas (F3) is a potentially
useful fluorinating reagent due to its low cost and high reactivity. It is synthesised
from the electrolysis of potassium bifluoride in anhydrous hydrogen fluoride (aHF).%"
This molten fluoride salt is used as the electrolyte due to the very low electrical

conductivity of aHF. Fy is an attractive reagent for industrial fluorinations as it can
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be generated in situ which helps alleviate safety concerns with storing large amounts
of pressurised Fy on site. Despite the use of Fy as a selective fluorinating agent
on an industrial scale for several decades in the synthesis of 5-fluorouracil, many
proponents of electrophilic fluorinating agent still maintain that it is too dangerous
to use, despite the recent ongoing development of direct fluorination apparatus at
various sites in the UK. The choice of solvent is important and a high dielectric
medium, such as MeCN or formic acid (HCOOH), is used to promote electrophilic

fluorinations over radical fluorination.

1.3.4.1 Selective Monofluorination Reactions

Despite fluorine’s high reactivity, there are several examples of selective monofluor-
ination using Fy and many of the strategies used to selectively monofluorinate com-

987102 The most successful selective direct flu-

pounds were developed at Durham.
orinations have been achieved using carbonyl containing substrates with enolisable
protons. In these cases, F5 acts as an electrophilic source of fluorine, with conversion
to the desired fluorinated product dependent on the degree of enolisation. The ob-
served reactivity (cyclic 1,3-diketones > 1,3-diketones > 1,3-ketoesters) is similar to
that observed using electrophilic fluorinating agents, which is indicative of a similar

electrophilic mechanism.

The first successful direct fluorination of 1,3-dicarbonyls to give a 2-fluoro-1,3-
dicarbonyl product was the fluorination of sodium diethyl nitromalonate 145 by
Adolph et al. (Scheme 1.26).1% The desired 2-fluoro product 146 was isolated in
excellent yield without formation of the 2,2-difluoro product that had previously
been formed when perchloryl fluoride was used as the fluorinating agent. While an
efficient synthesis of 146, this methodology has very limited substrate scope as only
highly acidic dialkyl malonates are deprotonated by the aqueous sodium bicarbon-
ate and then soluble in the water solvent. Additionally, a 50% mixture of Fy and

Ny was used which is now avoided due to safety concerns.

Purrington developed methodology to directly fluorinate trimethylsilyl enol ethers
to give a-fluoro ketones using dilute fluorine in trichlorofluoromethane (CFCl;).1%4
Attempts in other solvents and temperatures give no a-fluoroketone product. This
methodology was then applied to the fluorination of S-diketones and [-ketoesters
to give average yields (Scheme 1.26). The best results are achieved when the only
enolisable proton was in the desired 2-position, but when there were several possible

enolisable protons, a mix of products is produced that can not be separated.'®
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(o) (e} F2 (50% v/vin Ny) fe) fe)

ag. NaHBCO3
/\O O/\ Hzo /\O O/\
NO, 0-5°C F NG

145 146

94%
0] 0] ((CH3)3Si)2NH 0O OTMS Fs (5% v/vin Np) 0] 0]
F{1)J\/l]\ Ro CHCl, R1M\ R, CFClg R1M Ro
20 °C, 90 min 78 °C F
79 147 80

Scheme 1.26: Direct fluorination with Fy to give 2-fluoro-1,3-dicarbonyl

compounds!319

Greenhall investigated the direct fluorination of various 1,3-dicarbonyl compounds
in HCOOH and determined that diketones and ketoesters form the 2-fluoro product
with high selectivity.!% It is worth noting that little tar was formed, even at the re-
latively high temperature (10-15 °C), and that there is no reaction with diesters
under the same conditions. Isolation of products with multiple enolisable pro-
tons was possible using this methodology allowing for the selective fluorination of
diketones with alkyl substituents (Table 1.6, Entry 1). Small amounts of the 2,2-
difluoro product is formed, but the rate of difluorination is significantly lower than
the rate of monofluorination under the conditions employed. Fluorination of ethyl
2-chloroacetoacetate 148 using these conditions gave a conversion of 15% to the
mono-fluoro product. Analysis of the tautomerism of 148 in HCOOH determined
that the enol content is approximately 15%, with a ketone enolisation half life of
18 h. This indicates that no 149-keto converts to 149-enol during the reaction

conditions, and that only 149-enol is fluorinated during the reaction.
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Table 1.6: Direct fluorination of 1,3-dicarbonyl compounds!®31%

e} o F2 (10% v/vin No, 2 equiv.) o) 1) 1) 1)
e T I e
Ro F Ro F Rs
79 80 150

25 mmol
Yield%
Entry R, Rs R3 Conversion/% ’
80 150
CHs; H CHj; 90 70 11
2 OCH,CHj; H CHj; 60 80 10
3 OCH,CHj Cl CH; 15 85 5

Chambers investigated the synthesis of a-fluoroketones by reacting enol acetates and
silyl enol ethers in MeCN and HCOOH.!" The enol acetates gave good yields in
general (56-66%) when MeCN is used as the solvent. Reactions were slower in 98%
HCOOH but tended to give higher conversion (61-71%) to the a-fluoroketones when
the esters were stable to acid hydrolysis. The silyl enol ethers have a noticeably lower
stability in acidic medium, which explains why the desired products were isolated
in a lower yield (23-35%) than in MeCN, and reactions in HCOOH give the parent

ketone as the major product instead of any fluorinated products.

While ketones and ketoesters can be directly fluorinated in MeCN or acidic solvents,
diesters have very low reactivity under these conditions and show no signs of flu-
orination. Fluorinations in MeCN or HCOOH are very slow with low conversion
of starting material, with fluorination occurring on alkyl groups preferentially to

fluorinations at the 2- position.

Dialkyl fluoromalonate esters, in particular, diethyl 2-fluoromalonate 152 have shown
potential use as FBB, and have been used to synthesise several biologically import-

ant molecules (Scheme 1.27).108°110

These compounds can be synthesised via halex reactions or reactions with electro-
philic fluorinating agents, and so it was recognised that a route using Fy would be
desired for an industrial scale. Based on previous work by Adolph, Hutchinson in-
vestigated the direct fluorination of sodium salts of dialkyl malonates and noticed
high conversion to the desired 2-fluoro product.!'* The overall conversion to the
2-fluoro product is dependent on the conversion to the sodium salt, with the fluorin-

ation step occurring with complete conversion (Table 1.7). While NMR conversion
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Scheme 1.27: Example uses of diethyl 2-fluoromalonate as a FBB!! 113

is high, there is limited selectivity between the 2-fluoro and 2,2-difluoro products
when Ry = H (Table 1.7, Entries 1 and 2). Conversions appear to be lower when
sodium ethoxide (NaOEt) is used instead of NaH highlighting the importance of

forming the carbanion before fluorination.
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Table 1.7: Direct fluorination of dialkyl malonate salts!!*
1 NaH or NaOAc (1 equiv.) j\ JOJ\ F2 (10% v/vin Np) 01
R‘OMOR‘ MeCN (60 mL) Ro™ ¢ O 15 °C R‘OMOF“
Ro rt. Ro F R
151 158 159
12.5 mmol
Equiv. NMR NMR
Entry R4 R
NaH F, Conversion% Yield%
1 Et H 1 2 71 37" + 23°
2 Et H 2.25 3 94 14% + 37°
3 Et Me 1 2 74 59
4 Et Me 1¢ 2 42 59
5 Et n-Bu 1.25 2.3 66 69
6 Me OMe 1.25 2.9 75 51
7 Et NO, 1.25 2 100 73
8 Et NO, 1¢ 2 7 89
9 Et Cl 1.25 2 97 40
10 Et Ph 1.25 1.2 72 41

2 Diethyl fluoromalonate
> Diethyl difluoromalonate
¢ NaOEt used as the base

Chambers investigated using transistion metal salts to promote selective fluorination
at the 2-position.!*® While the addition of transition metal salts does not effect the
conversion or selectivity detected when 160 is fluorinated with Fy in HCOOH, there
is an increase in conversion to the 2-fluoro product when MeCN is the solvent. In
particular, hydrated copper (II) nitrate (Cu(NOj)s - 2.5 (H20)) gives high selectivity
for the 2-fluoro product when a range of malonates was trialled and give very little of
the 2,2-difluorinated products (Scheme 1.28). Copper nitrate allows for the selective
fluorination of #-ketoesters, but the conversion is noticeably lower than for malonates
(~40%). Chambers proposes that the increase in selectivity for the 2-fluoro position
is due to the metal increasing the rate of enolisation, the rate-determining step
of fluorination in which the malonate chelates the Cu®" in the enol form. Direct

fluorination of 160 to 152 was further optimised by Harsanyi (Scheme 1.28).116

The most industrially important FBB synthesised using Fy is methyl 2-fluoro-3-
oxopentanoate 162 by F2 Chemicals Ltd based in Preston, UK. Methyl 3-
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F2 (10% v/vin Ny, 3.2 equiv.)

o o Cu(NOg); . 2.5H,0 (0.1 equiv.) o O
/\OMO/\ MeCl\sl (%o mL) /\OMO/\
F
160 152
20 mmol 78%

F2 (20% v/vin N2,1.06 equiv.)
o} o} Cu(NO3), . 2.5H,0 (0.1 equiv.) (6] o

/\OMO/\ MeCN (200 ml) /\OMO/\
0-5°C E
160 152
250 mol 99%

Scheme 1.28: Copper catalysed direct fluorination of malonates and optimisiation

of reaction conditions by Harsanyi!!®!116

engoxopentanoate 161 is fluorinated on a multi tonne scale to give 162 with excel-
lent selectivity. This is then cyclised by the addition of formadine acetate and sodium
methoxide (NaOMe) to give 6-ethyl-5-fluoro-4(3 H )-pyrimidone 163 (Scheme 1.29).106:117.118
This is used in the synthesis of voriconazole (164, Vfend, Pfizer), a triazole aunti-

fungal that previously had annual sales of over a billion USD.

OH
(0] o F2/ N2 (0] o NH=CH-NH2 . AcOH F
M - - - . NN —
MeO Et Solvent MeOM Et NaOMe | /)
F Et N
161 162 163

Scheme 1.29: Part of the synthesis of voriconazole highlighting the selective direct

fluorination step using Fy!06:117:118

1.3.4.2 Selective Difluorination Reactions

The previous section highlights examples of selective direct mono-fluorination strategies
using Fy. In contrast, there are very few examples in the literature of >CFy com-
pounds made selectively using Fs; usually difluorinated derivatives are recorded as
by-products during attempts to selectively introduce a single fluorine atom at a

specific site.

While diazoketones were first fluorinated using Fy in 1976 by Leroy and Wakselman

to give a mixture of products, it was not until Patrick investigated the fluorination
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of diazo compounds with Fy that the corresponding >CF5 containing products were
isolated in excellent yields (65-94%, Scheme 1.30).!1%12° While this gives a route
to making a range of difluoro compounds selectively due to the favourable enthalpy
change upon transformation of a >CNy to a >CFy group, it requires the use of
CFClj as a solvent. This has been banned since the Montreal Protocol in 1987 after

it was discovered that it is an ozone-depleting chemical.

o} 0]

N F2 (10% v/vin Np) F
2 F
CFCls (75 mL)
-70 °C
165 166
0.01 mol 65%

Scheme 1.30: Synthesis of an a-difluoro compound by the direct fluorination of the

corresponding diazo compound with Fy!2°

Linear 1,3-diketones such as pentane-2,4-dione 167 form the monofluorinated product
168 rapidly in acidic solvents such as HCOOH when fluorinated with Fy. The 3,3-
difluoro product 169 is formed very slowly due to 168 existing in the keto form
in HCOOH and tautomerizing to the reactive enol form very slowly. Chambers et
al. discovered that cyclic diketones produce the corresponding gem-difluoro product
when fluorinated using similar conditions.'?! The exact ratio of the monofluorinated
products 171a or 171b and difluoro 172a or 172b compared to unreacted start-
ing material depends on the amount of Fy added, and the duration of the reaction

(Table 1.8).
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Table 1.8: Direct fluorination of cyclic ketones using Fy'?!

F F F
°© © F2 (10% v/vin N) © OH © ©
HCOOH *
0-5°C
X X X X X X
X=H 170a 171a 172a
X=Me 170b 171b 172b
Molar ratio Yield /%
Entry Substrate Conversion/% #
Fy:Substrate 171 172
1 170a 2.2:1 100 - 752
2 170a 1.1:1 70 40°  33P
3 170b 2.6:1 100 - 802
4 170b 1.0:1 85 27b 38

2 Isolated yield
>Yield calculated by GC-MS

While monofluorination decreases the rate of enolization to the enol form in acyclic
1,3-diketones, cyclic 1,3-diketones such as 171a and 171b exist in the enol form as
determined by NMR spectroscopy and crystallography. Christe’s investigation into
proton acceptors determined that although fluorine can act as a proton acceptor
in a bifurcated bond, the OH---O interactions are stronger and so the enol H is
hydrogen-bonded to the carbonyl.!?? Purrington theorised that while introducing a
filled p orbital from the fluorine into the 1,3-diketone pentadienyl anion system res-
ults in a destabilising primary HOMO-HOMO interaction, there are two favourable
secondary orbital interactions between the fluorine and carbonyl groups.'*® As such,
the enol form is more stable than the ketone. As the rate of fluorination depends
on the proportion of the enol form present, this suggests why 171a and 171b can

readily fluorinate again forming 172a or 172b under the reaction conditions.

The difluoro product is formed as the major product when an excess of fluorine
is used; however, a further hydration reaction appears to occur as shown by the
appearance of a second peak in the F NMR spectra. In (Table 1.8, Entries 1 and
3) there was full conversion of starting material and none of the monofluoro present,
but 20-25% of the hydrated products 173a,b as determined by comparing the F
NMR shifts to a sample of the hydrated product formed by recrystallisation of pure

samples of the difluoro products from aqueous acetone (Figure 1.13). These systems
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can be dehydrated using strong dehydrating agents such as phosphorous pentoxide
<P4OIO)-

o OH
OH
X X
X=H 173a
X=Me 173b

Figure 1.13: Hydrated difluoro product!?!

When roughly equivalent amounts of Fy to starting material were used (Table 1.8,
Entries 2 and 4) the ratio of 174 to 175 was roughly equal, with a slight excess of
172. This indicates that the rate of fluorination of 171 is only slightly higher than
that of 170 and appears to be based purely on the proportion of material in the

enol conformer.

1.4 Conclusion

Fluorine plays a highly important role in the design of new biologically active com-
pounds as Als in agrochemistry. Introduction of fluorine into specific sites of bio-
logically active molecules can drastically improve various desired properties for the
agrochemical industries. Even a minor improvement can have a noticeable effect
given the large amounts of herbicides and insecticides that are applied to crops
globally each year. As profit margins in the agrochemical industry are significantly
lower than in the pharmaceutical industry, methods of introducing fluorine select-
ively into Als for manufacture on an industrial scale as cheaply as possible are

required.

The >CF5 group is of growing interest in FBBs due to many beneficial physiochem-
ical properties. This introduction has reviewed some of the current methods of
introducing >CFy groups, specifically a- to carbonyl derivatives, as possible routes
to develop potential new Als. Unfortunately some difluoromethylating reagents are

often expensive or require stoichiometric amounts of metal.

There are limited examples of introducing fluorine via C—F bond formation to form
desired >CF, functionalities. Current methods often involve thermally unstable

deoxyfluorinating agents such as DAST 39, or large excesses of expensive electro-
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philic fluorinating agents. There appears to be no general route to synthesising

>CF5 functionalities using Fy as a cheap and readily available fluorinating agent.

55






Chapter 2

Synthesis of
2,2-Difluoro-1,3-diketones

2.1 Aims and Approach

Fluorine gas is a relatively inexpensive fluorinating agent that has successfully been
used to selectively monofluorinate dicarbonyl compounds on an industrial scale to
manufacture pharmaceutical products. However, although F, has been used to
introduce a CF5 group a- to a carbonyl in a limited number of cyclic S-diketones, a
general methodology for the selective introduction of a CFy a- to a carbonyl moiety

using fluorine gas has not been achieved.

Previous fluorinations of carbonyl systems in acidic conditions have given the >CHF
product almost exclusively, and the incorporation of a second fluorine atom at these
sites appears to be inhibited. The aim of this thesis is to develop a synthetic meth-
odology to selectively convert >CHy groups a- to carbonyls to >CFy groups with
the possibility that this could be used on the industrial scale. To do this, the effect
of bases as mediating agents for selective fluorinations using Fy shall be investig-
ated with the aim at increasing selectivity for the difluoro product by increasing
the concentration of fluoro enol intermediates in solution that reacts readily with Fy
(Scheme 2.1).

A final issue with the synthesis of gem-difluoro products appears to be isolation of the
products. Given the significantly lower reactivity of monofluorinated intermediates
with fluorinating reagents compared to the non-fluorinated starting material, there is

often not insignificant amounts of monofluorinated products present in the product
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o) o}

M %
R Rz Base Ry Rz
MeCN F F
176 102

Scheme 2.1: Proposed synthetic strategy for the selective introduction of CF,

groups a- to carbonyls by base mediated selective direct fluorination

mixture. In most reported cases in the literature, either no attempt is made to fully
remove this unwanted by-product, or isolation has been unsuccessful. As so few
groups have successfully managed this, it is possible that this separation is difficult,
and so synthetic strategies with very high selectivity for the difluoro product are

required.

At Durham we have shown that DBM 91 and its derivatives react via the enol
tautomer with electrophilic fluorinating agents and that bases catalyse the tauto-
merism to the enol form.1?312* While we can not conclusively state that F, reacts in
a bimolecular Sy2 reaction with 91 in a similar manner to Selectfluor™ it is likely
that any in situ N—F intermediates formed with a similar structure to Selectfluor™

may react similarly, with the enol tautomer.25

Selectfluor™ 66 is currently synthesised from 1,4-diazabicyclo[2.2.2]octane (DABCO,
177) on an industrial scale in a three step synthesis including fluorination using Fy
(Scheme 2.2).126

Clﬁ o CI\ BF, . CI\ BF,
+ 2

[%Nj CH,Cla [%Nj NaBF, [%Nj NaBF, [%Nj
R 40°C N MeCN, 20 °C R MeCN, -35 °C -
F BF,

177 178a 178b 66

Scheme 2.2: Industrial synthesis of Selectfluor™

The in situ generation of a fluorinating agent would significantly lower the costs of
electrophilic fluorinating agents, as well as allowing for the more widespread use of

Fy on a laboratory scale if reactivity could be controlled (Scheme 2.3).

Various different bases will be trialled as potential mediating agents to try and
replicate the high selectivity obtained using pre-formed electrophilic fluorinating

agents (Scheme 2.4).

o8



CHAPTER 2. SYNTHESIS OF 2,2-DIFLUORO-1,3-DIKETONES

RE
N Fp N*.
(W v )
177 179

Scheme 2.3: Proposed in situ N-F* fluorinating agent produced by DABCO and F,
o o Fo (10% v/vin Np) o © 0O o
Mediating agent
+
shacia-=nlsaassras
91 92 93

2 mmol

N/

Scheme 2.4: Screening conditions for the fluorination of 1,3-diketones

There are two main safety considerations with using Fs; the highly corrosive nature
of fluorine, and the highly exothermic nature of C—F bond formation using Fo. All
apparatus connected to the fluorination apparatus must be formed out of a highly
fluorinated material such as polytetrafluoroethylene (PTFE), and any metal parts
must be sufficiently passivated. This is achieved by slowly passing small amounts of
F5 through the experimental rig system and selectively coating the inner metal layer
of any components to form a metal fluoride layer lining the inside of the fluorination
apparatus. Pressurised Fy should be diluted with an inert gas such as nitrogen
(usually to a 10% or 20% mixture v/v with No) or helium. The apparatus is described
in Figure 8.1 in the General Experimental. Reaction vessels must be appropriately
cooled to prevent decomposition of the C—C bonds with a bond dissociation energy
of 348 kJ mol~1.16 Dilution of Fy with nitrogen helps slow down the reaction allowing

time for cooling to occur.

2.2 Mediating the Direct Fluorination of DBM

(e} (e} (e} (]
Selectfluor™ (1 equiv.)
MeCN (10 mL)
rt,5h F
91 92
1 mmol 100% (84% isolated)

Scheme 2.5: Fluorination of 1,3-diphenylpropane-1,3-dione with Selectfluor™¢

While fluorinations with Selectfluor™ 66 or other electrophilic fluorinating agents

give good conversions of diketones to the monofluorinated products with high se-
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lectivity (Scheme 2.5), our attempts to fluorinate 1,3-diphenylpropane-1,3-dione
(DBM, 91) at the >CH, site with one equiv. of Fy in acetonitrile (MeCN) gave
no noticeable conversion by NMR spectroscopy. Isolation of the 2-fluoro product 92
in a good yield has been reported when a large excess (16 equiv.) of Fy in acetic
acid was used, confirming the very low reactivity of diketones under these reaction
conditions.'?” However, in the polar aprotic solvent MeCN, a polyfluorinated tar was
formed when a large excess (20 equiv.) of Fy was used (Table 2.1, Entries 1 and 2).
These control experiments show that DBM would make an ideal model system to use
to develop selective fluorinations at the >CH, site, as direct fluorinations in MeCN
doesn’t give fluorinated products to any extent compared to existing electrophilic

fluorinating agents.

2.2.1 Effect of Bases on the Fluorination of DBM

Chambers investigated the effect of adding potassium fluoride (KF') as a base to pro-
mote the selective fluorination of carbonyl compounds with acidic protons.!*> While
the addition of excess KF promoted converison of the starting material, selectivity
for the monofluoro product was detected over the difluoro product in an 8:1 ratio on
average. With this in mind, we decided to look at soluble nitrogen bases to mediate

the selectivity of direct fluorinations of DBM using Fj.

2.2.1.1 Bases

DABCO 177 was trialled as the first mediating agent due to its structural similarity
to Selectfluor™ 66 . A solution of DBM with one equivalent of DABCO was made in
MeCN. After cooling to 0 °C and purging the reaction vessel with Ny, one equivalent
of Fy diluted to a 10% v/v mixture in Ny was added at a prescribed flow rate of
15 mL min~!. The addition of Fy was kept relatively slow to ensure good mixing.
NMR yields were calculated by comparisons of the integrals (CF dp at —189.9 ppm,

CF5 s at —102.7 ppm) to a known amount of «,a,« -trifluorotoluene.
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Table 2.1: Screening conditions for the fluorination of

1,3-diphenylpropane-1,3-dione

F2 (10% v/vin Ny)

o} [0}
Mediating agent
~
| MeCN 20 mL)
=

91
2 mmol
Equiv.  Equiv. Yield by NMR/%
Entry  Base

of base of Fy 91 92 93
1 - - 1 100 0 0
2 - - 20 Polyfluorinated tar
3 DABCO 1 1 32 4 20(7)>
4 DABCO 1 1P 30 3 19
5 DABCO 1 2 1 1 37
6 DABCO 1 3 Polyfluorinated tar
7 DABCO 2 2 Many fluorinated products
8 DABCO 0.1 1 22 28 8
9 Quinuclidine 1 1 42(41)*  10(8)*  43(33)*
10 Quinuclidine 1.2 1P 54 1 43
11 EtsN 1 1 56 25 6
12 Cs2CO3 1 1 0 4 14
13 NaCl 1 1 0 33 12(6)®
14 NaCl, 1 1 19 16

DBU

2 Isolated yield
b Fy (20% v/v in Ny) used

When equivalent amounts of DBM, Fy and DABCO were used (Table 2.1, Entry
3), the 2,2-difluoro product 93 was the main product formed as determined by F
NMR. The formation of 93 contrasts with results seen when equivalent amounts of
Selectfluor™ and substrate are reacted, in which the monofluorinated product 92 is
formed rather than the difluoro product 93 (Scheme 2.5).56:66.67

After workup and purification by column chromatography on silica gel with hexane
and dichloromethane (DCM) (1:1) as the eluent, the major difluorinated product
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was isolated in 7% yield and confirmed as the difluorinated product by NMR spec-
troscopy and X-ray crystallography (XRC).

Increasing amounts of Fy to 2-3 equivalents (Table 2.1, Entries 6 and 7) caused the
formation of a polyfluorinated tar making it very difficult to identify or separate
any fluorinated compounds present. With the amount of DABCO limited to 0.1
equiv. (Table 2.1, Entry 8), the monofluorinated product 92 was the main product
detected by YF NMR spectroscopy. The noticeable drop in the conversion of 91 to
92 and 93 when DABCO is less than stoichiometric indicates that the fluorination
is dependent on the concentration of DABCO.

Other organic bases were used to try and increase the chemoselectivity of the fluor-
ination of DBM. Addition of other bases showed varying effects on the conversions
to 92 and 93 (Table 2.1). Quinuclidine (Table 2.1, Entries 9 and 10) provided the
highest conversion to the difluorinated product 93 according to F NMR spectro-

scopy, with very little unwanted aromatic fluorination competing.

Several potential mediating agents that do not contain nitrogen were trialled and
selective direct fluorination was detected when both cesium carbonate (CsyCO3)
(Table 2.1, Entry 12) and sodium chloride (NaCl) (Table 2.1, Entry 13) were used.
While there was conversion to the desired fluorinated products with Cs,CO3 and
NaCl (Table 2.1, Entries 12 and 13), there was also significant amounts of unwanted
aromatic fluorination making it difficult to isolate desired products. The reaction
was repeated with an equivalent of the strong base 1,8-diazabicyclo[5.4.0jundec-7-
ene (DBU), (Table 2.1, Entry 14) to see if this addition aided conversion to 93.
Analysis of the 'F NMR spectra after an aqueous workup showed the formation of

several new unwanted fluorinated products.

2.2.2 Optimisation of the Synthesis of 2,2-Difluoro-1,3-
diphenylpropane-1,3-dione

Given the results discussed in Table 2.1, quinuclidine appears to be the best medi-
ating agent of the bases screened at maximising conversion to the desired difluoro
product. Therefore, fluorination of 91 was repeated with varying amounts of qui-
nuclidine and Fy and conversion to 92 and 93 monitored by NMR spectroscopy to

optimise conditions to provide the highest yield of difluoro-DBM 93.
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Table 2.2: Screening conditions for the quinuclidine mediated fluorination of

1,3-diphenylpropane-1,3-dione

o 0 Fo (10 % v//in Ny, 15 ml min™) o 0 o 0
Quinuclidine * O O " O O
MeCN (20 mL) F F F
91 0%¢ 92 93
Equiv. of Equiv. of ) Ratio of products by NMR
Entry ) o Conversion
quinuclidine Fy 91 92 93
1 1 1 81 3 2 4
2 1.1 2.1 99 1 5 47
3 1.1 2.3 99 1 16 120

Only a small excess of both quinuclidine and Fy were required to obtain high con-
versions (nearly 90% by NMR spectroscopy) of 91 to 93 with minimal traces of
remaining 91 or other products observed. While increasing the equivalents of Fy
gave ever increasing amounts of the desired product 93 as observed by 'H and F
NMR spectroscopy, an increase in aromatic fluorination (Figure 2.1) was seen. Thus
the optimised conditions were adjusted to limit the formation of these undesired

fluoroaromatic products.

Figure 2.1: Unwanted fluoroaromatic by-product

After purging the reaction vessel with Ns, the reaction mixture was partitioned
between HoO and DCM in order to remove any HF or protonated quinuclidine
produced as by-products during the fluorination. Initial attempts at isolating 93 by
column chromatography on silica gel with 15% EtOAc v/v in hexane mixture as the
eluent were unsuccessful, with many fractions containing both the desired 93 and
92. Replacing EtOAc with DCM helped increase the separation between 92 and 93,
but there was still some overlap of 93 and unreacted starting material when hexane
and DCM (1:1) was used as the eluent. Complete separation was achieved using a
hexane and CHCl; (1:1) mixture as the eluent and 93 was isolated as a white solid
(57%). The product was fully characterised by high resolution NMR spectroscopy,

accurate mass spectrometry and XRC. Individual carbon atoms were assigned using
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heteronuclear single quantum correlation (HSQC) and heteronuclear multiple bond
correlation (HMBC) 2D NMR spectroscopy.

Fo (2.3 equiv., 10% v/vin Ny
o O Quinuclidine (1.1 equiv.) o O

MeCN (20 mL)
0°C F F

91 93
57%

Scheme 2.6: Synthesis of 2,2-difluoro-1,3-diphenylpropane-1,3-dione
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Figure 2.2: 'H NMR spectrum of 2,2-difluoro-1,3-diphenylpropane-1,3-dione
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Figure 2.3: F NMR spectrum of 2,2-difluoro-1,3-diphenylpropane-1,3-dione
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Figure 2.4: C NMR spectrum of 2,2-difluoro-1,3-diphenylpropane-1,3-dione
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Figure 2.5: HSQC NMR spectrum of 2,2-difluoro-1,3-diphenylpropane-1,3-dione

L

gHMBCAD_01 L 10
GS:ASH40

10
r20
r30
r40
r50
60

90
r100

AC (ppm)

riio
ri20
L 1 r130
° r140

|

r150
r160
ri70
r180
r190
r200
210
220

T T T T T T T T T T T T T T T T T T
90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 1.5 1.0 05
AH (ppm)

Figure 2.6: HMBC NMR spectrum of 2,2-difluoro-1,3-diphenylpropane-1,3-dione)
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Figure 2.7: Molecular structure of 2,2-difluoro-1,3-diphenylpropane-1,3-dione as
confirmed by X-ray crystallography
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2.2.3 Recycling Quinuclidine

Quinuclidine is an expensive and toxic base, and so a method for reusing it would
make successive reactions more cost efficient. In an attempt to determine if the
reaction could be repeated with the same high selectivity for 93, another equivalent
of 91 was added to the reaction mixture after the initial fluorination was completed,

and then a second fluorination was undertaken.

o O F2 (2.3 equiv., 10 % v/vin Ny) o O F2 (2.3 equiv., 10 % v/vin Ny)
M Quinuclidine (1.1 equiv.) DBM (1 equiv.)
Ph Ph phM Ph Full conversion of DBM
MeCN (20 mL) FF MeCN (20 mL)
0°C 0°C
91 93

Scheme 2.7: Attempt at recycling the quinuclidine for a base mediated direct

fluorination of 91

The lack of peak at 6.87 ppm in the 'H NMR spectrum after the second fluorination
corresponding to the C2-H in 91-enol indicated that the reaction had successfully
gone to full conversion with an increase in the total amount of the desired 93 formed.
Unfortunately, large amounts of aromatic ring fluorination had occured as detected
by 'H and F NMR spectroscopy. It appears that approximately 22% of the total
amount of 93 formed has undergone an additional ring fluorination to form 180.
Given the difficulty of removing trace amounts of 180, no attempts were made to
isolate the desired product 93. Unfortunately this appears to be a non-viable method
for reducing the amount of quinuclidine required due to the significant amounts of

unwanted extra fluorination of 91 that occurs in the longer reaction conditions.

2.3 Synthesis of 1,3-Diphenylpropane-1,3-dione De-
rivatives

Given the success in synthesising and isolating difluoro product 93, various DBM
derivatives were synthesised as starting materials to develop the scope of the sub-
sequent fluorination reaction. As would be expected, DBM derivatives with electron-
donating substituents have shown an increased reactivity to monofluorination with
existing electrophilic fluorinating agents such as Selectfluor™ over those with electron-

withdrawing substituents.'?3

Various acetophenone and benzoyl chloride derivatives were coupled using lithium
bis(trimethylsilyl)amide (LIHMDS) in THF based on an established literature pro-
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cedure.'?® Incomplete conversion to the desired product was detected if the reaction
was left overnight. Stirring for 48 hrs at r.t. led to complete conversion as ob-
served by 'H NMR, and the products were isolated as solids in excellent yields after

purification by recrystallization or column chromatography.

Table 2.3: Synthesis of DBM derivatives

o 0 o o
1. LiN(SiMeg)z, THF, -78 °C, 48 hrs
jopiiae
| 2. HCI, r.t.
X " X Y
181 182 91
DBM Derivative X Y  Isolated Yield/%
91a H Me 95
91b H OMe 94
91c H Cl 98
91d F H 100
91le H N02 99
91f Cl Cl 98
91g F F 81
91h NO; NO, 99

The isolated yield for 91g is noticeably lower than that of the other derivatives.
Analysis by GC-MS of the crude product showed two products, the desired product
and a minor product with an M* of 382 m /2. This mass corresponds to the formation
of the tribenzoyl product (183 formed by the subsequent further reaction of 91g),

which was removed during purification (Scheme 2.8).

Li*

SR o, o
Oy, — o770, —
H
F ( F F F F
N

MesSi” SiMeg oly
91f 183
m/z 260 0 m/z 382

F

Scheme 2.8: Mechanism for the synthesis of the unwanted product with m/z 382
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Analysis of the 'H NMR spectra of 91-91h in CDCl; indicated that the products
exist in solution in a high enol ratio (>90%) (Figure 2.8). The high enol ratio was
calculated by comparing the integrals of the peak at approximately 6.8 ppm due to
the enol C-H and the peak at approximately 4.6 ppm corresponding to the ketone
CH,. The enol -OH proton was not visible in CDCl3 due to the low concentration
of the keto form. The structure of several derivatives of 91 were confirmed by XRC
(Figure 2.9).

600
550
500
O OH H r450
H
7 ! L400
Hs
ci cl L350
300
F250
200
H1 H2 o o
150
H3
Hi Ha 100
cl c
50
Ketone H4
0
£ £ T E)
o < - S F-50
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
AH (ppm)

Figure 2.8: 'H NMR spectrum of 1,3-bis(4-chlorophenyl)propane-1,3-dione with
the enol and keto forms highlighted

Removal of solvent under reduced pressure can result in the product precipitating
out as two differently coloured solids which we believe are the keto and enol forms.
We believe the whiter coloured solid is the enol form of the product, and appeared

to be less soluble in organic solvents then the darker keto forms.'?*

For most examples, both aromatic rings are in the same plane, however for 91b the
non-substituted ring is at a 26° angle relative to the carbonyl plane. While half the
examples are orthorhombic (91a,b,f) and the other monoclinic (91d,e,g), all exist
in the enol form. For the bis-substituted compounds 91f,g the alcoholic hydrogen
is found to lie in the middle of the two oxygen atoms as shown by the same C2-
CO bond lengths. For the other derivatives, the O-H and C2-CO bond lengths are
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Figure 2.9: Molecular structure of 91a,b,d-g as determined by XRC

shorter on the non-substituted ring side, which indicates that these derivatives are

enolised on the left side (C1) as viewed.

2.4 Synthesis of 2,2-Difluoro-diketone Derivatives

2.4.1 Isolation of Products 93c—h

With reaction conditions and a purification method optimised for the fluorination
of DBM 91, fluorination of the 1,3-diketone substrates were performed. There are
reports on the monofluorination of 91 and its derivatives, but very little literature on
the synthesis of the corresponding difluorinated product 93 and its derivatives.™!2
Most literature methods involve using large amounts of an electrophilic fluorinating
agent in an attempt to achieve full conversion to the difluorinated product. Further
reading into the supporting information of the published papers show that isolation
of the difluorinated products were either not attempted or performed unsuccessfully;
indeed, most reported preparations of difluorinated diketones contain significant

amounts of the monofluorinated product.
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Table 2.4: Synthesis of 2,2-difluro-1,3-diketones

O o} o} o}
F2 (10 % v/vin Ny, 2.3 equiv.)
O O Quinuclidine (1.1 equiv.) O FF O
X Y MeCN (20 mL) X v
91 93

0°C

1,3-diketone Product Structure Isolated yield /%
o o
91 93 o7
FF
o o 41
91a 93a 10*(mono-F)
e o F 12*(Ar-F)
o o0
91b 93b O O 31
MeO o r 16%(Ar-F)
o o
91c 93c 60
FF
cl
0o o0
91d 93d 60
FF
F
0o o
9le 93e O O 50
FF
02N
0o o
91f 93f 72
FF
ol ol
0o o0

91g 93g 76
F F
F F
o} [0}
91h 93h 7
F F
OZN NO2

*NMR yield

Using the optimised fluorination conditions described in Scheme 2.6, the desired
difluoro products 93c-h were synthesised and isolated in good yields and purity
(Table 2.4), with their structures confirmed by XRC in many cases (Figure 2.11).
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Attempts to isolate the desired products via column chromatography on silica gel
with hexane and EtOAC or DCM as the eluent were unsuccessful, and gave the
products as an oil. However, purification via column chromatography on silica gel
using hexane and chloroform (1:1) as the eluent allowed isolation of the desired

products as solids.

The two derivatives with electron donating groups on the rings, 91a (-Me) and
91b (-OMe), were not isolated due to the formation of significant amounts of ring
fluorinated impurities (Figure 2.1). Large amounts of polyfluorinated tar was formed
and removed during the purification previously mentioned. The desired difluoro
products that had undergone a single additional ring fluorination appeared to have
identical retention factors on silica gel thin layer chromatography (TLC) to the
desired products in every solvent system trialled. Due to their viscous nature, these
impurities could not be separated from the difluoro products by recrystallization or
distillation. Unfortunately, these polyfluorinated by-products could not be removed

thus highlighting the need to prevent over-fluorination.

In the case of 93b the isolated product contained the desired product and a fur-
ther fluorinated product in a 2:1 ratio. This higher ratio of aromatic fluorination
matches the better electron donating ability of the methoxy group compared to the
methyl derivative. GC-MS of this product gave two peaks with masses correspond-
ing to the desired product, and one that had undergone further fluorination on the
aromatic ring. Analysis of the Mass spectrometry peaks show a fragment with an
m/z of 105.1 corresponding to a [CgHgFOy]* fragment (Figure 2.10). The fluorine
is located on the aromatic ring bearing the -OMe substituent which confirmed that
the addition of an electron donating group increases aromatic fluorination. Electron
donating groups are activating and ortho and para directing, and NMR spectroscopy
confirmed that the fluorine is located ortho to the -OMe group of 93b.

Analysis of the crude products by 'YF NMR and GC-MS showed that none of the
diketones underwent aromatic fluorination prior to enol fluorination as no aryl-F was
formed before CF,. The reactive nature of Fy means that even though fluorination at
C2 is favoured, aromatic fluorination will still occur if the aryl rings are sufficiently

activated.

Products 91c-91h containing electron withdrawing groups were isolated in mod-
erate to good yields because these substituents helped prevent unwanted aromatic
fluorination by deactivating the phenyl rings. Products 91f-91h containing two elec-

tron withdrawing groups lowered the nucleophilicity at C2 to such an extent that
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Figure 2.10: GC-MS of the product mixture after fluorination of
1-(4-methoxyphenyl)-3-phenylpropane-1,3-dione

the reaction was slowed enough that almost no aromatic fluorination occurred. The
crude products were isolated as solids in over 90% conversion before purification by
recrystallisation. This sharply contrasts with products 93 and 93c-e which were

initially isolated as oils requiring column chromatography to fully purify.

All of the products decomposed slightly on silica as the addition of two fluorine
atoms a- to a carbonyl increase the electrophilicity of C1.37 Product 91e decom-
posed significantly on silica, with the formation of signals in the 1F NMR spectra
consistent with a CFyH moiety indicating that debenzoylation has occurred. These
signals were not present in the crude product mixture. In the presence of a base,
nearly all products 91-91h are susceptible to undergo a debenzoylation reaction.!*°
It is currently unknown why this side reaction has occurred significantly more in the
case of 91e compared to the isolation of other difluoro products, in particular the

isolation of 184 which contains two —NOy groups.

The molecular structures of 93c,e-h as determined by XRC are noticeably different

to the non-fluorinated starting materials (Figure 2.11). While the non-fluorinated
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Figure 2.11: Molecular structure of 93c, 184, 185, 186 and 187 as determined by
XRC

derivatives exist in the enol form with the two aryl rings and dicarbonyl moiety
mostly in the same plane due to stabilising intra molecular hydrogen bonding, there
is significant rotation seen in the difluorinated derivatives. These all exist in the
keto form, with the dicarbonyl moiety rotated to maximise the distances between
the lone pairs of the electron-rich fluorine and oxygen atoms. Usually one of the
fluorine atoms lies in a syn orientation to one of the oxygens (eg. 93e has a F-
C-C-O dihedral angle of 15.6°) creating a dipole. This dipole appears to aid in
crystal packing by forming weak intermolecular interactions with an aryl ring in an
adjacent molecule (Figure 2.12). The two aryl rings are rotated so that they are no
longer in the same plane to create an additional orthogonal w-stacking interaction.
Similar m-stacking interactions were seen in the non fluorinated derivatives, but as

compounds were mostly planar, formed repeating layers of overlapping molecules.
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Figure 2.12: Crystal packing structures of 93e as determined by XRC

2.5 Mechanism of Fluorination

The exact mechanism of direct fluorination, either electrophilic or radical, has been
a subject of debate and depends on both the substrate and solvent. Many of the
earliest reported direct fluorinations are proposed to occur via a free radical mechan-
ism using F*, though due to the low dissociation of Fy (<1% at rt and atmospheric
pressure) Miller theorised an initiation step utilising a C—H containing molecule to

131-134

generate F* and R°. In general, radical fluorinations require higher temperat-

ures and usually result in perfluorination.

An electrophilic mechanism was suggested in previous attempts at direct fluorin-
ations of 1,3-dicarbonyl substrates.'® Formic acid was used as the solvent which
would increase the susceptibility of Fy towards nucleophilic attack. The rate of
fluorination is dependant on the rate of enolisation, with fluorination occuring at
either the C1- or C3- position depending on which enol is formed. Further flu-
orination at the 3- position to yield the difluoro product is possible, but occurs
much slower due to the lower rate of enolisation compared to the non fluorinated
parent compound (Scheme 2.9). Chambers et al. hypothesised that a comparison
of the product profiles produced by fluorination of a substrate with electrophilic
fluorinating agents and by direct fluorination could provide further insight into the
mechanism.'®® The similar products seen when Fy and Selectfluor™ were used help
support our conclusion that our base mediated direct fluorinations of 1,3-dicarbonyl
substrates described above are occurring via an electrophilic mechanism, rather than

a single electron transfer (SET) reaction.

Previous work by Rozatian et al. have shown that DBM and its derivatives react

via the enol tautomer with electrophilic fluorinating agents, and that bases cata-
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Scheme 2.9: Previous work on the direct fluorination of 1,3-dicarbonyls!®

lyse tautomerism to the enol form.'?* A quantitive reactivity scale for commercially
available electrophilic fluorinating agents based on kinetics studies of the monofluor-
ination of 91 and several derivatives was developed. Importantly, it was confirmed
that electrophilic fluorinating agents react in a similar mechanism to an Sy2 reaction
utilising “F*”. Consequently, we presume that the base mediated direct fluorina-
tion occurs in an electrophilic process with the enol tautomer in a similar method

to Selectfluor™ .

Keto—enol tautomer studies have shown that DBM exists nearly entirely (92%) in
the enol form in MeCN.'*® The two tautomers can be identified by characteristic
shifts in the 'H NMR spectrum, with a peak at 4.6 ppm relating to the keto and at
6.9 ppm relating to the enol form. The enol form is strongly favoured due to the
formation of an intramolecular hydrogen bond between the two carbonyls. Unlike
the starting material, the monofluorinated intermediate exits in the ketone form as
fluorine prefers to be sp® hybridised compared to sp?, as shown by a doublet in the
'H NMR spectrum at 6.5 ppm, and confirmed by XRC (Figure 2.13).

Figure 2.13: Molecular structure of 2-fluoro-1,3-diphenylpropane-1,3-dione (92) as
confirmed by X-ray crystallography

Thus, fluorination of diketones by Fo, N—F or any other electrophilic fluorinating
agent occurs by reaction with the enol form only. Similarly, reaction of 2-fluoro
diketones occurs via the fluorination of the enol form and the rate determining step
for the second difluorination is the tautomerisation of the mono-fluoro ketone form

to the enol.!?* Monofluoro diketones exist predominantly in the keto form.
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Dolbier determined that a single fluorine is thermodynamically more stable at an
sp? carbon compared to an sp? carbon in monofluoropropenes. Purrington et al.
investigated the position of keto—enol equilibria in a-fluoro-g-diketones and found
that in general, acylic variants display the keto form while cyclic variants display
the enol form.!%>13¢ However, it was determined that 92 has a pK, two units less
than 91 in absolute ethanol. This implies that the fluorine increases the stability of
92-enolate, which conflicts with their conclusion that fluorine destabilises 92-enol
relative to 92-keto.

Purrington proposes that as the enolate cannot form the intramolecular hydrogen
bonded enol, the molecule rotates around the C1-C3 bond to maximise the distance
between the two partially charged oxygen atoms (Scheme 2.10). In this orientation
there is a favourable secondary orbital interaction between one of the oxygen atoms
and the fluorine that helps to reduce the unfavourable HOMO-HOMO interaction
between the fluorine and the extended [-diketone framework that is isoelectronic
with a pentadienyl anion. This favourable interaction, along with the inductive

effect of fluorine, explains why the 92-enolate is more acidic than 91-enolate.

0O o o "o o O
M )l\% Base M
Ph Ph Ph Ph Ph Ph
91
/H‘\
) () 0 0 O O O Ph
S l Base S >
Ph Ph Ph Ph Ph Ph Ph o]
F F F F
92

Scheme 2.10: Proposed conformation of the enolate form of

2-fluoro-1,3-diphenylpropane-1,3-dione in solution!®®

When a sample of 92 was isolated by column chromatography, recrystallisation from
hexane and analysis by XRC confirmed that 92 exists in the rotated keto conformer

in the solid state originally proposed by Purrington (Figure 2.13). It is unknown
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whether upon protonation there is a significant barrier to rotation to reform the
original orientation in the solution phase, or if this form is only thermodynamically

stable in the solid phase.

Consequently, we could propose that the role of the quinuclidine is to catalyse the
tautomerism of the keto form of the monofluoro diketone intermediate to the cor-

responding enol form.

At first glance, we may expect a base such as quinuclidine to deprotonate the keto-
92 to give the enolate (Scheme 2.11). However, neither DABCO (pK ,z(MeCN)
= 18.29), quinuclidine (pK,g(MeCN) = 19.5) or EtsN (pK,u(MeCN) = 18.46) are
strong enough bases to deprotonate 91-keto (estimated pK ,y(MeCN) = pK ,5(DMSO)
+12.9 = 13.4 + 12.9 = 26.3).137139 Consequently, the simple mechanism of quinuc-

lidine acting as a base for deprotonation is unlikely (Scheme 2.11).

(0] (0] (0] o
AN Quinuclidine =
Y o
92

Scheme 2.11: Proposed deprotonation of 2-fluoro-1,3-diphenylpropane-1,3-dione by

quinuclidine

Quinuclidine gave the best conversion of 91 to 93 upon fluorination with Fsy, and
so it is clear that it plays an important role in the mechanism. Alternatively, an
in situ N—F electrophilic fluorinating agent might be formed between quinuclidine

and fluorine, which is then selectively fluorinating 91 (Scheme 2.12).

Since Selectfluor™ is synthesised by directly fluorinating 178b in the presence of
sodium tetrafluoroborate (NaBFy) (Scheme 2.2), a similar reaction was attempted
with DABCO to see if a stable N—F reagent similar to Selectfluor™ could be formed

m situ.

A solution of DABCO in MeCN reacted with 1 equiv. of Fy in order to determine if
a stable in situ intermediate between DABCO and Fy was formed. After purging,
1 equiv. of DBM was added, but after 30 min stirring, no fluorination of DBM was
identified by F NMR spectroscopy.

To test the possibility that N-fluoroquinuclidinium fluoride (191) is formed in situ,
N-fluoroquinuclidinium triflate (192) was synthesised following a literature proced-

ure (Scheme 2.14) and then reacted with 91. These N-fluoroquinuclidinium salts
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190 191 92
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| ~ 191 | ~
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Scheme 2.12: Quinuclidine forming an in situ fluorinating agent that fluorinates

1,3-diphenylpropane-1,3-dione

1. F2 (10% v/vin No, 1 equiv.)
MeCN (20 mL)
0°C

A] No fluorinated products
In

2. DBM
0 °C, 30 min

177

Scheme 2.13: Attempts to fluorinate DABCO to develop an in situ fluorinating

agent

appear to be milder fluorinating agents than Selectfluor™ (66) as shown by their
lower reactivity with similar substrates, and the reported quantitative “F+” trans-
fer from 66 to quinuclidine upon mixing at r.t.140145 192 appears to have the same
reactivity as 191, but is more soluble in a range of solvents including MeCN, and
is not nearly as hygroscopic—191 requires handling in a glovebox. Sharif gave no
prediction on whether the N-fluoroquinuclidinium salts fluorinate via an Sy2 or SET
pathway, but the similar N*~F bond lengths in 192 (1.407(6) A) to 66 (1.37(2) A)
indicate a similar bond strength which could result in a transfer of F* by the same

mechanism. 46

DBM was reacted with an equivalent of 192 in CD3CN in an NMR tube kept at 25
°C to monitor the rate of conversion. After 144 h there was 12% conversion to the
monofluorinated product by 'H NMR spectroscopy but none of the difluorinated
product. This is a lower conversion than that seen with 66 as expected. The

reaction was repeated on a larger scale with varying amounts of 192 and quinuclidine
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@ F2 (10% v/ v in Np, 1.2 equiv) %
NaOTf (1.2 equiv,
[N ( quiv) [/ N
F

MeCN (40 mL)
-40 °C

OoTf

190 192
5 mmol 89%

Scheme 2.14: Synthesis of N-fluoroquinuclidinium triflate (192) based on a

literature procedure

(Table 2.5). After stirring for 72 h at 60°C, the solvent was removed, and yields
calculated by comparison of the integral values against a known amount of «,«,a -
trifluorotoluene (Table 2.5).

Table 2.5: Fluorination of DBM with N-fluoroquinuclidinium triflate

o o o o o o
N NFQOTf (1 or 2 equiv)
® T T AT
MeCN (5 mL)
91 60°C,72h 92 93
0.5 mmol
Equiv of Conversion by NMR/%
Entry
NFQOTT 91 92 93
1 1 43 21
1 2 45 33

2.5.0.1 PK, Analysis

Unfortunately, a comparison of the pK ,s in MeCN of the mediating agents shows no
real correlation between basicity and conversion to the difluoro product. Conversion
to the monofluorinated product was higher when EtsN was used despite having a
similar pK, to DABCO (Table 2.1, Entry 11). DABCO and quinuclidine are more
nucleophilic than EtzN due to steric reasons which may help interactions with DBM

or Fy, increasing the observed rate constant.
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Table 2.6: pK, of the mediating agents in H,O and MeCN with their effect on the
fluorination of DBM

pKa NMR yield/%
Base
H,0 MeCN 92 93
DABCO-HJ? 3.0, 8.8 18.3 4 20(7)
Quinuclidine-H* 11.0 19.5 10(8)" 43(33)"
EtsN-H* 10.8 18.5 25 6
Cs,CO3 6.4, 10.3 4 14
NaCl -7 10.3 33 12(6)°

" Isolated yield

50

45 Quinuclidine —@
40

35

30

25

20 ® DABCO

15
® Nacl

NMR conversion to 95/%

10
5 ® Et,N
0
10 12 14 16 18 20
pK

In the case of CsyCO3 (Table 2.1, Entry 12), the lower pK, is unlikely to deproton-
ate 92, and so we propose that the carbonate reacts with any HF present that is

produced as a by-product from fluorination.

In (Table 2.6, Entry 5) NaCl is not nearly basic enough to deprotonate the enol
form of the starting material. Instead, it is hypothesised that the salt is interacting
with Fy to generate small amounts of CIF and F~ which is then reacting with the
enol forms of 91 and 92.
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The lower conversion when Et3N is used compared to DABCO, despite their similar
pK,sin MeCN, indicates that the selectivity is not entirely due to the base strength.
Deprotonation of either the starting material or the monofluorinated product gives
the corresponding enolate which then reacts with Fy. Quinuclidine gave an NMR
yield of the difluoro product 93 that was 7 times higher than when EtsN was used, far
more than expected given the pK, difference of 1, and thus implies that quinuclidine

is also interacting with fluorine.

2.5.0.2 N-F Compound

The nitrogen of quinuclidine could, in principle, interact with fluorine to form either
a discrete N-F* bond or some form of associated amine-fluorine compound. Al-
ternatively, the nitrogen could be protonated and fluorine interacting with this

quinuclidinium-H". (Figure 2.14).

5 F .
N— -N N
193 191 194

Figure 2.14: Possible N-F fluorinating reagents generated in situ in a quinuclidine

mediated direct fluorination

2.5.0.3 Reactions of 2-Fluoro-1,3-diphenylpropane-1,3-dione with Qui-

nuclidine

To investigate potential interactions between 92 and quinuclidine, equivalent amounts
were dissolved in CD3CN in an NMR tube kept at 25 °C. This proton integral ini-
tially rapidly decreased, but then slowly increased over the next several days (Fig-
ure 2.15).

As soon as the quinuclidine was added to 92 in the CD3CN the solution turned
more yellow. Analysis by 'YF NMR immediately after this addition showed a sig-
nificant number of peaks corresponding to aromatic fluorination. A new doublet at
—190 ppm had appeared indicating that some of 92 has undergone an unwanted

fluorination on the aromatic ring (Figure 2.16).

It appears that 92 is unstable in the presence of quinuclidine, and so it is possible
that some of the aromatically fluorinated products may not be entirely due to an

unselective direct fluorination of 91, but are products of a competing unwanted
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Figure 2.15: Change in intensity of the C2H peak in the keto form of
2-fluoro-1,3-diphenylpropane-1,3-dione in the 'H NMR spectrum after an

equivalent of quinuclidine was added
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Figure 2.16: F NMR spectrum of 2-fluoro-1,3-diphenylpropane-1,3-dione in

CD3CN minutes after the addition of an equivalent of quinuclidine

reaction pathway (Scheme 2.15). This is supported by the relatively minimal amount
of ring fluorinated products detected by YF NMR spectroscopy when quinuclidine

was initially screened as a base.
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Scheme 2.15: Unwanted defluorination of 2-fluoro-1,3-diphenylpropane-1,3-dione
by quinuclidine leading to the in situ generation of an N—FT reagent that

performed unselective ring fluorination

2.5.1 Quinuclidinium—F, Interaction

Due to the experimental setup requiring purging the apparatus with nitrogen before
the introduction of fluorine, quinuclidine is added to a solution of DBM in MeCN
at r.t. Upon mixing, the solution appears to turn slightly more yellow coloured,
which could be indicative of a deprotonation occuring. It is likely that a significant
proportion of the 91-enol is deprotonated prior to fluorination which would allow

for the formation of 193 as a potential fluorinating agent.

Given the observations above, a mechanism for the quinuclidine mediated direct
fluorination of DBM with Fy is proposed in Scheme 2.17. 91 is deprotonated by
quinuclidine prior to the addition of fluorine, and it is proposed that the fluorinating
agent is generated in situ by the interaction of fluorine with this protonated base
193. This will act as an electrophilic fluorinating agent and fluorinate 91-enol
to give 92. A rotation and deprotonation will occur to give 92-enolate in the

orientation proposed by by Purrington with the two oxygen atoms far apart.

Since reaction between N-fluoroquinuclidinium triflate 192 and diketones such as
DBM only proceed at elevated temperatures (Table 2.5), fluorination of DBM with

192 in a similar mechanism to Selectfluor