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Abstract

The design and synthesis of geminal difluoromethylated compounds is extremely
important owing to their unique biological properties, such as enzyme inhibition, pKa
modulation and improving metabolic stabilijowever, efficient methods, startifigm
sustainable low cost starting materials, for the introduction aj¢hedifluoromethylene
group into cyclic molecules are still scard&ork towards developinghe de novo
synthesis ofdifluorinated sugar analogues bging trifluoroethanol as an irgensive

building block is presented.

The Saegusé#o cyclisationwas utilisedfor the construction of selectively fluorinated
carbocycles. Difluorinated silyl enol ether precursors were prepared in two synthetic
steps from commercially available trifllamthanol. Protection with diethylcarbamoyl
chloride was followed by dehydrofluorination/lithiation, under cryogenic conditions, and

the metalated enol carbamate generatesitu trapped with either a ketone or aldehyde
electrophile. Following transacylati, the enolate species could be trapped with
chlorotriethylsilane to afford silyl enol ethers in good yield. Cyclisations ensued
smoothly under mild conditions. A combination of copper(l) chloride and Pd{JAc)
acetonitrile at 70°C proved the most effet i ve c at al ¥Pifluoroketangss t e m.
were often isolated as mixtures of ketone and the corresponding hydrate; however, these

mixtures could be efficiently dried in a vacuum oven to deliver pure ketones.

The cyclisation of difluorinated enol acetals alternative cyclisation mediators was
investigated. These precursors were also synthesised in two steps from trifluoroethanol
using cryogenic lithium based chemisttysi ng a catalyt-bcs{216 mi
di i s o pernoeyphyil dpzkhyzloildene) gol d( 1) chbbltvde
hexafl uor oathtei momtart @rfd/l) e @u li am @dr bdicfylcd a rsi
acetals has been achieved. Di fluorinated e
be yceldi sand irnedgusctendg t et rabut yl aimmmoaomn et mp ddto r |
form fl uoroitniaftsed Aditcelramit ovedbfy, t ehmi ocgk !l abkk
the concise syertdheyiranofschhifiobdsar o¢ dsey
performedcondealnlsoiwidng for the constructio

cyclic systems.
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1. Abbreviations

AD
API
Arg
Asn
Asp
bpy
CA-II
CAN
CDFMK
CETP
CSA
DAST
DCE
DCM
DEC
DEIPS
DCD
DFMK
DFT
DMAP
DMDO

DMF

Asymetric Dihydroxylation
Active Pharmaceutical Ingredient
Arginine

Asparagine

Aspatrtic Acid

2 , -Bigyridine

Carbonic Anhydrase Il
CericAmmoniumNitrate
Chlorodfluoromethyl Ketone
Cholesteryl Ester Transfer Protein
Chemical Shift Anisotropy
DiethylaminosulfurTrifluoride
Dichloroethane
Dichloromethane
N,N-Diethylcarbamoyloxy
Diethylisopropylsilyl
DewarChattDuncanson
Difluoromethyl Ketone
Density Functional Theory
4-Dimethylaminopyridine
Dimethyl dioxirane

Dimethylformamide



DMSO
DNP
ETM
FMO
GC-MS
GIn
Gly
GOase
GT

HA
HIV
HMPT
HMBC
HOESY
HSQC
IgM
IMes
IPr

KIE
KSP
LDA
LUMO
mCPBA

MEM

Dimethyl Sulfoxide

Dinitrophenyl

Electron Transfer Mediator

Frontier Molecular Orbital

Gas ChromatographiyMass Spectrometry
Glutamine

Glycine

Galactose Oxidase

Glycosyltransferase

Haemagglutinin

Human Immunodeficiency Virus
Hexamethylphosphorougiamide
HeteronucleaMultiple Bond Correlation
HeteronucleaNuclear Overhauser Effe8pectroscopy
HeteronucleaSingle QuantumCoherencespectroscopy
Immunoglobulin M
1,3-bis-(2,4,6trimethylphenyl)imidazek-ylidene
1,3-bis-(2,6-diisopropylphenyl)imidazeR-ylidene
Kinetic Isotope Effect

Kinesin Spindle Protein

Lithium Diisopropylamide

Lowest Unoccupied Molecular Orbital
metaChloroperoxybenzoic acid

MethoxyethoxymethyEther
2



MOM

NDP

NGP

NHC

NMI

NMR

NOE

NOESY

PCC

PTSA

RCM

SEE

SPM32

STA3

TBDMS

TBDPSCI

TEMPO

TES

TESCI

TFA

TFDO

THF

TIBAL

TIPS

MethoxymethylAcetal
NucleosideDiphosphate
Neighbouring Group Participation
N-Heterocyclic Carbene
N-Methylimidazole

Nuclear Magnetic Resonance
Nuclear Overhausédtffect

Nuclear Overhauser EffeSpectroscopy
Pyridinium Chlorochromate
p-Sulphonic Acid Monohydrate

Ring Closing Metathesis

Silyl Enol Ether

3-Mercaptopropyl Ethyl Sulfide Silica
TriamineEthyl Sulfide Amide Silica
tert-Butyldimethylsilyl
tert-Butyl(chloro)diphenylsilane
(2,2,6,6Tetramethylpiperidin-1-yl)oxyl
Triethylsilyl

Chlorotriethylsilane

Trifluoroacetic Acid
(trifluoromethyl)dioxirane
Tetrahydrofuran

Triisobutylaluminium

Triisopropylsilyl



TLC
TMEDA
TMS
TMS-CI
Trp

VT

XRD

Thin Layer Chromatography
Tetramethylethylenediamine
Trimethylsilyl
Chlorotrimethylsilane
Tryptophan

Variable Temperature

X-Ray Diffraction



2. Chapter 1: Introduction

2.1 Carbohydratestructure

Carbohydrates (or saccharides) ame ofthe most abundant class of biomolecules
present in living organismsAt the most basic level they can be thought af@ssisting

purely of the elements carbon, hydrogen and oxygen and can therefore be designated by
the general formula §H-O)ywhere n O 3. The simplest fo
termed monosaccharides and are the precursors to all larger, more complex,
carbohydrates. IBlucosel (Schemel) is one of he most common monosaccharides
andis utilised as an energy source in both plants and animals. In solitemajor
species presens not as the open chain hilte six memberechemiacetal opyranose
species A mutarotation equilibrium exists betweedhe two cyclic anomers -DU
glucopyranose 2 a n d-D-gtucopyranose3 via the open chain form of {glucose
(Schemel).?®

CHO
OH H——OH OH
HO 2 —0 - H—+—OH = HO 5 O
HO > > 1 H——OH HO > OH1 OH
oL CH,OH 3
2 1 3

Schemel i Mutarotation equilibrium of BGlucose

Formation of these two cyclic hemiacetals, by the intramolecular reaction of the
aldehyde and theecondary alcohol of -6 forms a new stereogenic centre al @hich

is called the anomeric carbon. At equilibridihere is a clear preference for formatidn o

the b anomer (& 66%) over the U anomer (A&
existing as the open chaform ( & 1 @WbYhe case of disaccharidgee anomeric

hydroxyl groupis lostand the G4 OH of another sugarnks the two unitghrough a

glycosidic bondFigure 1).*



HO 5 -0
HO 1 OH
3 2
. OH
Glycosidic 3 2 0H
Linkage
Figureli Gl ycosi dic | inkage between two grhalloscose mol ec

The terminal sugar unibhasthe potentialto form further glycosidic bonds andan
therefore generate carbohydrates (polysaccharideg)re complex than the simple
monosaccharide and disaccharide shown abo%ememel andFigure 1, respectively.
Figure 2 displays an example of the glucose polymer amylose, one of the major

components of starch.

OH
6
HoOAGE O -
OH
HO 2! 6
3 OH 4 o
07 1 OH
HO
3 2OH 48 o
O/
HO ~—'0oH
300-600L 473 204

Figure 271 Structure of polysaccharide amylose

2.2 Carbohydrates Function

The introduction of glycans (oligosaccharides) onto proteins is carried out by the post
translational modification reaction known as glycosylation. The ibdatcarbohydrates

were purely energy soursechanged when Goldsteiet al highlighted the abilityof
carbohydrate residues on the surface of glycoproteins phytohemagglutinin and
monoclonal IgM to interact with the protein Concanavalif Pallowing this discovery

the importance of cell surface glycans in biological systems has been demonstrated by
the role they play in crucial physiological processes such asalellecognition, cell
signalling, hosfathogen interactions, host immune responses and plasma membrane
stability.! Their involvement in these processes may be explained by the fact that the
surface carbohydrates come together to form a layer known as the glycocalyx which

extends much further out into theteacellular matrix than the proteins located in the



lipid bilayer?® This allows these sugar speciestder intointeractions with extracellular

entities when they first approach the cell.

2.3 Carbohydrates as drug targets and glyaoetics

The composition of cell surface carbohydrates can vary significantly between those
located on healthy and diseased cdfisparticular,unique glycan markersan be found

on diseased celfsCarbohydratébased pharmaceuticals could potentially be used to
target these glycoproteins and inhibit interactions with their natural binding partner
ligands However the number afarbohydratelerived drugs on the market remains low
due to unfavourable pharmacokinetic properties linked with carbohydsatgs as poor

oral bioavailability and rapid renal excretidrifo tackle the issues associated with
carlohydrate derived drugs a new class ldrapeutics, known as glycomimetiovas
developed. These small molecukesemble the structure, size and shape of the parent
carbohydrate thereby o6émimickingd their
whilst possessing vastly improved pharmacokinetic and physicochemical properties over
their carbohydrate counterpaft©seltamivir (Tamiflu) developed by Kirat al, is an
example and isof one of the most successful glycomimeticigh it is used for the
treatment of influenz&Oseltamivir is often administered in the form of an oral prodrug

4 (oseltamivir phosphate) which is readily metabolized to the active metaboiite

vivo.l°

O

', ester O,
/@)‘\ hydronS|s /j/ /@)J\OH
HNY ™
/§O NHyeH;PO, /§O NH;

4 5
Scheme2 1 Structure ofOseltamivir phosphaté (prodrug) andOseltamivir carboxylat& the active

form of the influenza neuraminidase inhibitor

Oseltamivir carboxylateés inhibits the enzyme neuraminidase, a surface glycosidase
expressed by both influenza A and B. This protein is known to catalyse the cleavage of
terminal sialic acids bound to the HA receptor of infected cells which, in turn, releases

the virus back intohe extracellular environmer¢heme 3.1



o 6/\' H OH
N (R _ROH Ho/yl o
o " AcHN COH
H NS E— HO ‘
—E _o’/ \[C])/ 6\[]/'5_
T 0
0
A ST HO“‘%zH
N _
ﬁrw H DUl s

Scheme 3Hydro|y5|s of sialic acid by the glycosidase protein neuraminidase and rationale design of

Oseltamivir as an oxacarbenium transition state analogue.

Metabolite 5 acts by mimicking the oxacarbenium transition state structure, a key
intermediate in the hydrolysis of sialic acid by neuraminidase. The flat oxonium cation
intermediate is similar in shape to an alkenyl group so the cyclohexene scaffold in
keeps confanational changes to a minimum, a feature which is important for
maintaining biological activity. Analysis of theligandbound neuraminidase crystal
structure reveals multiple strong bindiirgeractionsresponsible for the high antiviral
potency observed for OseltamiviFigure 3). The carboxylate functionality of the
inhibitor is held in place through strosglt contactsvith three arginine residues as well
as hydrogen bonding interactions between thar@ino group and Glul19 and Asp151.
However, in order to accommodatestlarge 3pentyl group ofs the carboxylate group

of Glu276 is forced terojectout of the hydrophobic pocket. This leads to an increased
number of hydrophobic interactions between thpeBtyl group and the amino acid

residues within the active site rfher increasing potency.
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Figure 3: X-Ray structure 0% bound to influenza neuraminidase.

A specific class of carbohydrate mimics known as carbasugars have attracted
considerable interest within the scientific community as potential glycosidase inhibitors
and meh effort has been devoted to the synthesis and application of these mdfecules.
However, the number of selectively fluorinated carbasugar analogues that exist remains
relatively low aml the application of this new class of glycomimetic is still very much in

its infancy.

2.4 Carbohydrate Mimicé Carbasugars and Fluorocarbasugars
Carbasugars are sugar analoguneshichthe endocyclic oxygen in the natugalgar has
been replaced byraethylenegroup Eigure 4).

OH
HO X
HO a OH
OH
n= 5-8

X=0 6a
X=CH, 6b
X =CHF 6c
X=CF, 6d
Figure 4 1 Generic structure of naturally occurring sugarga)( carbasuga (6b) and
fluorocarbasugars¢€ and6d).

Carbasugars argequentlybased on fiveand sixmembered rings; however, there has
been increasing interest in the preparation of seaed eight membered carbasugar
analogues® The different spatial distribution of hydroxyl groups and the increased

conformational flexibility of larger ringsauld produce sugar analogues which are more



adaptable to fit into the active site of carbohydrate processing enzg$maget al. have
reported the synthesis of both cycloheptdaed cyclooctan@ ring cyclitols Figure 5).

OH

o OH
HO compare
with HO™ OH

OH

HO  OH

B-D-mannopyranose
Figure 5: Cycloheptanic and cyclooctanic mimetics.

The occurrence of these compdsrin nature isparseMiller et al were the first group

to report the i sol at7h rom natdre'® BaiCarba&D- c ar ba
galactopyranos&b was isolated from the gram positive bacte&teeptomyces spiA -

4145 and was found to have weak aatiierial properties againktebsiella pneumonia

MB-1264 (Figure 6).

X _.OH
HO B

HO “OH
OH

7a galactose X=0
7b carba X=-CH,-

Figure 6i Galactose sugar and relatedGarbaU-D-galactopyranosgéaand7b respectively.

Curiously, McCaslanet al hadsynthesised carbasugép 7 years prior to its discovery

in naturel’ Replacement of the endocyclic oxygen with a;@hders the molecule inert

to hydolysis and markedly improves metabolic stability. This is because such a
substitution removes the ability to form an oxacarbenium cation, a key intermediate in
sugar hydrolysis cheme 3! A number of drugs which belong to this family of
glycomimetics have now come to market; these include Acarbose and Voglibose, both of
which are glucosidase inhibitors used for the treatment of dialiatesd 7).

10



OH
OH
HO,,
"Ho

y O OH | OH

" 6H ” RO Ho HN
HOY 0 OH
HO ©OH

Figure 7. Marketed carbasugar based drugs Acarbose (left) and Voglibose.(fligbt)carbasugar
component of each drug is highlighted.

The use of a fluoroalkyl group could potentially yide surrogatessc and6éd in Figure
4) with

however, thebiological applicatiors of thesespecificclassef glycomimeticstructures

mu c h i mproved physicochemica;l prop

are yet to be realisediven thatsuch species are also inert to hydrolysis this feature

could be utilised in the design of biological probes for enzymes such as

glycosyltransferase$Stheme 4.192°

N
=0 NuH =\ Q! _-ONDP =\ 0
—_—T N
(HO)7 < S —  (HOo)y ———Nu
ONDP :
ONDP
_ ot
6-
Nu
F F! F
NuH N—F - "ONDP %
(HO)/&F —K—> (Ho)n/%\I o+ (Ho)n/ Nu
n GT |
ONDP ONDP 5.

GT = Glycosyltransferase
NDP = Nucleoside-diphosphate

Scheme 4 Stability of difluorinated carbasugars to glycosyltransfera&es

Another important feature of difluorinated carbasugars is that their stereoelectronic
properties more closely resemble those of a natural glycoside motif compared to non
fluorinated analogues. This is due to thgcanomeric effect and is crucih for
improving their mimicking ability. The origins of this effect lies in the favourable
interaction that exists between the lone pair of the exocyclic anomeric oxygen and the
| ar g'erbs orital. This stabilizing interaction therefore results in reduced

conformational interconversionBy removing the anomeric oxygen (this being the case

11



in classical carbasugars) the exocyclieCObond becomes more flexible and this
increases the populati of unnatural conformergigure 8).2*

o O c1-05 G c1-C5a F

exo / mﬁ/ F/G eror

O c1-c2 ‘

N v / 7
e

glycoside carbasugar gem-diF-carbasugar
Figure 81 Lone pair interactions responsible for the-anomeric effect!

This could potentially be detrimental to small molecule protein binding because of the
entropic penalty that it induces. However, replacement of the endooyglien with a

CF: should effectively maintain the polarisation at the C1 position and restoexshe
anomeric effect. Indeed, Xet al have performealectronic structurealculations and
NMR studies to show that this is the case withy @fich is intermediate in nature
between O and CHTable 1).%

12



Table 1: Stabilization energy between donor and acceptor orbitals in natural :

carbasugar and difluorinated carbasugar

Molecule Stabilization EnergyE?) throughexo
anomeric effect, kcal moP
OH
nOexoY CJ*Cl—Oendo
PNy
HOOMe 17.39
OH
NoexoY U'ci-csa
"o
HOOMe 0.84
OH
N nOexoY 0*C1—C5a
"o F
HOOMe 9.24

2 E@ represents the secowdder interaction energy betweémntramoleculardonor and accepto

orbitals

To validate thign silico model the authors synthesisgemdifluorocarbadisaccharidg
and carbasugar analog@end investigated thegonformations through NMR NOESY
and HOESYexperiments'H-H and*F-1H).

HO i
HO F
HO
OH OH or
0

@)
HO

8

HO
HO
HO
OH OH OH
o 0

HO
OH
OMe

9

Figure 9: Disaccharides used in NMR studies to validatestkeeanomeric effect

In the case aflifluorocarbasugar analog@he exell / s y n ¢ o wdsfavourea t i
exclusively. In contrast, carbasugaexhibitedconformational interconversion between

three different conformer@xo-0 / s yeaxd&D Antid and nonexo-t / s Y in §plution

The results of these experiments demonstrate the ability to restore the anomeric effect

when substituting an oxygen atom with ax@Foup.

Whilst these fluorinated sugars appdarhave a number of attractive propertidse

potential of such species to serve as effective glycomimetics has still to be sufficiently
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investigated. This malye attributed to the fact that a pauafysynthetic pathways exist
to provide access to such molecifes.

2.5 Biologicalpropertiesof fluorine

As fluorine is the most abundant halogentheEa r t h 0, € is surprisiag that nare
produces very few fluorireontaining organic compound$o date,only 13 naturally
occurring organofluorine molecule8, o f w h i cfluoriratedefattyy acids derived

from the same plant specjdmvebeen reporte@ In contrast tasuch scarcityn natureit

is estimated that up to 20% of prescribed therapeutics and up to 30% of the leading 30
dlockbuster drugscontain one or more fluorine atorffSn 2012 Advair developed by
GlaxoSmithKline, and Lipita®, developedoy WarnerLambert were among two of the

top 20besteglling drugs worldwidegrossing $3.illion and $7.9%billion, respectively
(Figure 10).2°

o)
Ho HQ
OH
o)

@—NH O F

Figure 10: Lipitor® (left) and fluticasone propionate component of Advair (right)

It would not be an oveexaggeration to state that most drug discovery progeswill

at some stage explore the use of fluorinated compounds as potential drug candidates
This is inalarge part due to the unique physicochemical properties and stereoelectronic
effectsimparted by fluorine atom incorporatiéh The powerful electron withdrawing
capability of the fluorine atom means that its incorporation into a drug molecule can

have a drastic effect on important physicochemical properties such as bioavailability.

Rowleyet d. utilisedthis featureto attenuate the basicity of the piperidyl fragment in a
series of 2phenyt3-(3-piperidyl)indoles’’ In this case the introduction of fluorine
decreased the basicity of the piperidyl nitrogen by two orders of magnénde
subsequently improved oral bioavailability dgcreasing the concentration of protonated
speciesin vivo and improving cellular absorptioméble 2). Furthermore, fluorinated
analogues exhibitednproved selectivity for 84T2a receptors ovethe IKr potassium

channel (hERG), a factor which is criticdbr avoiding potential QT interval
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prolongation.This decreased hERG activity is likely to be driven through modification
of the pKa value.

Table 217 Changes in pKand bioavailability upon addition of fluorine.

Indole 5-HT 242 PKa F (%)

NH

0.99 10.4 Poor
Oz
N O
H

NH

F/I-
0.43 8.5 18
I
oy
H

i / \ 0.06 i 80

a Affinities at human cloned-BITa receptor (nM) ? Bioavailability calculated from dosing at 625
mg/kg in rat.

The authors note that the indole was prone to aromatic hydroxylation at@he$€ition

but introduction of a second fluorine atom inhibited metabolism by P450 enzymes at this
site and further i mproved bi oaedquteaften | i t vy.
as a technique in medicinal chemistry to prevent the deactivation of biologically active
specieg® The enhanced metabolic stability can be explained bydiffierences in the
bond dissociation energies offcand CH bonds which are 105.4 kcal/mole and 98.8

kcal/molg respectively?®

As well as influencing bioavailability, the perturbation of jpgan also modify the
binding affinity of a particular pharmaceutical agent strongly. Coeta/. found that a
linear relationship existed betweeKipnd pks for a series of carbonic anhydrase I

(CA-I) inhibitors whereby pKincreased as pidecreasedrigure 11).%°
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Figure 11: Linear reationship between dissociation constants of sulfonai@idlel (Ki) and pKa.3°

By replacing the Ckigroup (pks = 10.5) with Ck (pKa = 5.8) an increase in potency of

up to fiveorders of magnitude was obsedyé; = 320 uM and 2nMrespectively. This
dramaticincrease in binding affinity was attributed to the increased electronegativity on
the sulfonamide nitrogen at physiological pH (4%:8B:NH> unionized) which binds
tighter to the zinc ion within the actvsite of CAll. The membranepermeability of
ionised CESO:NHz was twentyfold less than that of the unionised form; however, both
the ionised and unionised forms were found to penetrate red blood cells and rapidly

saturate CAll.

Care must be exerciseslhen using fluorine as a pKmodulator in drug molecules
because of the potential to generate highly toxic fluorinated metabdatitagvo.
Inhibition of kinesin spindle protein (KSP) has been shown to be effective in the
treatment of taxaneefractory cacer and optimal profiles are observed for compounds
with a pKa between 6.5 and 8.Cox et al found thatb-fluorination modulated the pK

of the piperidine nitrogen in KSP inhibitdi0 so that it fell within this optimal range
(Figure 12).3*

16



pK, =7.6 pK, = 8.8
Figure 12: pK,values of KSP inhibitoréd0and11.

However, fluorinated analogueé® was found to be acutely toxic and mortality was found
in two thirds of rat subjects twel\lreours after dosage. It was found thatlealkylation
in rat hepatocytes resulted in the formation Mfdealkylated analoguel2 and

fluoroacetatel 3, a known toxin in mammal$igure 13).%

0
CYP450 * F\)J\O—
10 12 13

Figure 13 Metabolism ofL0in rat hepatocytes affording toxie.

To overcome this issue the authors found that fluorination of the piperidine ring at the 3
position afforded an analogue with similar pharmacokinetic properties yet supressed the

formation of toxicfluorinated acid byproducts.
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Considering the electronegativity of the fluorine atom, it would be reasonable to assume
that the GF motif behaved much like the correspondingdCand CN fragments in
terms of hydrogen bond accepting ability. Hoeevbecause the-E bond is weakly
polarisable this reduces the hydrogen bond accepting ability of organic fluorine
drastically®33* Having stated this, florine can participate in electrostatic interactions
Indeed there are a numbef examples whereby the introduction of fluorine into a small
molecule improves potency. Thislikely attributable tothe dipolar interactions which
can exist between fluorine and the amide backbone of a protein within its actfrdrsite.
thar development o numbethrombin inhibitors Olsenet al demonstrated this effect
particularly well*® The binding mode of the fluorinated thrombin inhibitor was revealed
by X-ray crystallography and was similar to that of previously reportedfinoninated
inhibitors3’ However, the authors discovered the@@tket of the thrombin active site to
accommodate a fluorine atom and that a simple switch fnrgorogen to fluorine

brought about a six fold increasebinding affinity for the targgprotein(Figure 14).

Asn98 i& Asn98 .E?. Asn98 EL

0O HN" O HN™ O HN™
H H H
H2N)K\\\ﬁ|\|(N\§ HZNJJ\\\\;L\H/N\s HZNJJ\\\\;L\H/N\s
0 ol ol

1
1

e ¢ @

K;=0.057uM K;=10.36 uM K;=0.50 pM
Figure 14: Importance of fluorine in 4osition for interaction with amide backbone in the active site

of a series of thrombin inhibitofs.

The fluorine atom present in the inhibitor was within close proximity tgptharisedH-

C LC=0 fragment of Asn98 resulting iattractive interactions between the two
moieties® The strength of these interactions are reflected in the binding affijtyith

the fluorinated analogudisplayinga K; value of 0.057 pMwhilst the nonfluorinated
counterparthas a K; value of 0.31 pM.Goldsteinet al also found that a similar
interaction was responsible for aightfold increase in potency in a series of fluorinated
p38U ki na sf%Thereratsorbe intevesting features about these interactions
which should be noted. In the context of ligamebtein binding such ETTTC=0

interactions are quite rare The weak nature of such an interaction has prevented its
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energetic quantification in bimoleculaystems; however, Fischet al calculated the
interaction free enthalpy between az:@ffoup and a spatially close amide group in an
extended indole to lie betweed.8 and-1.2 kJ mot (Figure 15).%°

Figure 15 Representative intramolecular orthogonal polar interactietweeni CF: and amide

group.

Although fluorine acts only as a weakhk#nd acceptor, & T TCTimderactions have
beenreported to play an important role in the crystal packing of fluorobenzasegell

as in base stacking of fluorinated ribonucleosfdés.

The ability for fluorine to act only as a hydrogen bond acceptw been used in
studying carbohydrate chemistry to enable distinction between the roles of dofar and
acceptor for a given substrate hydroxyl group. The significance of individual hydrogen
bonds for the kinetics of binding can then be assessed irffispenbohydrateprotein
interactions. Westwoodet al have demonstrated this during a study of yeast
galactokinasé® The hydrogen bond accepting/donating of specific hydroxyl
functionalities was elucidatedylcomparison of the kinetic parameters obtained for the

2-deoxy and isomeric-deoxyfluao-D-galactopyranoses analogugsgure 16).
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Figure 16: Analysis of hydrogen bond donating/accepting ability of the hydroxyl groups-in D

galactose

From these results it appears that the role ofZ0kito act as a #hond acceptor whereas

HOOH

o

HO OH

OH

Ky =0.9 + 0.4 mM

HoOH
o)

F OH
OH

Ky = 60 mM

Km =108 £ 26.5 mM

FOH

0
HO OH

OH
Km=1925%+71 mM

Ky = 5.6 + 2.3 mM

Hof

0]
HO OH

OH
Ky = 55 + 38 mM

OH-3, OH4 and OH6 ar involved in the binding to galactokinase as hydrogen bond

donors. However, a more recent study by Lin&aal found that fluorineis acting as an
isostere andubstitution at the O position of Dgalactose had no detrimental effect
on binding to galctose oxidase (GOas¥)Despite the loss of hydrogen bond donating

capacity the k value of fluorinated galactose analodisewas found tde equivalent to

that of the natural substrateigure 17).

H

Figure 17: Binding modes of Bjalactose and fluorinated analodisin active site of GOase.
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even

stronger
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fluoro group is now involved in an attractive interaction with the guanidinium group in

Arg330.

Fluorine can also heavily influence the properties of nearby funttignmoaips. The

introduction of fluorine on a carbon adjacent to a carbonyl group is known to enhance
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the tendency of ketones to add nucleophiles. In aqueous solution water can readily
hydr ate car bon y-fluorigersobstiusntsfcleme 5 ng U, U

HO OH

E)KX’“ = %24(

Schemeb: Ketone/hydrate equmbrlum.

This particular feature has been used in the design of protease inhibitors. durestts
the fact thahydrated ketones closely resemble the tetrahedral adduct formed w@en H
adds to the carbonyl group of a peptide substiate thereforecan beregardedas

transition state analogue inhibitofSdure 18).

_ Ph Ph
HO O HO, OH )
> O_ N O
NN =
H 5 FF O

Figure 18: Natural tetrahedral intermediate in peptide hydrolysis of phenylalanine residue (left) and

potential transition state mimic (right)

Angiotensin is an enzyme which catalyses the hydrolysis of Angiotensin | to
Angiotensin Il, the latter being a potent vasoconstrictor. Antagonists of this enzyme are
therefore likely candidates for antihypertension pharmaceuticals. Abstlesl
demonstrad the effectiveness of fluorine in the design of inhibitors of the zinc
metalloprotease AngiotensiiThe trifluoromethylketone proline analoglié wasthree
hundred fold more potent than its methyl ketone countergt highlighting the

significance of fluorine substitution adjacent to a carbonyl gréigute 19).

S &

COO~ COO0~
15 16
Ki =15 uM Ki = 4500 uM

Figure 19: Angiotensin converting enzyme inhibitors

Ericksonet al successfully modelled the complex of HI\protease with inhibitot7 in

performing a series of vigoroad initio calculations Figure 20).4
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Figure 20: HIV-1 protease inhibitor

The calculations revealed that the difluoroketone core is hydrated andyauche
conformation within the enzyme active site. The high activitydivas attributed to its
ability to mimic a peptide bond that has undergone carbonyl hydration.

Another interesting feature is the conformational change that can potentially occur upon
incorporating fluorine into a molecule. Usually the substitution of Hh Witmposes only

a minor additional steric demand; the van der Waals radii of hydrogen and fluorine
atoms arel.20 A and1.47 A, respectively. However, the replacement of a methyl group
with a trifluoromethyl group can drastically alter the conformatidmsTs because the
volume of a trifluoromethyl group is approximately twice that of a methyl group
comparable to an isopropyl substituentn a comparison of anisole with
trifluoromethoxybenzene, Klockest al. performed quantum mechanical calculations to
show that whereas it is energetically favourable for the methoxy group to lie within the
plane of the phenyl ring in anisole, the trifluoromethoxy group must lie orthogonal to it
in trifluoromethoxybenzen®. This effect could have significant biological
consequences. Massa al have highlighted the significance molecular geometry can
have on protein binding affinity by comparing the potencies of two CETP (cholesteryl

ester transfer protein) inhibitorBigure 21).%8

18: R = OCF,CF,H ICs=0.2 uM
19: R= OCH,CH; ICs= 1.6 uM
Figure 21:CETP inhibitors18 and19 with corresponding I values?®

Ab initio calculations showed that thet&rafluoroethoxy substituent lies out of the

plane of the phey ring, whereas the nonfluorinated ethoxy group lies in plane. The
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eight fold lower potency of the ethoxy analogue was attributed to this effect. The
fluorine atom therefore cannot be considered simply as an isosteric replacement for
hydrogen with spatiatonsiderations having to be taken into account during molecular

design.

One of the most important physicochemical properties associated with orally
admi ni stered drugs 1is I|ipophilicity. A dr
coefficient (logP v al ue) which is a measure of t he
octanol and water. A molecule with a high |&gvalue would be considered as highly

lipophilic whereas one with a lower Idgyvalue would be considered as highly polar. In

1997, Lipinskiet al. devel oped a set of rulessedLipins
to evaluate the suitability of a drug for oral administrafit®ne of the rules states that

any molecule with a lo& value greater thafive or less than zercould potentiallyhave

issues with membrane permiglp. This is because a drug which is too lipophilic could

become trapped upon traversing the lipid bilayer of a cell whereas one which is too polar
would not be absorbed at all. It has since been demonstrated that the introduction of
fluorine into molecies cantunethe log P value for a given compourihble 3).>° This

is a result of the polar hydrophobicity of theFCbond associated with the high
electronegatiy and small size of the fluorine atom as well the low polarisability of the

C-F bond.

Table 3-Effects of fluorine introduction on Log.*°

Compound Log P (octanotwater)
CeHs 2.1
CeHsF 2.3
CsHsCHz 2.1
CeHsCRs 3.0

In ther development of orally active antagonists of the LeukotrienesnD &, Jacobst

al. observed that indolecarboxamide analogues with gréatghilic character showed
markedly improved potenciés Attempts to further increase lipophilicity by extending
the amide substitueR') carbon chain length beyorsik carbonsresulted in decreased
target affinity The authors overcame this issue by introducing fluorine into their
systems. This effectively increased drug lipophilicity and potency whilst at the same

time retaining receptaffinity (Table 4).

23



Table 4 Fluorinated indolecarboxamides: comparison tdi flanrinated analogues.

pPoEDso (umol/kg) LogP

2.64 6.45

19.96 5.85

Rl
\j\s 14.73 6.29
3
3C
\)\S
s
3C

G 1.44 6.18

Consequently, because of their highly lipophilic nature these potential drug candidates
suffered from poor oral bioavailabiliip vivo (12-38%in dog, guinea pig and rat) which

may be attributed to hepatic clearance.

Fluorine can also be a useful NMR biomarkevivo for the analysis of proteins because
the sensitivity of the!®F nucleus is high and the absence of natural abundance
background greatly simplifies data analySisdoreover, NMR analysis can be used to
elucidate the structural conformation of small biological molecukss. excellent
example of this is demonstrated by Thibaudetal who developed a novéarplus

type equation which effectively correlat&l.n and3Ju.r values with the corresponding
0w torsion angle. This simplifies structural elucidation ailbws for the effective
conformational analysis of fluorinated nucleoside analogl6s,20d.>®> Compounds
20a20d are important amttancer corpounds; however, tlire biological activity is
greatly influenced by their conformation. In solution the pentafuranosyl moiety can
undergo pseudorotation whereby the cyclopentane ring is involved in continuous
interconversions of puckered forms. For nuciées this process exists preferentially in

a two-state dynamic equilibriurwhere the ring isound to populate primarily the North

(N-type)and Soutl{S-type)conformationsFigure 22).>
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OH

Base OH
A / \ Base
HO S — F
F OH
North sugar (C3-endo-C,-exo) South sugar (C,-endo-Cs-ex0)

Base = adenine-9-yl (20a), guanine-9-yl (20b), cytosine-1-yl (20c), thymine-1-yl (20d)

Figure 22: Dynamicpseudorotationagquilibrium of nucleosides

Therefore, robust conformational analysis techniques are required in order to fully
understand structure activity relationships 20&-20d both in thepresence and absence

of target enzymes. Using a combination of bths and3J4.r coupling constants it was

revealed that their conformational equilibria greatly favoured ttigpl conformation.

Their geometry was characterised byfPase angle of pseudorotatiorglues in the

range fr om 6M(Buckeriog aih@itddeyalued in te range from 35° and

46 A where P defines the part of the ring w
puckering The range of P valuesalculated indicates a preference for the puckering

betweertheC 4-é&xoa n d -eBdb0 4-éxoforms for all four difluorinated nucleosides.

From the various examples detailed ahdbe dramatic effects fluorine can impart on
the physical properties of snhaholeculesand its impotance in medicinal chemistare
apparent The remainderof this review will highlight successes in the synthesis of
fluorinated sugar analogueand the ongoing research withonr laboratorieso develop

new synthetic routeusing amodular,building block approach.
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2.6 Synthesis of fluorocarbasugars

There are two main strategi&s the preparation ojemdifluoro-carbasugars. The first
involves manipulation of natural carbohydrate precursors by treatment with plidileo
or electropilic fluorinating agents whilethe second involvesonstruction ofthe
carbocyclicskeleton from fluorinated small molecule precursaesbuilding block or

de nov) routes.?

2.6.1 Synthesis of fluorocarbasugars from carbohydrate precursors

The treatment of aldehyde and ketone functional groups (which can be readily
introduced in sugars through oxidative manipulations) with fluorinating agents has been
utilised in the formation ofgemdifluoro compounds® Selectfluo® 21 is an an
electrophilic fluorinating agentvhereasDAST 22 and DeoxcFluo® 23 are both

examples of nucleophilic fluorinating agenisgure 23).

- Cl
BF, (+
N
[S] R\ NEE F\ N((CHz)20Me),
. F-S—F F-S—F
E  BF,
21 22 23

Figure 23- Common fluorinating agentelectfluo® (21) DAST (22) andDeoxaFluor® (23).

Sawyer and Potter were able to successfully synthesise difluorinated analogues of
inositol 29 and inositol 1,4-triphosphate30 starting frommyainositol 24 usingDAST

as the fluorinating agenS¢heme $.°° Initial benzylation followed by selective diol
protectionof the starting carbohydragt affords the acetonid25. Treatment o5 with
Bu>SnO generates the stannylene acggah situwhich undergoes selectiv@-allylation

to afford 27. Selective oxidation of the @ hydroxyl group deliveredketone 28.
Treatment of the ketone wiflour equivalentsof DAST, followed by further protecting

group manipulation led to the target compougand30.

A major problem that arises during the synthesis of fluorocarbasugars from carbohydrate
precursors, which is highlighted irScheme 6 is that a large number of
protection/deprtectionstogether withoxidation state manipulationsay berequired

prior to the use othe fluorinating agert’ Carbohydrate precursors possess a number of
hydroxyl functionalities which obviously poses an issue when oxidation of a spiecific

OH to the corresponding aldehyde or ketone is requaeghown inScheme6. The
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requirementfor a large number of protectingroup manipulations carherefore

compromise synthetic efficienc§.
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28 26

v H F
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4 o7t ol V
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VI Vii
BnO
H F
(HO),0OPO F
(HO)zOF‘O;o ﬁOPO(OH)Z
H

30
Scheme 6/ Sawyer and Potté synthesis of difluorinated analoguesnofcinositol >65° i) DMSO,

2,2-dimethoxypropanePTSA 60%; ii) dbutyltin oxide, benzenéi) DMF, Allyl Bromide, 62% iv)
DMSO, AcO, NaHCQ 80%; v) DAST (4 mol equiv.), DCM, rt, 5 hours, 79%;i)vl,4

diazabicyclo[2.2.2]octane, RhCI(PBk 75%; vi) HCI/MeOH, 86% vii) 10%Pd/C, H, EtOH/AcOH,

50 psi, 3 days, 71%x) bis-(2-cyanoethyl)(N,N-diisopropylamino)phosporamidite tetrazole,70%t-

BUuOOH, Na, NHg), -78 °C, 15min, 67%. Overall yield 029 and30 & 11% and 10%respectively
from 24.

However, the main problemssociated with fluorinating agsnis their rather capricious
nature. Yeet al have shown that in a number of calestreatrent of 2amino alcohols
and 1,2diols with DeoxoFluor® produces both the fluorinated produas well asa

rearrangemergideproduct Scheme 7.%°
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Scheme 7 Product mixture from treatment of di®]1, and amino alcohoB4 with DeoxoFluor®

(product ratio 3:2 and 1:2 respectively).

The authors postulate that the formatiomefdifluoride 33 occursvia a rearrangement
analogous to that of a pinacol rearrangemetth the resulting aldehyde reacting with
DeoxoFluo® to deliver the gemdifluoride species The reaction of aminosulfur
trifluorides with alcohols that can form stable carbocations ofteneptb¢hrough an
Svl-like pathway?! Intermediates with high carbenium ion character can be activated
towards neighbouring group participation (NGPhe authors suggest thaich NGP is

the cause of thdormation of the major side producB6 which passes through an
aziridinium intermediate 37 (Scheme §. Strain relief from ring opening of the
cyclopropane ring by nucleophilic attack of the fluoride ion affords the monofluorinated

piperidine36.
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Scheme8: Mechanism for fluorination 084 with aminosulfuranédeoxoFluom® to give the desired

fluorinated product (Pathway A) and the undesired ring expanded piél(Rathway B)

Another issue wittsomefluorinating agents is thelmazardous nature.ddxcFluom® is
severelytoxic and reacts violently with watethereforeextreme care must be taken
during handling? Additionally, DAST has a pramsity to explode upon heating, and
accordingly, there is a desire to move aw from such precarious reagefs.
Fluorinations that involve the use of DAST ab@oxoFluor® can alsoresult in the
production ofboth rearrangement amdimination side productd he formation of such
side products canften complicate purification resulting in diminished reaction yields
During the preparation of fluorinated nucleoside analogues, Yetuds$ reported the
formation of two significant side producsThe first was a product resulting from the
elimination of HF and the second the result of aly@ride shift Scheme 9.
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Scheme9: Rearrangemer88 and eliminatior89 side products formed from DAST fluorination

Recently, the synthesis of novel fluorinating agents such as XtalElugd and
Xtalfluor-M 41 (Figure 24) has allowedsome of the issues associated with DAST and
DeoxoFluo® to be overcome; these includeproved selectivity and limiting the
formation of corrosive HE> Handling of these materials is also simplified due to the fact

they are crystalline weighable solids.

+ +
Et
\ - /\ _
N=SF; BF4 O  N=SF, BF,
Et /
40 41

Figure 24: Fluorinating agents XtalFluef, 40, and XtalfluoeM, 41.5°

These aminodifluorosulfinium salts have been successfully applied in carbohydrate
based chemistry for the monofluorination of 2,3;#e6a0O-benzytD-glucose 42 to

afford glycosyl fluoride43in near quantitative yieldT@ble 5).%°
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Table 5 Deoxofluorination of protected carbohydrate substrate

Temp Time Yield

Starting material Reagent Additive . Product
e () ()
: F
o O_ _OH xtall;luor TEAGSHE 1t 3 99  BnO °
BnO" "'OBn BnO" "'OBn
OBn X@lFlior  tepsaF  n 15 90 O8n
i 43

Unlike DAST, the XtalFluolE andiM r eagent s have been desc
starvedo6 and requir e ENSHF to prevideoa nuckeaphilict i v e s
fluoride source. However, Tsegagt al have reportedthe conversion of aryl
thiomannosidel4 to glycosyl fluorided45 without the requirement of additional additives

(Scheme 1R

BzO—_ OBz BzO—, 0Bz BzO—, OBz
B0 0 1.5 equiv. Xtalfluor-E/M BzO 0 F~ BzO o5
BzO DCE, 15 min BzO BzO
STol TolS ) *STol
44 éF W
, -
(/N\ BF4 N
R™+R
?Tol
- 5F 'BF,
/’\i\
BzO—. OBz +F BzO—, OBz
Xtalfluor-E = 90% o} - &H
BzO BzO )
Xtalfluor-M = 84% ZBZ&R 820
F
45

Scheme 10Fluorination with XtalfluorE/M without use of additives.

However, he reactivity of these reagents towards more challenging substrates which are
unable to form stabilised intermediates is yet to be demonstratealteknative method

for introducing fluorine intcsugartype species alsimvolves starting from carbohydrate
precursors however this time the fluorine atoms are introducethrough the use of
building blocks rather than fluorinating agents. Jiah@l have reported a method for

the formation of a difluoroaminocarbasugar starting fromiddse which utilised an
intramolecular nitrone cycloaddition as the key ring forming react®shéme 115’
Lactone47 can be deliered from Dribose46 throughprotection and oxidatiorit is at

this pointthat the gemdifluoro moiety is introduced into the molecul® 3-difluoro-3-

bromopropeneundergoes metdialogen exchange in the presence ofBuLi. The
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organolithium species generatedsitu then goes omo react with the carbonyl group of
the lactone to give difluorinated spec#® Further protecting group manipulation and
reduction delivered the rearrangement precusbexisting predominantly as ¢h - U
anomer. Treatment of49 with N-methylhydroxylamine hydrochloride generated the
nitrone specie$0 in situ which underwent cyclisation from the I¢dsndered face to
deliver isoxapmlidine 51. This specieswas then acetylated andreduced toafford
difluorinated carbasugd?2. One of the drawbacks in theute described by Jiang and
co-workers is thdengthysynthetic sequenc@ consequence of which is reflectedhn

low overal yield of the reaction (2.2%).

HOWOH i HOWOH iiTBDPSO\<i7WOH . TBDPSO\(OJ?O
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50 51 52
Schemell: Synthesis ofjemdimethylaminocarbasug&2.” i) , acetone, ag. HCI (37%, cat.), rt, 4 h
(90%); ii, TBDPSCI, EN, DMAP (cat.), CHCIy, rt, 3 h (98%); iii,KMnO,, acetone, 60C, 2 h
(74%); iv, 3,3difluoro-3-bromopropenen-BuLi, THFiethei pent ane ( 5C, 25h182%); 1 1 00
v, NaBH;, MeOH, reflux, 5 h (66%); vin-BusNF, THF, rt, 6 h (84%); vii, Nal@ H.O, rt, 1 h (95%);
viii, MeNHOH-HCI, pyridine, rt,12 h (85%); ix, AeO, DMAP (cat.), pyridine, rt, 12 h (100%); X,
Pd(OH)-C (20%), H (5 atm), EtOH, rt, 19 h (92%Pv er al | yi ed46d & 2. 2% from

Furthermore, 3,3-difluoro-3-bromopropeneis an expensive building block and its

synthesis is not trivial. The synthesis of this halide precursor, BE2EWCF,Br, requires
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specialised high pressure equipment for the reaction betdibesmodifluoromethane
andethylene®

Deleuze et al reported the synthesis oboth gemidi f | u o r-iannadt-C& 6

glucopyranoses for the first time by employing either a TIBAL o @iPr based ©C

rearrangementScheme 12°°

D-Glucose

Scheme 12
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Del euzeobs

rearrangement

¢ h 61mnd62%°) Bwetno

oxidation; ii) CBr, PPHh; iii) n-BuLi (2.1 equiv.), Mel, HMPT;78 °C, 75% over three steps; iv) a)
Ac;0, H:SQy (1 equiv.), 0 °C, 75%; b) MeONa (4 equiv.), MeOH, 0 °C, 90%; c) PCC (3 equiv.), 4 A
molecular sieves (3 equiv.), DCM, rt, 74%; v) HMPIO(equiv.), CBgF. (5 equiv), THF, rt vi)
[Cox(COX] (1.5 equiv.), DCM rt; vii) TIBAL (5 equiv.), toluene, iPath A); viii) ClsTiOiPr (2

equiv.), DCM-78 °C EtBHLI (2 equiv.) (Path B);

respectively over 16 steps frdsi.

Overall

Yi el d 61l&and6% %

Protection ofthe appropriate hydroxyl groups indhcose followed by oxidation and a

RamirezCoreyFuchs reaction affordedlkyne 54. A one pot procedurewhereby

U

di flu

and

acetolysis at the anomeric position followed by hydrolysis and oxidation delivers lactone
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55. Difluorinated speciesb6 was prepared according to the procedure reported by
Motherwell et al,’® which utilises dibromodifluoromethane as a building blcahkd
reacts with HMPT to generate a difluorinated ylidesitu. This species reacts with the
lactone in a Wittig reaction to affosb. The aldition of dicobalt octacarbongenerates

the Nicholascomplex57 in situ. At this point, depending on the target compound; O
rearrangement can be mediated either by the addition of TIBALz0i@Pr with both
transformations progressing through the common intermediate KeBomhis key metal
mediated rearrangement is equivalent to the Ferrier carbocylization reaction. In this case
however rearrangement of the difluoro enol ether pgadoes not require the addition

of mercury salts, as is usually requiréd-he initial addition of TIBAL results in ring
opening to form the propargylic cati@B (Scheme 13 The stability of this dicobalt
hexacarbonyl species lies in the ability to delocalise the positive charge onto the
Cox(CO)% moiety.?

\\(COZCOG
TIBAL rotate BnO + CFy
BNOT"800 No-AlBu;
57 64
C02C06 Co,CO
F F \\\<\ 2 e 6
BnO BnO
-~ BnO A= —— “Bno F
BnO “O-Al BnO
OH
58 59

Scheme 13 TIBAL induced O-C rearrangement mechanism followed by stereoselective TIBAL
reduction??

The long lived nature d@3 allows for bond rotation to occur followed by ring closure to
afford ketone58. In the case of th&IBAL induced rearrangement pathwagelective
reduction of keton®8 occurswith deliveryof hydride from the less hindered equatorial
position to give alcohob9 (Scheme 1R Path B represents thesTiOiPr mediated
rearrangement and in this case additof a reducing agenitjEtsBH, is required. Whilst

the selectivity for TIBAL reduction was based on steric grounds, selectivity for hydride
delivery from the axial position usirlg EtsBH is controlled by electronic effects where
hydride adds to bantipeiplanar relative to the axial & bond’® Alcohols 59 and 60

were then subjected to CAN (ceric ammoniuaitrate) oxidation,to remove the cobalt

complex, reduction, ozonolysis, further reductiand finally benzyl group deprotection
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to afford enantiopuregenid i f | u o r-iannadtDeghlicopyfanose,61 and 62,
respectively.The group has used the same TIBAduction rearrangement to produce
gem difluorinated analogues of mannopyrand®®&aand65b, and galactopyranosééa
and66b, (Figure 25).”

OH OH [
HO
HO F HOS F oH
OH
65a 65b
OH OH
H F H F
F F oH
HO—=—33 HO—=—1%
OH
66a 66b

Figure 25: Difluorinated sugar analogues synthesised by Sardila.: geni difluorocarbal-D-
mannopyranose, 65a  geni difluorocarbab-D-mannopyranose, 65b; geni difluorocarba UD-

galactopyranose&6a; gemi difluorocarba bi D-galactopyranosé6ehb.”

Ultimately, whether it be through the use of fluorinating agentsiarintramolecular
rearrangemenisll the methods describedquiredthe use of carbohydrate precurstrs
produce diuorinated cyclitol analogues. The abundance of naturally occurring cyclitol
stating materials is limited and this restricts the diversityddgfuorinated analogues

which can be accesseaaldifferent starting materialind often a different rouis required

for each novel target. To overcome this prohleynthetic chemists have dgsed
building block approaches starting from fluorinated small molecule precursors to allow
access to an array of sugar analogues. Not only do these approaches provide the
possibility of accessing a range of analogumes they also allowfor the possibity of

controlling product stereochemistfy.

2.6.2 Synthesis of fluorocarbasugars starting from fluorinated builoliogks

The necessity to overcome the issues associated with fluorinating agents has inspired
chemists ¢ explore new synthetic routde fluorinated sugar analogues. Successful
examples in the literature for the formation of tpemdifluoromethylene cardcycle
skeletons utilise either one of two major transformations: cycloadditions or ring closing

metathesig?
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2.6.2.1 Cycloadditions

One particuldy useful method for the formation of difluorinated cyclohexane
derivatives involves a DielsAlder [4+2] cycloaddition. The LUMO energy of
fluorinated dienophiles are thougtd be very similar tahoseof their defluorinated
counterpas, an effet known as the perfluoro effect.rdm an FMO perspective
desfluorinated anddifluorinated derivativescould therefore behave similarly in
cycloadditions’® Wakselmanet al were the first to attempt this, reacting ethyl-3,3

difluoroacrylate67 with furan Scheme 134

O o) EtO,C EtO,C

CO,Et F -
i COEt i _
JI — . £ A %Coza \ Fl|_-HF @[
FOF I I 5 o
67 68 69 70 7

Scheme 14 Waksel manés cycl oaddi t’ii)daranaZzmdhydaoguinensmp t e d

80°C; ii) Tetrabutylammonium fluoride trihydrate.

The cycloaddition was successful, with the authors reporting a 40% isolated y&8d of
as a mixture oénddexo(4:1) epimers. Base induced ring opening®however did not
deliver the desired dier#. Instead the reaction afforded phertbwhich was produced

through the loss of HF fromO following ring opening.

Arany et al subsequently developed a methodgltitat could successfully ring open the
product of cycloaddition using BBn H f ol | o we d.’® nijial risbetion & OE t
furan, 2methylfuran and 2;8imethylfuran with alkenoat&3 successfully affordea

mixture ofendoandexocycloadduct¥4-76, respectively(Scheme 15
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COgEt ODEC
72 73 74a =R2= 74b
75a R1 Me, R2 =H 75b
DEC = CONEt, 76a R'=R2=Me 76b
Q BusSn
% F iii F F
—_— o = = o}
7T4a — > | BuzSn | + C
F F < F
o (o] 0
77 78a 78b
iv
79a 79b

Scheme 15 Preparation of difluorinated cyclohexenols via a Diels Alder readtion.CICOEt,
Pd(OAc), Cul, PhP, THF, 60 °C, 2h, 70%; ii) furan,-@ethylfuran or 2,3limethylfuran,SnCl,
DCM, rt or 0 °C,53% 74a and 14%/4b from 72, 93% inseparable mixture @baand75b from 72,
53% 76b from 72; iii) BusSnH, Pddba.CHCL, PPh, PhMe, rt, 16h57% mixture of regioisomers;
iv) Me L i tA OHF, 0°C, 79a=71%,79b= 40%

Taking 74a as an examplehydrostannylationwas norregioselective and instead
afforded a 1:1 mixture of stannanéBaand78b. It wasthereforeimpossible to provide

either one of cyclohexenol&a or 79b exclusively without careful separation of the
regioisomeric stannane mixtur@espite thenability to control regiochemistry and the
use of highly toxic tin specigshis was the first time difiorinated cyclohexenols had

been prepareda a cycloaddition route.

This same methodology was utilised by Crowetyal who managed to overcome the

major issues regarding regioselective ring oper{Bchemel6).”®
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Scheme 16Regiochemical control for synthesis of fluorinated cyclohexane deriveiey PhSCI,
CHCls, rt, 89% ii) Mg, HgCl,, EtOH, 0°C, 50%; iii) Amberlyst15, MeOH, 85%;; iv) Os@ NMO, t-
BuOH-acetonewater, 63%; v) K, 5% Pd/C, EtOH, 100%4°

The same Dielg\lder cycloaddition conditions were used to deliver the cycloadducts
74-76. However, instead of employing a hydrostannylation/stannate ring opening
procedure the episulfonium intermediat80 was generated by reaction @fla with
phenylsulfenyl chloride. The formation of this intermediatesitu allows neighbouring
group participation of the ester functionality to delil@ctone81, with the thiophenyl
groupresiding exclusively on ®. Reduction followed byprotectioncould deliver the
difluorinated cyclitol specie82. Reductivedesulfonative ring opening with HgCand

Mg afforded the difluorinated cyclohexer83 which could be dihydroxylated and
deprotectd to deliver the densely functionalised pol@8. This synthesis provides
concise regiocontrolled route to difluorinated cyclitol spe@BsOne major problem
however is that the initial [4 + 2] cycloaddition often produces a mixture of endo/exo
cycloadducts which require careful separation by chromatography. In some instances the
diastereomersvere inseparable and the cycloaddueisre progressed as an isomeric
mixture. Moreover, the synthesis 0f85 is lengthy requiring various
protection/deprotectiosteps which ultimately has a detrimental effect on overall yield
(approximately 5985 over eightsteps). The synthesis alsecessitatethe use of highly

toxic SnCkin the initial cycloaddition.

2.6.2.2 Ring Closing Metathesis (RCM)

Audouardet al. developed a method to access difluorocyclitol analogues starting from
inexpensiveand readily available starting material€onstruction of the carbocyclic
skeleton was achieved by applying GrubB$generation cataly®4 in a ring closing

metathais reaction Gcheme 1Y8° Treatment of trifluoroethanol with the appropriate
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allyl halide deivered the allyl ethers86 and 87 in good yield (99% and 87%
respectively)

IS A i %ﬁ SV

F _ X _Ph
F OH
86 R'=
. 88 89
87 R'=Me (E)
F. F
F. F
1
|v o) R o R’ OH
. Y MPh . i
Ry OH = OH
F F OH
Ph Ph
90 R'=H

91 R'=Me 92 R'=H
5:1 seperable ds

MesNYNMes 93 R'= Me

Cl, Ph 1.7:1 mix ds

CI'
PCy3

1 X 1 X
94 R, =Y R =Y
iv +
OH OH

95aR"=H, X =H, Y = OH 95b R'"=H,X=0H,Y=H
96aR'=Me,X=H,Y=0H 96bR'=Me, X=H,Y=0H
Scheme 17 Formation of racemic difluorinated cyclohexene di@f96b.2° i) KOH, allyl halide,

99%for 86 and 87% fo187; ii) a) 2.2 equiv.t-BuLi, 0.9 equiv.cinnamaldehyde; iii) 3.@quiv.NaBH,
for 90, 2.0 equiv. NaBH, for 91, 57% major diastereoisomer and?d Ininor diasterecisomer &2,
51% mix of diastereoisomers &3; iv) 1 mol % 94; cis-95a (86%), trans-95b (82%), cis,trans96a
(33%) andall cis-96b (15%).

The next step in the reaction involved a dehydrofluorination/metallation process with the
lithiated enol ether specie88 generatedin situ reacting upon addition of the
electrophile, cinnamaldehyd&henn-BuLi was used as the base and acrolein as the
electrophile, the products from the reaction with et@@érproved to be volatile and
extremely difficult to handle. Moreover, a significantjmpduct from this reaction was
heptl-en3-ol formed from the direct addition ofBuLi to acrolein. However, by using
t-BuLi as the base and cinamaldehyde as the elduleophis side reaction was
completely supressed.lijlic alcohol89 then underwent a [3,3Tlaisen rearrangement

to afford dienes90 and 91. Diene 90 could be reduced with NaBHto obtain a
diastereomeric mixture of d®B2 which could be separated bysh chromatography.

Both thesyn andanti- 1,2-diastereocisomerof diol 92 could undergo RCM to give a
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racemic mixture of cyclohexene did®aand95b, respectivelyUnfortunately, thesyn
and anti- diastereoisomers of monomethylated d83 could not be separated and
subsequent reaction of the mixture delivered the diasteromerically pure comp@é&ands
and96b in poor yield (33% and 15%espectively) Formation of the olefircontaining
cyclohexene diols95a96b meant that they could be subjeto stereoselective
transformations sucivas the case f@6b which was transformed to tetr®¥ by Upjohn

dihydroxylation,Scheme 18

FF F
H
OH OsO4, NMO HO Q E
OH
OH OH
96b 97

Schemel8: Asymmetric dihydroxylation otis-96b. i) 5 mol % OsQ,, 2.0 equiv. NMO, t-BuOH,
Acetone, HO, rt, 79%.

Kérourédan then explored the scope of this reaction by using the same conditions to
prepare a small library of cyclic diols from did8a99¢ with results of these RCM
reactions displayed ifiable 6.1° Unfortunately in the cases d8d, and98f pre-catalyst

loading had to be increased to &6l %.
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Table 6: Isolated yields of racemic mixtures of cyclic diaB0-103°

R' R F OH reN F
n2s OH 2
2 ZPh
R*R? O R R' OH R’
98a-f R*
a RCM, 94
or - PhCHCH, 100a-e
R' R F OH R F FF
: OH
Y Z “Ph " o
R3R2 A 4
OH R OH OH
99a-c
102 103
Diol R! R? R3 R* %94 Time* Product Yield
(h) (%)°
98a H H H 0.5 0.75 100a 76
9%a H H H H 0.5 0.75 101a 81
98h Me H H H 4 30 100 79
9% Me H H H 48 101b 90
98c H H H Me 25 48 10Qc 77
98&d Me H H Me 8.5 48 10d 81
98e H Me Me H 5 100e 83
99%c H Me Me H 5 18 101c 80
anti-98f°¢ H H Me Me 8.5 48 102 61
syn98f¢ H Me H Me 8.5 48 103 20

2 Time taken for 100% conversion of acyclic dio¥ield of isolated purified materiat An

inseperable mixture of diastereoisomers

Treatment of cyclohexene diol derivativé®0-103 by two different dihydroxylation

protocols (Upjohn or Donohd&f? allows for rapid diversifiation with the ability to

access two different tetrol seried)4 and 105 respectively, from a common starting

material Scheme 19!° This obviously has a significant advantage over synthesis from

carbohydrate precursors where access to these series would require two seperate

synthetic routes using two different starting materials. Despite the dwuglity and cost

of OsQ the reagent can be used in catalytic quantities when employed alongside a co

oxidant®
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o R F R F
OH Donohoe OAc OAc
e
OH AcO" > “OAc AcO OAc
100a OAc OAc
104 105
Upjohn Donohoe
product product

Scheme 19 Access to tetrold04 and 105 from 100a'® Upjohn conditions OsQ,, NMO, t-BuOH,
acetone, b, 58%; Donohoe condition®sQ, TMEDA, DCM, 48%

Anderl et al further developed the scope of the reaction by accessing difluorinated
carbasugar phosphate analogifeSelective benzylation angbhosphorylationcould
deliver cyclohexend 07 which was treated under Upjohn dihydroxylation conditions.
The difluorinated cyclohexane diol08 and 109 could be separated by careful flash
column chromatography. Using08 as an example this could underggobal

deprotectiorto affordphosphate analogug 0(Scheme 28084

FF FF FF FF
OH ., oH ., OPO(OBn), OPO(OBn),
I, Il 1, v \V
OH OBn OBn o,

v r OBn
Y X

108 X = OH, Y=H

96a 106 107 hogrmiviiviipst
F F
, OPO(OH),
108 —4 >
HO" " “OH
OH
110

Scheme 20Synthesis of difluorinated cyclohexane phosphétgsn-Bu,Sn(OMe); ii) BnBr, BwNI;
i) NaH; iv) [(BnO).POLO; v) OsQ, NMO; vi) Hp, Pd/C.

The RCM route describdtasa number of significant advantages. Starting from readily
available and inexpensive trifluoroethanplaccess to fluorinated carbasugars can be
achieved in nanore than fousteps with minimalsolation and purification of products
required. The synthesis also avoids the problem associated with starting from
carbohydrate precursors in that it negates thednfor a number of protecting group
manipulations with each reaction being a constructive bond forming step. The olefin

moiety also gives rise to a number of possible transformations on top of the Upjohn
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hydroxylation, includingstereoselectiveepoxidation and stereoselectivenucleophilic

epoxide opening reactiof.

Due to the specificity of organofluorine compounds, their synthesis and reactivity can
often provide a significant challenge for the synthetic chemist. Fluorinating agents are
limited by their haardous nature, poor selectivity and ability to trigger undesirable side
reactions. These unappealing features have made building block methodology an
attractive alternative method for the synthesis of elaborated molecules containing one or

more fluorine goms in their scaffold.
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Aims

Difluorinated carbasugars constitute a unique class of carbohydrate analogue; however,
there are fewexamplesin the literature describing thde novo synthesis of these
moleculesThe work reported in this thesis has two main aifes;first is todevelop the
Saegusdto cyclisation of difluorinated silyl enol ethersl2 as a method for the
construction of cyclic difluoroketonekl3 The second is tinvestigate an alternative
cyclisation strategy which utilises difluorinated enol acetdlsin a novel ring closing
reaction t o shydrotyketosedk6€Schemye@l i ¢ U

Saegusa-Ito Et3SiO  opEC

FF O ODEC Cyclisation Fe j)DEC OH
> —> Fe m—

/ -ODEC = -OCONEt,
113 112 111

o Pd(ll) or Au(l)

F OH catalysis OMEM OH

=

116 115 114
Scheme 21Retrosynthesis of cyclic difluoroketongé$3andl116.

Whilst asuccessful proof of conceptdbeenpreviouslydemonstrated fathe Saegusa

lto cyclisationthe method still suffered from a number of limitatiéhghe iritial yields
reported for the reaction ranged from moderate (49%) to poor (22%). Moreover, the
products isolated often existed as mixtures of the desired ketone and the corresponding
hydrate §cheme 22). Consequently,no reliable yields for pure ketones had been
reported.

O
E FHO OH

F opec H20 ¢ ODEC

113a 117a
Scheme 22Ketone/hydrate mixtures typically isolated frayclisatian.

Successful |y idifuorbketonesnagd smnificaatly ithpraving reaction
yields formed the two major initial goal$ the project. Achieving these goals were of
critical importance if the current methodology wagsdpresent tractable and efficient

route to difluorosugar analogues. Furthermaitee ability to effectively isolate and
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understandhe behaviour of theseyclic difluroketones wuld serve as arexcellent

platform for future work within the study.

The substrate scope of the cyclisation will also be examined with the aim of expanding
upon the cur rdéluomoketbrieor ary of U, U

A range of copper(l)land coppdil) salts will be screenedn order togain further
understanding into the influence of palladium catalyst and copper salt curtéetredox
systemalorng with various Pd(Il) sourcesThe cocatalysts to be investigated include
CuCl, CuC4, CuOAc, Cu(OAcyin combination with either Pd(OAcyr PACh.

Oncethe Saegus#o methodology hadeen successfully establishdte focus of the
project will shift towards developing a novel synthetic route into difluorinated
carbocyclesbased on difluorinated enol derivativess These substrates are of interest
as they potentially allofor a more atom efficiensynthesis of cyclic difluoroketones.
Initial investigationswill focus on attempting to translate the oxidative palladilym(
chemistry developed for the Saegiiga precursors across to theswicleophilic
surrogateslf unsuccessful we willook to explorealternative transition metals, namely
gold(l), to achieve the desired carbocyclisation. Gold(l) catalysis also pravidether
opportunity for diversification as, depending on the choice of substing@yould allow

access to cyclic molecules bearing either an exocydenal or exocyclic methyl group.
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3. Chapter 2. Saegusalto Cyclisation of Difluorinated Silyl Enol
Ethers

3.1Saegusdto Cycloalkenylation

3.11 Discovery and Application

In their seminal publication Saegusital. described the Pd(Hyatalysed transformation
of silyl enol ethers of alkenyl methyl ketones into cyclidi unsaturated ketones
(Scheme 23%

Ri~o 100 mol% Pd(OAc), nl @)
n
R, OTMS Cﬂ"'i%’i R,
b R2
n=1 R1 = R2 =H 87%
1 Me 40%
2 H 36%

Scheme23 Saegusasds cycloal kenyl ation of trimethylsil

A nu mb e r-cyclogentendnebderivatives were successfully synthesised using
stoichiometric quaitties of palladium. Although Bnembered rings were readily
accessible vth this methodology, 6and Zmembereding formation, and cyclisatien

onto di or trisubstituted alkenes proved to be less efficient. The reaction has been
employed many times since its first publication in the formation of a number of Inatura
products containing complex carbocyclic skeletfrRemarkably, no efficient catalytic
version of the reaction was disclosed un@i9&. Toyotaet al described a palladium
catalysed cycloalkenylation reaction of cross conjugated silyl enol ethers in the total
synthesis of (#methyl dis-16-en19-oate (Scheme 248 The synthesis of
bicyclo[3.2.1]octane derivativd18 was achieved in excellent yield under fairly mild

conditions with118being a key intermediate in the overall synthetic pathway.
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OTBDMS 0 o

10 mol% Pd(OAc),
1 atm O,
DMSO + +
= 45°C, 5h N
MOMO

MOMO MOMO MOMO
118 119 120
89% 2% 3%
o)
—_—T
MoMO~ 118 COzMe

(+) Methyl Atis-16-en-19-oate
Scheme?24: Toyota andl har aés palladium catalysed cycloal ke

diterpenoid (x)Methyl Atis-16-en-19-oate.

The bicyclo[3.2.1]octane motif has since been used by lhara and Toyota in the synthesis
of a range of natural products includiGmethyl kair-16-en19-oate (21), (-)-methyl
trachylobarl9-oate (22), C20 gibberellins {23a-c) and more recently (¥phidicolin

(124) andserofendic acidgl25) (Scheme25).%09!

CO,Me

CO,Me
(-)-Methyl kaur-16-en-19-oate \ / (-)-Methy! traychyloban-19-oate
0
MOMO
= R‘1
"R,

Meozé CO,Me CO,Me
(+)-GAp: R' = H, R? = H (123a) aphidicolin Serofendic acid B
T)GA12 =r, =
+)- :R'= 2=H (123b
(£)-GA144: R = OH, R*=H ( ) 124 125

(#)-GAq40: R" = H, R? = OH (123c)
Scheme25- Natural products synthesised frdrh8

Successful cycloalkenylatismequired the use of bulkybutyldimethylsilyl enol ethers.
The product of competitive dehydrosilylatid20 was more readily observed when the

47



related trimethylsilyl- and triethylsilyl enol ethersvere used’® Interestingly, and in
contrast to the observations reported by Saegusa, it is the exocyclic alkenaswhih
most thermodynamically stable product on this template, with only trace amounts of

internal alkene detecte®&¢heme 24

There has been some debate concerning the mechanism $@agasdto cyclisation
with two different mechanistic pathways having been proposed to explain the formation

of the adducts.

3.12 Mechanisnof action
The mechanism of action of tH&aegusdto cyclisationis closely related to that of
Saegusdto oxidation which converts silyl enol ethers to enor@shéme 25

(@) TMSO TMSO 0]
PdOAC
(CHg)oCuLi Pd(OAC), TMSOAG PdOAC
MesSiCl
126 127 128 129
M-H PdX
&
130

Scheme26 General Saegudéo oxidation

Initial 1,4-conjugate addition of lithium dialkylcuprate to enoi26 followed by the
addition of TMSCI affords the silyl enol ethet27. Addition of Pd(OAc) initially
produces the palladivolefin coordinated speciel28 Loss of the trialkylsilyl group
delivers thel-alkylpalladiumintermediatel29w h i ¢ h  u n-Hydridey edirsirsatiorb

to afford enond 30 The difference between this mechanism and the cyclisation is that in
the presence of a terminal alkene moiety the-"-allylpalladium(ll) species aa

undergo carbopalladation befdrdydride elimination $cheme27).
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Scheme?27: Saegusabds proposed mechanism for -‘eyclisat

allylpalladiumd mechani sm

The mechanism of the Saeguta cyclisation has been debated between various
research groups since its discovery in 1979. In their initial publicaBaegusaet al.
postulated that the reaction proceeded throumh d® oxo- -allylpalladium(ll)

intermediate $cheme 278’

Kendeet al havecontested this proposed mechanism argled againghe formation

of oxo-"-allylpalladium(ll) intermediatesin both cyclisation and enone formation
(Scheme 28% Instead they believed that initial coordination of the Pd(ll) species to the
terminal olefin is followed by intramodeilar nucleophilic attackrom the opposite face

by the silyl enol ethenucleophile.

P

>
—_

(; Pd(I1)X, (; EP/\PG'X -HPdX g/vr isomerisation Q/

OSiMe, d X I

OSiMe;
Scheme28 Kendeds proposed mectlhaesstoPdm for cycloal keny

However, in their synthesis of carbacyclin analoguesa palladium promoted tandem
alkene insertionLarock and Lee were in agreement with Saegisa with regards to
the formation an of anoxo-allylpalladium(ll) intermediateand ruled out the
mechanismpostulated by Kede based upon the stereochehioutcome of the

cyclisation Scheme29).%
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/S~ PN

@ Pd(I1)X, @/,\Pd(ll)x - Me;SiX @ Pa(iX
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133
Scheme29 Larockds stereoselective synthesis towards

The authors believed that Pd initially coordinates to both the silyl enol ether alkene and

also the cyclopentene olefi8l. Tr ansf or mati on o fbontedors spec
oxa " -allylic palladium complexL32is thought to occur before facile cyclisationthe

all-cis bicycle 133

Toyota and lhara have since demonstrated that the mechanistic pathway and product
outcome is very much dependent on substrate and reaction contfifiamsexample the

use of bulky silanes such as TBDMS will favaurcleophilic attackransto Pdwhereas

use of the smaller TMS enol etheriwil f avou¥f-at hgl palkkloadi umd me
pathway.Solvent choice also appears to be critical in determining the outcome of the
reaction.The use of DMSO as a solvent will lead to a mixture of cyclised product and
uncyclised enone due tihe Lewis baic sulur strongly coordinating to Pd(ll). This

slows down carbopalladationand therefore makes the process competitive Wwith

hydride elimination. The use of acetonitrile however overcomes this prdijesmsting

as a more labile liganaind avoids the eghsive formation of mixtures.

Larock et al have also reported the usé catalytic amounts of Pd(OAgpy using
oxygen as the oxidapand DMSO as the essential solv&tithe mechanism which they
proposed for the oxidation of Pd(0) back to Pd(ll) is show®cineme 30
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Jo
Pd0) + 0, — Pd]] H9AC_ 5oPdoAC

AN

HOOPdOAc + Me3sSiOAc —— = HOOSiMe; +  Pd(OAc),
Schene 3Q Oxidation of Pd(0) to Pd(Il) using molecular oxygen as the primary oxidant.

Because the concentrations of HOOPdOAc andSu@Ac in solution are low, the rate
at which active Pd(ll) is regenerated is also lowhe use of DMSO as a solvent
however is sometimes not particularly viable if théstrate moleculesre particularly
lipophilic. It has alsobeen reported that the ability of oxygen gas in DMSO is
relatively poor?®

Palladum(ll)-catalysed carbocyclisations such as the Saeljusaaction involving GC

bond formation by means of carbopalladation constitute an extremely useful class of
reaction. Critical to the success of such cyclisation strategies is the ability tergfici

recycle palladium(ll) within an appropriate redox syste@xidative Pd(ll) redox

chemistry underpins much of the work detailed within this first chagutera greater
appreciatiorof this method of catalysis thereforeimportantto fully contextualise the

current studyFurther aspects of Pd(I1)/Pd(0) oxidation chemistry and its application in

the carbocycl i sat i ehydride élimimaliokR shallensw hbnmeflyo | vi n g

discussed.
3.2 Palladiun(ll) Oxidation Chemistry

3.21 Backgraind
One of the first palladium(ll) catalysed processes to be reported was the Wacker process
in 1959 Scheme31).%’

PdCl,+CuCl O
et —»2 2 )
H,0, O,

Scheme31: Palladium (1) catalysed Wacker process.

The industrially significant process involves the transformation of ethylene to
acetaldehyde in the presence of catalytic quantities of,Rd@¢ther with a CuGlco-
oxidant and molecular oxygéh. This initial discovery played adecisive and
fundamental role in shaping madeorganic synthesis by initiatingn era of intense

research into palladiwmediated processes. These are now essential tools with very
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many applications in the syntheses of natural products, agrochemicals and
pharmaceutical®®

The versatility of pdadium in catalysis is ensured by its ability to readily interconvert
between the oxidation states 0 and +2. Pd(0) complexes Hagerdiguration and are
nucleophilic at palladium whereas Pd(ll) species which h&wemfiguration are more
electrophilic.In recent years, considerable attention has also focussed towards Pd(1V)
catalysis, in particular for the formation of carbon heteroatom bonds vih C
activation’®®The relatively 6softé character of pe
towards 6softdo G and -~ donors coangsdtr ed t o
palladium can readily coordinate with a host of functional groups including alkenes,
alkynes and allené§? The bonding between a nucleophilic alkemal an electrophilic

Pd(Il) species leaves the olefin susceptible to nucleophilic attack. This is because of the
instability associated with Pd(tglkene complexes due to insufficient overlap between
thedor bi tals of Pd and t%rhis féatue means that RAHF o f t
alkene complexes can act as catalytic species in a variety of reactions. In addition,
palladium can form complexes with a variety of ligands sudi-hsterocyclic carbenes

(NHCs) and phosphines. The use of ligands in palladium caalysjuite common

practice and can be used to optimise reactions by finely tuning the electronic properties

of the palladium centr®? The choice of ligand can also have major effects on the

outcome of a reaction and can completely alter the reaction pathway in som&<cases.

3.22 Reoxidation of Pd(0)

Palladium(ll}catalysed oxidation reactions are considered extremely useful methods for
the selective oxidation of organic molecules. For such a gsdoebe catalytic, the Pd(0)
produced must be efficiently reoxidized back to Pd(ll) to ensure turnover and to prevent
precipitation of Pd blackicheme 3p1%

52



Step B: Step A:

Palladium Oxidation Substrate Oxidation
Pd(ll)
H,O SubH»
1/2 O, Sub®
+ 2H* +2H"
Pd(0)

Scheme32: Simplified catalytic cycle for palladium catalysed aerobic oxidation reactions

Although the majority of palladiurmediated carbcearbon bond forming reactions are
nonoxidative palladium(0) catalysed messesthere has been revitalized interest within
recent years with regards to Pd(ll) catalysed processes under oxidative con®itf8ns.
However, one of the main problems which has hindered the development of Pd(ll)
methodology lies in identifying suitable reoxidation systems. Using the Wacker process
as an example, the overall effect of passing through one cycle is the gendr&tit§d)o
(Scheme 331%°

1/2 Oy, 2HCI  HyO

o)
HCI +)kR 2Cucl, 2 CuCl

H u R + H0
o) Pd(0)

[PACI %
Cl” cl

H,O :~, PdCl;
OH ? N8

D
/%PdCI RO
R
A % HCI
HPACI

OH B
PdCI
OH R)\/ 2

Lo
\ /}Q\/\PdCI /<

-HPdCl RS cr

Scheme33: Mechanism of Wacker Procce¥¥
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However, finding a redox system compatible with both substrate and product is arguably
one of the biggest challenges in oxidation chemistry. With its low cost and lack of
ervironmentally hazardous bgroducts, molecularxygenas a sole oxidant would be
highly advantageous? There are a number of examples in the literature where
molecular oxygen alone has shown to provide catalytic turnover of Pd(ll), particularly in

the areas of alcohol oxidation and oxidative heterocyclisati®theme 34 Eq 1-
R oH cat Pd(OAc),
@/\ _latmO, @/\ e 110
DMSO
OSiMe; cat Pd(OAc),
1 atm 02
DMSO Eq.2%
n n=1,3

cat Pd(OAc),
HOZCﬁn _1amO; Eq. 3 11

DMSO

cat Pd(OAc),
1 atm 02

DMSO

112

4)'95,11],112 113

Scheme34: Oxidative Pd catalysed reactions usinga® the sole oxidant

It is important to noteéhat the use of DMSOScheme 34Equiv. 1-4) as the solvent is

critical for catalytic turnoverStahlet al have reported that DMSEbordinates strongly

to Pd(ll) throughsulfur!*The O6softer6 character of Pd(0)
DMSO will coordinate in a similar mannaria sulfur. It is proposed that DMSO
coordinates and stabilises the Pd(0) intermediate by inhibiting its aggregation into Pd
black and promoting reoxidation of the catalyst by*®'4115116 Unfortunately, this
approach fails in many cases because the electron transfer process between Pd(0) and O
is slow and aggregation of the catalyst into bulk metal is kinetically compétitiane

method that chemists have used to overcome this issue uses electron transfer mediators
(ETMG6s) . E-axiddnts, ,worlo by fadlitating electron transfer fronf' kb the
oxidantvia a low energy pathway thus competing kinetically with any side reactions of

the reduced form of the met@d¢heme 358
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substrate Pd(II)\

substrate®* Pd(O)—/ 1/2 O, + 2H"

substrate X K ETMred KHZ 0O, + 2H*
substrate®* Pd(O ETMox
Scheme35: Influence of ETM on energy barrier of electron transfer for d%ttalysed oxidative

processes.

The Wacker process provides an excellent illustrative example of the principle of using

an ETM with the requirement of CuGb promote Pd(0) oxidation. It is ggosed that an

interaction between palladium and copper chloride via bridged chlorides aids in the
oxidation of Pd by Cu(l1}!° The CuCl produced is then readily oxidized by airkoiato

CuCh*® Some of the most commonly tsMa@ ETMb6s
quinones?! TEMPO!*® peroxides?? and various hypervalent periodinat&sOne of

the major problems associated with such arid however is the requirement to use
stoichiometric quantities resulting in decreased atom efficiency and increasing overall
waste production. Replacement of these oxidants however is far from trivial as they may

also act as essential-factors or ligads in specific transformations, removal of which

may perturb the catalytic system.

A successful alternative dactor modulated oxidation based on a novel biomimetic
approach has been pioneered kLiclall.}>* The process has been termed biomimetic
because of its similarities to enzyme mediated electron transfer processes in biological
systems?® In their oxidative carbocyclisations of various allene substituted olefins the
authors employ a triple coupled catalytic system for the aerdbjtic aoxidation
(Scheme 3Bk
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R R’ R'

W 1mol% Pd(0,CCFs), R
-l 4 mol% p-benzoquinone
o)
)n 1 mol% FePc . + Hy0
toluene, 95 °C )
E E E n
E
n=1-3
75-96%
E = CO,Me ( ©)

\[f OH
), Pd(ll)

@ FePcoy H,0O
E E
OH
o)
R
R Pd(0) FePCeq 1/2 O,
) o]
E E "
Scheme36:B2 ckvall 6s Bi omi metic strategy.
Incorporation of an oxygeactivating macrocyclic iron(ll) phthalocyanine metal
complex(FePc)was essential in order ftow loadings ofcatalyst and ce@xidants to be
used. The authors went on to demonstrate the recycling potential of this metal complex
by immobilising the catalyst onto a resin which could be used up to five times without
any deectable loss in activity. This biomimetic approach had been used previously by
Béackvall in the allylic oxidation of olefing?® However, the ability for this technique to
be translated across to a carlmambon bond forming method is especially appealing
from a synthetic perspective. In fact, the number of oxidative Pd(ll)ysath carbon
carbon bond forming reactions refea in the literature isimited, particularly when
compared to Pd(0) methods. Tlaek of Pd(l) methodology could be as a resaftthe
problems which can arise when carbon nucleophiles are employed uxidative
conditions. Firstly, carbanions, even those which are stabilized, are susceptible to
oxidation, a consequence of which is the formation of carbon radicals and subsequent
side reaction$?” Another potential problem is that the carbon nucleophile itself could

reduce the catalytically active Pd(Bpecies to produce inactive Pdt®) A number of

successful examples have been reported despite these issues. The rest of this section will
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now highlight successful Pd(ll) oxidative carbocyclisation strategies of alkenes

i nv ol-M elimigaticm.

3.23 Intramolecularoxidativecarbocyclisations involving alker&lkene coupling

In 1985 Itoh and covorkers described a Pd(ll) catalyzed oxidative cyclisation-of 6
(substituted allyl)aminouracils (Eq $cheme 3Y.}2° The authors had initiallpimedto
prepare 7deazacaffeine derivatives from these precursors by employing Wacker
conditions followed by an intramolecular cyclisatiokq(iv. 1, Scheme 3). The
outcome of the reaction however afforded thedig8kylpyrido[2,3-d]pyrimidines as the

sole poducts.

o o)
“ _ - 09 Q
N —_— ~
O)\Nl Nf """""" PN I*,fj/ """""" > j\ || Eq. 1
| H 0~ N° N -Hz0 07 NN
| H | H
(e} R e} R
1 1 1
Pd(”)'-Z 20 mol% PdCl, R, Pd(Il)L, R R
_1equiv.CuCl N R, B-hydride elimination 5N = | 2 co o
q.
amo, O, O)\N SN Rs Rearomatisation O)\N SN Rs
DMF/H,0 = 10:1 & |
4 R4
r,3h
(0] (0] (6] (0]
\N)Jj\/ﬁ/ Et\N% \N)‘j\/l Et\N 5 |
N >
O)\N SN oél\r}l N O)\N SN O)\l}l N
| Et | Et
13% 22% 25% 36%

Scheme37: Eq 1. Proposed synthetic strateBguiv. 2. Observed reaction outcome.

A number of highly substituted aromatic heterocycles were prepared in only 2 synthetic
steps using this catalytic system. Unfortunately the reaction proved ltwbgelding
despite the use of stoichiometric copper and high catalyst loadings. In 2082t al
developed an oxidative palladium catalysed Naz#ype reaction which involved the
formation of cross conjugated cyclopentenorids f r o m-alkoxydienones134
(Scheme 38%°
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20 mol% Pd(OAc),
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0 0 0 O
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Scheme38: Pd(ll) catalysed Nazaretype cyclisation.

AcO)

| e
Pld-- - |f/ OEt

AcO R2 R3

O
B-hydride elimination RN
- HPdOAc OEt
Ry
R3
135
O

32% 53%

The authors suggested that the electron deficient olefin is further activated by

coordination to palladium; intramolecular attack of the electron rich weitigr followed

b y -hyldride elimination afforded the desired products. This methodology also required

high palladium loadings and afforded only moderate vyields of cyclopentenones.

Widenhoefer used a similar approach in the synthesis of cyclohexenonelssimguhe

nucleophilic capability of the enolic carbon in a number of stabilised carbon

nucleophiles $cheme 393132
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OH O
R, Q@ Q 5 mol% PdCl,(MeCN), Ry J R o 0
. 1
R, Rs 2.5 equiv. CuCl, R, R; -HCI R, Rs
S DCE X Ra PdCl
Cl,Pd R,
e} e} O O
R1 R1
B-hydride elimination R, Rs hydropalladation R, R3
o Ra R3 = OR =
/ 4
CI(H)Pd CIPd
-HPdCI B-hydride elimination
R; = Alkyl
o) e} 0] 0]
R4 acid catalysed Ri
Ry Rs isomerisation R, Rs
R4 R4
0] (0] O O
Ac i‘J/\Ac CO,iPr )@icjzipr
85% 80% 73% 35%

Scheme39. Wi denhoef er 6s ofetabilisedacarbon eucleophiteg. | at i on

A number of stabilized carbon nucleophiles were tolerated and successfully cyclised
under the reaction conditions including some wigobsessed substitution at the pendant

olefin, though these reacted in only modest yield. However, the substrate scope was

l' i mited to that of stabili zed -dkatonbsoand nucl e
b-ketoesters critical for reactivity. An teresting observation reported was that

uns ub s tdikdtonds eodld undergo a competing hydroalkylation path®ehgme

40).

0] O
5 mol% PdCI,(MeCN),
M CO,Me +CO,Me
COMe 2.5 equiv. CuCl, 2 ' 2
+
X DCE, 70°C
27% 47%
136 137

Schemed0Competing oxidative hydroal-ketpdstars i on pat hway

The authors propose that this competing pathway arises following hydropalladation

where subsequent migration of palladium to the C6 carbon atom of the cyclohexanone
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ring generatea palladium enolate. Subsequent protonolysis of this species delivers the
cyclohexanond 37 (Scheme 4).

OH O OH O

B-hydride
&\OM(& hydropalladation ij:u\oMe elimination

CI(H)Pd PdCI Pd( PdCI

0
| CIPd
““J\OM J\

137
Schemedl: Formation of cyclohexaone product of hydroalkylation.

O

Gemdialkyl substitution along the-gentenyl chain of the cyclisation precursor prevents
formation of the requisite enolate complex by preventing palladium migration.
Su b s t i-ketaesterslarefiherefore not susceptible to this competing mecH&nism.
Diketones also favoured oxidative alkylation over competing hydroalkylation. This was
attributed tdietohel possésa @ moretfavaurabledieonet h a-keto b
esters-3® The formation of enol intermediates during the cyclisation was thought to
destabilize the palladium olefin interactjothereby increasing the rate of alkene

displacement compared to hydropalladatitn.

Following on from this work Yangt aldeveloped a similar strategy, this time involving
the oxi dat i v-ketemideslunder enitd icomditiorg@dhente 2).134

O ©O O O
100 mol% Yb(OTf);
NMe,  10-30 mol% PdCl,(MeCN), | NMe,
Xy o— X
e THF / Oy, rt .
n=1,23

X =0, N-Boc, N-Ts

O O O O O O o O
H\ji‘\NMez Hjij\NMez \ NMe, Ts~N \ NMe,
BOC/N o) Ts—N
68% 97% 91% 62%
Schemed2: Yangds oxi dat i vketoamides bocycl i sation of b
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A number ofN- and O- heterocycles were synthesised in gdodexcellent yields
including seven and eigmhembered rings which had been inaccessible with previous
methodology. A further attractive feature of thigfacol is the use of molecular oxygen

as the sole oxidant. This overcomes the issues associated with copper salts by improving
atom efficiency andreducing reaction waste. The difference between Yang and
Wi d e n h averk i theGreqjuirement of a highly oxophilic Lewis acid, Yb(@TThe

authors state that this is critical for promoting enolisation and nucleophilic attack of the
terminal alkene. Ulortunately in a number of cases, including the synthesis cfeen
andeight membered heterocycles, palladium loading had to be increased to as much as
30%.

Palladium(ll}catalysed oxidative carbocyclisations have also featured as key steps in the
synthesis of a number of natural products. Inspired by the work of Widenhoefet, Cai

al. worked towards the synthesis of HamigerarSBheme 8).3**1 n t hi s i-nst anc
hydroxyenonel38 was utilised as a nucleophile, and under the given redox conditions,

the subsequent cycl i sat i-dketonglBOn&8®weyedleé d s moot

OMe | OH O
3 mol% PdCl,(MeCN), Br 0]
Me 1.5 mol% Cul Me
OH 0, Me H
THF, rt, 48 h
iPr 0 iPr
138 139 Hamigeran B

Schemed3. Towards the synthesig Hamigeran B

Impressively, catalyst and @xidant loadings could be lowered te kttle as 3 mol %
and 1.5 mch respectively whilst still achieving catalytic turnover and excellent product
yield.

A further example where a Pd@¢gatalysed cyclisation process has been employed is in

the total synthesis of Mycalamide S¢heme 4).1%¢
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Q/<O 15 mol% PdCl, MeQ o~ MeO Q/<

0O 100 mol% Benzoquinone oI - o
\H/\/ 3 equiv. MeOH \(\/
—_—
1 equiv. CH(OMe);
0.7 equiv. propylene oxide |

DMF/THF (20:1), rt
140 141 142

Mycalamide A
Scheme 4: Palladium (1) catalysed cyclisation step in the synthesis of Mycalamide A.

Interestingly the reaction slightly differs from the previously described palladium(ll)
catalysed processes in that the palladis not merely activating the alkene towards
nucleophilic attack. The reaction proceetsa palladiuracatalysed tandem cyclisation
sequence where an initial Wackgpe reaction generates tiealkylpalladium species

141 This electrophilic Pd(ll) spees accepts the terminal alkene as a ligand and
subsequent carbopalladation affords the exocyclic double bond containing pyran ring
142in a good vyield of7/8%. It could be arguedoweverthat one of the drawbacks of

this process is the requirementhagherpalladium loadings.

3.3Initial Objectives

The aim of the current study wés provide a novel approach to constrdituorinated
carbocyclesby utilising a Pd(ll) catalysed intramolecular cyclisation. Whilst there is
precedent for catalytic oxitige Pd(ll) cyclisation strategies there are no reports of
applying this method for the synthesis of selectively fluorinated carbocyélése
designand synthesis of geminal difluoro compounds is an extremely important objective in
medicinal chemistry owing to their unique biological properties, su@nzgme inhibition,

pKa modulation and improving metabolic stabifify The proposedoute would overcome
some of the issues assated with existing methodologiesich as the use of costly and
hazardous reagents. Moreover, IBd(catalysis offers advantagesover Pd(0)

methodology such asrcumvention of the necessity of an inert atmosphere.

The work detailed in thishapterwill focus primarily on the application of difluorinated

silyl enol ethers in a Saegulta cycloalkenylation, features of which include; expanding
substrate scopeunderstanding and controlling product formation; improving overall
product yields and attempting to understand the effects of altering the redox system on

reactivity.
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3.4 Results and Discussion

3.4.1 CyclisationPrecursor Preparation

Trifluoroethanol isan ineyensive commercially available and extremely versatile
feedstockused in the synthesis of a range of fluorinated moleciilés.this particular
building block whichunderpins much of the chemistry detailed within thissis Initial
protection of trifluoroethanol affords carbamate 111 which undergoes
dehydrofluorination/lithiatiorvia an E2 eliminationn the presence d¥o equivalents of
lithium diisopropylamide (LDA) This processgenerate organometallic intermediate
143(Scheme4b).1%

ODEC

N > N
F3C i) O FsC Li

CI)J\N/\ F

K 111 143

Schemed5: Trifluoroethanolprotection followed by carbartendehydrofluorination/lithiation.

OH i) NaH, THF, 0°C ODEC ) 2 equiv. LDA, THF, -78 °C

Addition of either an aldehyde or ketone electrophile generates lithium alkb#ile
which can go down eithef two pathway{Scheme46).14°

ODEC ODEC A ODEC ODEC
1 2 F R? K 2 ‘c F R2
Zar R'COR % R 2 F RR1 warmto 0 C _ Y
F OLi BF3OEt, [ opF, NH{Cl F OH
144 145
rf B
EELN OLi
——JVOLi .
0 o F~ R21 warmto0°C F R?
F Z R — —_— > R1
» F ODEC  NH(CI F  ODEC
F R'R
146 147

Schemed6: Generation of allylic alcohalsind dilfuoromethyl ketones (DFMK) through a competing

transacylation pathway.

The first pathway involvesrapping the alkoxide with B#OE®L followed by aqueous
workup to afford difluoroallylic alcohols145 (Scheme46, path A). The secondnd

competitive pathway consists of acyclisation processfollowed by ring opening
(transacylation),the driving force beingformation of the thermodynamically more

favourable enolate speci@d6 (pK.E (OH) & 10-11 in watercf. alkoxide oxygeralcohol
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pKa & -1& in water)*! Protonation of these enolates affords the corresponding
difluoromethyl ketoned47 (Scheme46, pathB). Such a procedsasnow beenutilised

in the preparation of cyclisation precursors by insteagping enolatd 46 with a hard
silicon electrophile to afford silyl enol ethers (SEHP (Scheme47).

One pot sequence Et,SiO
ODEC  j) 2 equiv. LDA, THF, -78 °C, 2 h E R R
> 2
F.C ii) 1.1 equiv. electrophile, -78 °C, 1 h
’ iii) warm to 0 °C, 1 h F ODEC
iv) 1 equiv. Et3Si-Cl, 0 °C - RT, 18 h
111 112

Schemed7. Pr eparation of SEEGs

Investigations had previously beg@erformedto determine the effects of varying the

degree of trialkylsilyl substitution on the enol ether starting matdtiglite 26).8°

) J o’\Si\/ A(SA\

0"\ o’ )/
Fa - O\H/NEtz O\H/NEtz
F o] O
=
Formed in good yield Decomposition during Could not be formed

purification due to steric hindrance

Formed in good yield
Figure 26: Propertiesofa r i ous SEEO® s

The correspondingtert-butyldimethylsilyl (TBDMS-), triethylsilyl- (TES) and
diethylisopropylsilyl- (DEIPS) enol ethers were synthesismatcessfullyusing 5hexen
2-one as a standard electrophilehe attempted synthesis dfiisopropylsilyl (TIPS)
enol ethers was unsuccessful whereaspingfication of trimethylsilyl- (TMS-) enol
ethes proved problematicThe failure of the formeto reactwas attibuted to steric
repulsionbetween the tisopropyl groups of the silane and the adjacent carbalffate.
While enolate146 reactedsuccessfullywith TMS-CI, the resulting TM&nol ethers

were extremely sensitiyelemmposingon silica during column chromatographihe
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TBDMS- and DEIPS enol ethers could be isolatsdccessfully howeverthese proved
to be ineffective substrates for cyclisatioompared to the TES&nalogueThe DEIPS
and TBDMS species were consumed less fully in the cyclisation readfitatails of the
cyclisation procedure will be discusseoh further detail in Section 3.4.4).
Chlorotriethylsilane (TESCI) was theefore thepreferred choice oélectrophilein the
current workand was used to synthesidee S E E fiosn a range of aldehydes and
ketonesin good to moderate yiel{iTable 7). In the case ofl12y, it was possible to
separate theis- andtrans diastereoisomeric adducts chromatographicétlghould be
noted that these difluorinatesilyl enol ethershavea limited shelf life (approximately
one week storage in theefrigerato). After this time slow decomposition of the silyl
enol ether to th corresponding difluoromethyl ketoriet7 (DFMK) was observed
(Scheme48).

Et3SiO O
Ri F TR
F. — R, > 1 week 2
F  ODEC F  ODEC
112 147

Scheme48: Decompositon 0112to 147.
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Table 7: Difluorinated silylenol ether$12prepared fromi112

One pot sequence

Et,SiO
ODEC )2 equiv. LDA, THF, -78 °C, 2 h _F 'R,
F.C ii) 1.1 equiv. electrophile, -78 °C, 1 h
3 i) warm to 0 °C, 1h F ODEC
iv) 1 equiv. Et3Si-Cl, 0 °C - RT, 18 h
111 112
Electrophile Product Yield drP
N TESO
hidhe P N 112a 67% i
O F ODEC
X TESO
e ST RTEEN 112b 6394 i
o F ODEC
TESO
I X F~ AN 112c 67% -
o) F  ODEC
TESO
}X/\ F# N 112d 61% -
(0] F ODEC
TESO
N P N 112e 38% -
e} F ODEC
0
ij/v/ 112f 719% 19:1
transcis
o)
fﬁ/v/ 112g 43% -
o)
0
/ .
fﬁ/v 112h 5796 6.7:1
\ transcis
Boc
0
W 112i 699 11.5:1
transcis
s
0
- .
fﬁ/v 112 250 531
s transcis

77N

2 All reactions were carriedubwith 5 mmol of 111 unless otherwise statebldr determined by°F NMR spectroscopy 10

mmol scale (68%), at 4@nmol scale (70%) 10 mmol scale®lsolated as a mixture afis- andtrans- diasteroisomers, majo

isomer shown’ 6.5 mmol scalegis- andtrans-diasteroisomers could be separated chromatographically.

66



It is also worth ndhg thatin the preparation of SEE derivativasslight excess of
electrophile is used tensure thall1is trapped fully and tattenuate the formation of

vinyl silanel148(Figure 27).

ODEC

F
sk,

F

148
Figure 27: Vinyl silane side product observed in preparatibgilyl enol ethers

In an earlier attempto synthesizel1l2 examination of the'F NMR of the crude
reaction mixturg(Figure 28) showed four distinct peaks. Thieubletat -103.7 (2Jrr =

77.2 Hz) and doublet of doublets at114.6 ppm (3Jrr = 77.7 Hz,*Jen = 2.9 H2)
correspond td 12 whilst thetwo doublets at80.6 ppm {Jrr = 47.8Hz) and-102.6
(*Jrr = 47.8Hz) are associated with48,

[ren]

@19F offsel_minus100 COCI3 {i

20

—
e
[+]

-70 -80 -90 -100 -110 -120 [ppm]
Figure 28: % NMR spectrunof crudereaction mixture in preparation ol 2.

|
0.0250
|
0.0392

- 1.0000

Thoughonly trace amounts df48 were detected (97:312c:148 by °F NMR), it was
not possibleto separate the vinyl silane from the desired product by chromatography.

The formation of this speciesan beassociated witlan incorrect reaction stoichiometry
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indicating that an insufficient amount of electrophile had been added to the reaction
mixture. Although the use of excess electrophile might appear wasteful and less cost
effective it is important to ensure thptoduds are free from vinyl silane which appears

to impede cyclisatiof®

One of thelowestSEE vyields to be recorded was that of sulf@adg. On inspection of
the ®F NMR of the crude reaction mixture it appeared that the reaction contained

predominantly enol carbamatgigure 29).14

149
Figure 29: Enol carbamate detected in crude reaction mixture in preparatidrdjof

The presence of enol carbamate indicatesdhbéro wet 6 e Iwasaddeddghén i | e
reaction mixture or that lithiated enol carbamatel43 had deprotonated the sulfone
electrophile.However, because @H bond adjacent to a sulfone functionality is less
acidicthan aC-H bond adjacent to a carbonyl grotiye formation ofl49was attributed

to the formeexplanation(Figure 30).14*

pva Q
RN \)J\/
pK, = 31.1 pK, = 27.1
Figure 30: pKa valuef C-H bonds adjacent to carbonyl and sulfone groups in DMSO

The sulfone electrophileas formed byoxidation of thecorrespondig sulide and was
the onlyelectrophileto exist as a solid. &pite vigorous attempts to dry the material by
storing in a vacuum oven faneweek (40 °C/0.75 mmHg}ignificant amounts of enol

carbamate were returned from the reac(figure 31).
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Figure 31: *°F NMR spectrunof crudereaction mixture in preparation d.7.

Initially, it was unclear whether or ntiie weaker broad signals-&8.9 and-109.9 ppm
did in fact represerihe desired producfnnelative precursorsften existeds a mixture

of cis- andtrans- diasteeoisomergepresented as 4 distinct signals'#yy NMR.

Following purification of the crude reaction mixturezariable temperatur¢VvT) °F
NMR experimentsvere conducted whichevealed the desired product as a mixture of

cis- andtrans-diasteeoisomers Figure 32).
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Figure 32: F VT-NMR experimentof 112] revealingthe desired product as a mixture aié- and

T T T T
-80 -90 -100 -110

trans diastereoisomers.

Interestingly *H and®*C NMR spectra were sharp, therefaravas onlythe F nucleus
which sufferedfrom this extreme line broadeniray room temperaturéOne possible
explanation fothis phenomenoties in the relationship betwedinorine chemical shift
anisotropy (CSA) anthe T» relaxation time This is represented dyquiv. 1 where b

represents the spigpin relaxation timeAg; A t he shi el di nrdhe ani sot

chemical shift frequency cthefcorreltientiher ee speci
Equiv. P C ¢ P p
1 4 pul(@ Aot c ¢p 1 1

The shieldinganisotropy isoften relatively small for théH nucleusAg A a ppm)
but can be much larger for heavier elements suckFag{s A & 1000 ppm)

Because there is an inverse relationship betw&e@SA and T, the value of T will
decreases the value of the CSA increas€&he spinspin relaxation time ialso related
to peak linewidth(W1/2) by thefollowing equation:

Equiv.

oo P
2 ¥ u4

A lower T will generate resonance signals with extremely broad lineshapes in the
resulting 1D'°F NMR spectrumEquation lalso highlightshe principles of VT NMR in
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which heating molecules in solution will result in a decreased correlation tihar(d
therefore a largerzlvalueresulting in well resolvedignals in the 1D NMR spectrum.

With the cyclisation precursors in harttie first goal was to try angolatepureU ,- U
difluoroketones Secondly, if hydrate formation could be understoidmight be

possible to improvéhe overall reaction yields.

3.4.2Work up and isolation modifications
The reaction onditions that currently existedor the cyclisation procedure had

previously beerstablishedollowing a preliminaryoptimisationprocesgScheme49).8°

TESO ODEC 0]

F
Fo 10 mol% Pd(OAc), FﬁODEC
F 100 mol% CuCl
MeCN (Air sparged)
/ 70°C, 18 h 49%

112a 113a
Scheme 490ptimised reaction conditions for cyclisationldfa.

However, n order for the Saegalto methodology to becoma moreeffective and
attractive synthetic protocotwo aspectgequired improvementthe isolation of pure
U ,-difluoroketones was essential anigheroverall yields were sought.

The cyclisation ofl12a was chosen as a standard prototmlinvestigatetheseissues
before utilisingdifferentsilyl enol ethers\ide supra in thecyclisation

The cyclisation ofLl12a under the optimised conditions resulted in an extremely clean
reaction The ®F NMR spectrumof the crudereaction mixturecontainedwo doublets at
-103.8 and-117.5 ppmwith large coupling constan{8Jrr = 251 Hz) characteristic of

geminal ~F coupling in cyclic compound# in Figure 33).246
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Figure 33: A) F NMR spectrumof crude mixture ofcyclisation of139aB) °F NMR spectrum

following flash column chromatography.

However,a second broad set of signals-415.2 and-118.9 ppm appeareidliowing
purification of the crude material by flash column chromatograjhyn Figure 34).
These signals have since been attributed to the hydratehdledthe!’F NMR spectrum
is ambiguous because of the presence of such broad sidnea¥C NMR spectrum of
the mixture shows two complete sets of signals associated with the katahe

correspondindnydrate.

The mixture was isolated as an fallowing chromatographyhowever the hydrate had
previously beercrystallised and its identity cfimmed by XRD and microanalysidt
was notpossible to obtain NMR data of the pure hydrascrystalsof the hydrate

equilibrate to the mixture when taken up in CRCI

The hydation of U ,-difluoroketoness well documented andas beerattributed to the
effects imposed by the adjacent fluorine substituentss& highly electronegative atoms
are less destabilising on a less electronegasgiecarbon centre than on a more
electronegativesp’ carbon centreThis makesthe carbonyl carbon more susceptible to
nucleophilic attack by wateand is the driving force for hydratid®’ The dramatic

effects of fluorine substitution orthe hydration equilibrium constant(Knyar =
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[hydrate]/[ketone]) becomes apparent when the valuesKgf f or acetone,
fl uor oa c e tutiffuercacetomareltoniparediable 8).14

Table 8: Equilibrium constants for covalent hydration of selected carbonyl compound:

Compound Khydr
acetone 0.0014

Ufluoroacetone 0.17

UQUi trifluoroacetone 32.36

The tendency ofdifluoroketones tohydrate readily can play an important role in
medicinal chemistry.In a biological context, ydration can generate species with
increased aqueous solubility as well as imparting a tetrahedral geometry at the newly
formed sp® centre which can mimic tetrahedral intermediates involved in peptide
hydrolysis'#®*® However, despite the potentially useful applications of hydrated
difluoroketones,mixtures of difluoroketones and hydrated difluoroketonesre not
desired. Combined with the electrophilic nature of the carbonyl grodd3a and the

use of potentially wesilica gel it is not surprising that hydratermation during the

purification processs observed

Given that botlketone and hydrate are in equilibridtrshould be possible to drive the
equilibrium towards the ketorterough the removal of watéFigure 34).

O
E |:HO OH

. H,0
opEC ~— F ODEC

113a 117a
Figure 34: Ketone hydrate equilibrium

Initial attempts to achieve this by removing water through evaporation of toluene
solutions of the mixture proved to be successfilih the broad signals associated with
117a collapsing in thé®F NMR spectrum(B in Figure 35).
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Figure 35: A) °F NMR spectrumof ketone/hydrate mixturé13a/117a B) %F NMR spectrumof

1134d117afollowing evaporation of toluene solutians

This technique for removing water afforded the dedketdneasanoil; however jt was
possible to convert it into a solid simpby trituratingthe oil with pentaneThe solid
material was bench stable and could be stored at room temperature wiikertation

of any product decomposition. Howey#llowing a prolonged period of time (1 month)
traces of hydrate could be detechsd'®F NMR. Rather than subjecting the solid mixture

to the azeotroping procedure it was instead placed inside a vacamap®(0°C and 1

mbar for 48 hours. Analysis of the solid after this time revealed that the solid
ketone/hydrate mixture hadle e n c onv e r t eldifluérakétdngl13t Bhist h e
method of drying was much more attractive as it did not require thefussvent and

was more practical than the azeotroping method.

An attemptto convert113a fully to the hydratewas madeby stirring 113 in a 1:1
mixture ofwaterandtetrahydrofuranTHF) for 48 hourgspectrum B irFigure 36).
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Figure 36: A) 1% NMR spectruno f -difluotbketonel13a B) 1%F NMR spectrunmof crudereaction

mixture.

Though increased levels of hydrateere observeda significant amount of ketone
remained in the reaction mixtuesd no further attempts to synthesise the pure hydrate

were made

With access tothis oven drying procedureit was thenpossible to isolate and
characterise pure ketonegith improved and reliable yields compared to previous
attemptgFigure 37).86

O O

O o
F 0 ODEC F obec F ODEC F ODEC ODEC
F F F F F
pg s O
A A
113a 113c 113d 113f 1139
49% (mixture) 22% 32% 49% (Mixture) 71% (Mixture)

Figure 37: Previousy repore d y i e |-diflsorokefoneldnd bhixtures of hydrate and ketdife

Furthermorethe hydration ofU ,-difluoroketone was not uiversaland t would appear
that theinductively electronwithdrawing effectof fluorine may not be the only factor in
determining ketone hydration On comparison ofthe crystal structures of the

monomethylated hydratél7a and the gentdimethyl ketonell3 it is clear that the
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(N,N-diethylcarbamoyloxy)(DEC) group occupies a different position in each case
(Figure 38).2° For 117a the DEC group liesn the pseudeaxial position whereas ihl13c

it adoptsthe equatorial position.

Figure 38: X ray crystal structure dfydratell7a (left) andketonell3c (right).

In the pseudeaxial position there i€lear potential for hydrogen bonding interactions
betweenthe carbonyl functionality of the DEC growmd the hydroxyl groupf the
hydrate. Howeverdistance constraints woulareventthese interactions when the DEC
group lies in the equatorial position, as is the cas&I8c. The availability of the DEC
groupto stabilise the hydrate formaythereforeplay an influential rolen determining
the ease ofiydrate formationHowever, thougtspeciesl13 and113d resisthydration
the previouslyreported yields were still lof?. To addresshese poor yieldghe work up

and purification procedure was revisited.

The originalwork up and purificationprocedureconsistel of concentratingtte reaction
mixture onto silica, thewlry loading the material onto a silica plug and eluting with a
chosensolvent systembefore finally purifying the crude material by flash column
chromatographyHowever,avoiding silica altogethemight inhibit hydration and aid in

the isolation of pure ketones

Following completion the reaction mixture wasltered througha plug of celiteto
remove insoluble metal salé&d eluted with diethyl ethefhe filtrate was concentrated

to afford the crudg@roductas a dark brown oil which, although clean'ly NMR, was
contaminated with palladium and copper residudse presece of these metals was
suggestedby extensive streaking of the crude product on silica plates. Removal of these
metal contaminantsvas essential in order to afford clean prodddiis issue is one
commonly faced within the pharmaceutical industry in thentlssis of active

pharmaceutical ingredients (APIs). In medicinal chemjstpplladium catalysed
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reactions such as Negishhd Suzukicross couplingsare often key transformations
towards the synthesis of new APIs. The problem with employing such-oagbised
chemistry is that expensive and extremely toxic metal resicas contaminateéhe
API. With strict Ewopean guidelines on the allowaHlienits of metal contaminants
associated with APIs (<10 ppfar Pd), the discovery oéfficient method of removing

thesecontaminantss of fundamental importancet

In recent yearshe emergencand developmerof metal scavengingits have helpedo
address this issu&ilica-based metal scavengers developed by PhosphonicS Ltd. have
been shown to haveseful binding affinities to palladium in various oxidation states
(Figure 39).1°2 As well as palladiumthese scavengers are also known to bind to a host

of other metals including copper, ruthenium and nickel.

O
eSS~ SH H
o a/o—/?wsdkﬂ””wwz
/ @)
siica " H{H °
Silica

Matrix LLH—H Matrix LH'HI

Figure 39: 3-Mercaptopropyl ethyl sulile Silica (SPM32left) and Triamine ethyl sulle amide
Silica (STAS right) metal scavenging silica developed by PhosphonicS Ltd.

These functionalised materials incorporate multidentate functional groups which can

bind with sufficiently high affinity tgpalladium(Figure 40).%3

OS\/\/SH Q

S
Pd(0) ~—— Pdéj

7

H
Figure 40: Chelation of sulfir based metal scavenger with palladingpecies

The SPM32 and STA3 metal scavengers wenelemented inthe new work up
procedurein the hope of simplifying purificatianAn instant colour changdérom
colourless to blackvas observed in thsolid supportwhenit was added to the crude
reaction mixture in diethyl ethefhe mixture wasstirred for thirty minutes thenthe
silica was filteredoff and the filtratewas concentrated to afford colourlessoil. On
closer inspection it was apparent that thecoihtaineda small amount of solid.This
solid wasnot present in the crude mixture befdseing scavengednd only appeared
following effective sequestration of the metal contaminahitguration of thisoil with

pentaneaffordedketonell3 as acolourlesssolid (Figure 41).
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Figure 41: Solid ketonel13a formed following addition of pentane to crude reaction mixture-post
scavenge.

This material proved to be of high pyrita satisfactorfCHN analysis was obtainednd

no further purificationwas requiredThe importance of the metal scavenger cannot be
overstatedasits useallowsthe desired products be isolatedvithout chromatography.
With this new work up and ketone isolation procedure in pltwe generality of this

method was tested by synthesisamgngeo f -difluotbketones.

3.4.3Substrate scope

It wasthenpossible to isolate a range of ketomegood to excellenyields (Table 9)
following successful cyclisationasing the scavenger method/hen the ketone was
susceptible to hydration, trituration would afford a sohikture consistingof ketone
and hydrate. However, in such cases, the material coutdrbesrted fullyto the ketone

by drying in a vacuum oven.

The annelative cyclisations dfl¥-h and 113 were successful using only raol %
palladium however most annulations, with the exceptionltic, required higher
palladium loadings (10nol %). This feature could be attributed to the lower reaction
entropies associatedith the annelative processebe presence of a pfermed ring
system reduces the number of degrees of freedom available to the cyclisation precursor
resulting in a lower lossf entropy in the ratéletermining step.
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Table 9 Palladium catalysed cycloalkenylation of silyl enol etirs.

TESO

1

xx mol% Pd(OAc),
ODEC 100 mol% CuCl

1

R K
_ x F /\ODEC
2 MeCN (Air sparged) =R,
F Rs 70°c,18h R,
112a /
. Previous
0, 0,
SEE Product Pd (mOI /0) Yield (A’) yield (%)86
OTES . o
FW F obec  113a 10 520l 49!
F ODEC
TESO . o
P s N Fj/iK/(ODEC 113b 50 off -
F  ODEC
TESO e
F? N Fﬂm 113c 5 72 22
F  ODEC
TESO I
N~ A F ODEC  113d 10 674 32
F ODEC
0
TESO K
Fa N F ODEC  113e 10 72¢ -
F ODEC
FTEi) ODEC F o ODEC
I F 113f 5 719 49
H :
¥z H
TESO
) ODEC £ 9 opEc
& o F ! 113g 5 90 71
JH ;
TESO
Ny ODEC £ 9 opec
F NBoc Fﬁ)\ﬁoc 113h > & )
= H H
SO
FTE/ ODEC £ $ opec
B! jij@s 113i 5 o -
Pe g
(0]
FTEi ODEC £ 9 opbec .
I . Fij@ 113 5 440 .
H O iy
=

H (e}

[a] Unless otherwise stated all reactions were carried out with 1.0 mB&fb] At 3 mmolscale (68%), at 1thmol scale

(70%)[c] mixture of ketone and hydrald] 1.23 mmolscale [e] 0.91mmolscale [f] Only enal150could be isolated cleanly

from the reactionfg] 1.22 mmol scale[h] The reaction time was 144[} Isolated as a mixture dfans andcis- bicyclic

ketonestfanscis87:13).
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Previously reported yield§ were improved andhree novel ketones were almmed
including spirocyclel 13, N-heterocyclel 13h andsulfone heterocyclé 13j.

3.4.31 The Thorpengold Effect

An interestingcomparisorfrom Table 9 is betweenthe cyclisation of the cyclopropane
substitutedSEE 112 with that of the correspondinggemdimethyl 112c. The former
annulation required a palladium catalyst loading ofrid) % whereas the latter required
only 5mol % Pd(OAc). Attempts to cyclisel12 at lower catalyst loadings (&ol %)
returned only starting material, even after stirring at°@Ofor oneweek. The slower
reaction profile attributed to the cyclopropyl analogue may have beased bya
reverseThorpelngold effect. The origins of the Thorpegold effect (orgemdialkyl
effect) lie in the correlation between distance between reactivenie(dictated by
changes in the bond angles between the carbons of an open chain stanctusdative

rate of cyclisationKigure 42).1%

H H R H R R

< ~
~ N N

X(H2C) 04 (CHp) Y X(H2C)m 62 “(CHp)n Y X(H2C)m 03 (CHa) Y

01>0,>0;
H H Me H Me Me
MekgMe Me Me Me Me
112.2° 111.1° 109.5°

Figure 42: Origins of the Thorpéngold effect

The rate enhancement of riofpsing reactionfrom the rephcement of hydrogen atoms

on the carbon tethering two reacting centres with alkyl substituents has been well
documented®®*® However, in the case afyclopropane substitution theegmetic
demands othe cyclopropane ringause the angle between reactive termini to increase

and therefore lower the rate of cyclisatiéh>’
X(HZC)m 93 (CHz)nY
>109.5"

Figure 43: Angle constraints imposed by cyclopropane ring

Replacement of the cyclopropane ringlib2d with cyclopentane should theoretically
decrease the bond angle in the alkyl backbone and, if the Fhragplel effect is playing

an important role, lead to an increased reaction rateli®. Indeed, when the

80



cyclisation of 112 was attemptedvith a Pd(OAc) loading of 5mol % complete
consumption ofl12 was observed after eightedours. Unfortunately, the reaction
afforded a complex mixture byF NMR and spirocycld 13e could only be isolated in
13% yield (95% pure byH NMR). Despite this poorigld the complete consumption of
112 would suggest that the Thorbregold effectcould in fact beplaying a minor role in

the reaction system.

3.4.3.2Attempts to synthesidd.3

Unfortunately all attempts to isolatethe least substituted monocycle 113 were
unsuccessfulAt lower catalyst loadings (5 and Xfol %) the reaction afforded an
extremely complex mixture b¥’F NMR; for the reactiorat 10mol % Pd loadingthe

spectrumwas dominated by triplet at-131 ppm {Jur = 6.9 H2).

Following purification by chromatography thmajor product was identified as enab0
(Schemebl).

OTES

ODEC Saegusa-

ODEC F ODEC
F __lto F OX|dat|on

8%
112b 113b 150
Schemes0: Formation of enal 50from attempted cyclisation of SEE39h.

Enal150is formed as a result of oxidation of the terminal alkene in what appears to be a
Wacker type process with reversal of the usaglochemistryHowever, understanding

the formation ofl150 is not trivial. It has been showpreviouslythat such oxidations
displaying reversed regioselectivity are possible in palladium/copper catalyseins
(Schemes1).158159
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PdCl,(MeCN),

CuCl, R /\/\/\/\[(

157
50 °C, 0.5 h, R-OH
/\/\/\/\/CHO

R  Yield (%) Ketone:Aldehyde

Me 26% 97:3
Et 22% 84:16
i-Pr 1% 58:42
t-Bu 7% 16:84

50 mol% PdCl,
100 mol% CuCl \

O, (1atm)
DMF:H,O (10:1)
rt, 24 h, R-OH

(Eq 2)158

CHO

151
Schemes1: Examples of reversed Wacker regiochemistry.

It is worth noting that theunique nature of thesubstrates and reaction systems
highlighted in Scheme51 are what is responsible for the observed selectivilyhe
oxidation of tdecene (Edl) required the use of a bulky alcohol in order to achieve
selectivity for the aldehyde, a feature which is absentthe Saegusa reaction
conditions!®® Although selectivity is observethe reaction is extremely inefficient and
only a 7% yield of the corresponding aldehyde is reported.

Whilst diene 151 (Scheme 51) is structurally similar toU ,-difluoroketone 113
(presumably the precursor to eri0), the authors believe that the prese of the

monosubstituteterminalolefin iswhat drivesaldehyde selectivity>®

To confirm if a Wacker oxidation was occurringio n o me t h y-diflaoroketoneU, U
113a was subjectedo the cyclisation conditionsSEheme52). The palladium loadig

was increased to 2fhol %, the reaction time extended atite solvent system now
consisted of acetonitrile saturated with 20% v/v water. If a palladium catalysed Wacker
type process was occurringheseconditionswere expected to favour formation thfe

corresponding endl52(Scheme 2).
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o)
E ODEC 20 mol% Pd(OAc), F oPOEe
F
100 mol% CuCl
MeCN (Air sparged) |
[H,0] 20% viv o
70 °C, 96 h, air
113a 152

Scheme 2: Attempted formation of endl52

Surprisingly, enall52 could not be detected.This result suggests that eithéne
formation of enall50 occursexclusivey for that particular substrater its formation is

not palladium catalysedn standard Wacker oxidationsucleophilic attack by water on

the palladium coordinated alkene is a polar addition and selectivity is therefore governed
by Mar k ov n,wikhovatér addimguolthe siosibstitued carbort®® Along with

the fact that the concentration of water in the cyclisatiohl@ would have been very

low, it seems unlikely that thclassic Wacker mechanism das used to rationalise the

formation of150.

If water is not the source of the aldehyde oxygeri®Q, then its incorporation could
potentially bedueto the presence aholecular oxygen. Most examples Wacker type
oxidations of geminally disubstituted olefins with molecular oxygen often reqitfrer
high pressure equipment, electrochemicalphotochemical techniques andiamique
catalyst system$1162163164 However, Che et al havereported thealdehydeselective
ruthenium(IV)catalysed Wacker oxadions of terminal aryl alkenesing oxygen as the
terminal oxidant®% The authes propose that oxidation occurs via an
epoxidation/isomerisatioprocess although they admit that the exact mechanism of

action is uncleaSchemes3).
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153 (0.5 mol%) o
CDClj,
0,, 60°C

[Ru]Ln Me Me

o
o™

Schemeb3: Reverse Wacketype oxidation performed by Ru(lV) catalyst

Like ruthenium palladium has the ability to exist in the +4 oxidation state and six
coordinate palladium (IV) dioxo speciase knownto exist as reactive intermediates in
Pd(Il)-catalysed arene oxygenation reactithidf a similar species was formed under
the current reaction conditionsthen it may be possible for a similar
epoxidation/isomerisation mechanism to occur that would lead to the formation of enal
150(Schemes4).

L\(I)I L
0 /ﬁd(IV) o
FF obEc L~ 0 L F ODEC
L = MeCN or |
H
Cu or H,O O
113b 150

Schemeb4: Possible intermediate responsible for formation of é&él

Another possible explanation for the formation @0 may involve radical chemistry
(Schemeb5). The reaction of triplet oxygen with therminal olefinof 113b followed
by a 1,3 hydrogen atorshift could potentiallygenerate hydroperoxides4. Quantum
mechanical calculations performed by Z#tal. have predictethat1,3 hydrogen shiét
involving peroxy radicalsare inherently slow(41 kel mol'), a featurewhich may

account for the low yield of50, 8%28 Organic hydroperoxides are known to undergo
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transition metalon catalysed decomposition to alkoxy radicaled hydroxide anions
(Figure 44) 169170

ROOH + [MI™W* ——— RO + OH + M"”
Figure 44: Transition metal catalysed decomposition of hydroperoxides.

Alkoxide radicall55 could then disproportionate form the correspondingnolatel56

which couldreadily eliminate fluoride to afford en&b0.*"

Given the observed regiochemistry of the product a radical based mechanism would
make more senssince radical type addition td13b would occur selectively at the
terminal position This isdue to the increased stability of the tertiary radical inésliate

that would be generaté®’ Dioxygen/copper systems are known to existveell as
oxygen coordinad palladiumcomplexes some feature in a number of oxidative
procesesvia radical based chemistfy*'’# The existence of such species could also

facilitate formation of enal50 from 113b if present under the given reaction conditions.

- o}
—_—
5
/O/:->
[M]--O
[M] = Pd or Cu Cu(l)
Cu(ll)
o} 53 o - o}
F ODEC F F ODEC ____disproportionation F ODEC
g 2 .
é (_‘O Cu(ll)  Cu(l) .0
150 156 155

Schemeb5: Proposedadical based mechanism to explain formatiot5if

Grubbset al haverecentlydesigned a catalysbntrolled Wacker type oxidation and
initially proposed a similar radical based mechanisrexjglain the antMarkovnikov

selectivity observed in their systeif&cheme 5).17>17®
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PdCl,(PhCN),
CuCl,, NaN'80,

tBuOH/MeNO,

RN AP

80 transferred (81%)
Schemeb6:  Gr u b b scontralled Wackey axidations

In this case 120 labelling experiments identified timitrite saltasthe oxidising agent in
the reactionMore recently Fet al performedDFT calculations to validate this radical
mechanism and found that-BuOH-ligated heterobimetallic nitrite PGu complex was
most likely to be the catalytically active speciés.The olserved regioselectivity was
attributed to a radical based 1h¥drideshift (Schemes7).

L
R = tBu Ro/c/:G
L = PhCN i X
H\\CI\/P q <C|
1/2 0, \/ cl NO,
L
L
cl RO/Cu
RO~ 7 b, Cl<py-C!
H\\CI\/Pd\/CI \\Cl/ : \\\ //O
cl NO BTN
L
RO~ 7" cl ’/
\%tpd( 0
o PN
Bt Et%o
H

Scheme57: Mechanism for aldehyde selective Wacker oxidatith

The cyclisation ofl12b was next attemptedat 20 mol %, 50 mol % and 100mol %
palladium loadingKigure 45).
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Figure 45: 1% NMR spectraof crude reaction mixture afyclisation of112bto 113b at A) 20mol %
Pd(OAc), B) 50mol % Pd(OAc) and C) 100mol % Pd(OAC).

The result from the reactiowith 20 mol % palladium was initially encouraging
(spectrum Ain Figure 45). The two doublets at97.6 and-129.0 ppm had coupling
constants of 252.8 Hzcharacteristic ofgeminal coupling in unsaturated ,- U
difluoroketonesthereforehesesignals wereonsistent with the formation tiie desired
product113b. Interestingly enal150 was not observed in threaction and it appears that
it is formed in reactionswith lower catalyst loadingvhich are inhezntly slower
Although no enatould be detected newside product wasow present in the reaction.
Upon closer inspection of thegnalsat -65 ppm it was clear that they were part of an
AB system( ( 165.8,-65.5 (AB,, Jag = 166.7 Hz)) This ABquartetwas also present in
the crude reaction mixtures of ther®l % and 10mol % Pd(OAc) experimentghough

it had notthenbeenidentified The chemical shifat which these signals appedin the
1F NMR spectra are characteristic af@RX environment and it was expected that this
set of signals corresponded to chlorodifluoromethyl ke(@i2FMK) 157 (Figure 46).
Saegusaet al have successfullychlorinated a range of silyl enol ethers to the
cor r es p-ochio ketogebyusing CuGl asthe chlorinating agerit® Although
the optimised reaction conditions uses CuCl with copper in the +1 oxidationirsitée
oxidation of Cu(l) to Cu(ll) by molecular oxygen is expected generatingQuGitu (a

more detailedliscussiorof the redoxcycle will be madein Section3.4.4). Thereforea
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significantbuild-up of Cu(ll) could make diflerinatedsilyl enol eher112b susceptible
to chlorination

ODEC

157
Figure 46: CDFMK suspectetb be formedn cyclisation of112b.

In an attempt toelucidate the nature dhe AB system CDFMK 157 was synthesised

independently si ng Saegusaods p@EaemeS8)o!l for chl orin

TESO ODEC ) ODEC
NG 3.0 CuCl, F
o]
F DMF F
rt,3h
/ 50 °C 30 min /
112b 157
51%

Schemes8: Synthesis of CDFMKL54,

However on comparison of th&F NMR of CDFMK 157 with that of the crude reaction

mixture at 20mol % Pd(OAc), it appearedhat the two sets of signalgere not the same
(Figure 47).
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Figure 47: *°F NMR spectraf A) Crude reaction mixturef cyclisation ofl12bto 113b at 20mol %
Pd and B)mdependently synthesised CDFMI&7.

The same spin system clearly exists in bothcgaand both have similacoupling
constants J = 166.8 Hz); however, the chemical shifts of the two sets of sigliéts
slightly, U =-65.0,-65.5 (AB,, Jag = 166.7 Hz and-64.9,-65.1 (AB,, Jas = 166.8 H2 in
19F NMR spectraA and Brespectively. Thalifference in chemical sh#tbetween the
two is significantenough to conclude that CDFMK it present in the crude reaction
mixture. The identity of this side producs still unclear;however another possibility
could bethatacetatel 58 was formedFigure 48).

. (0]
o ODEC o
F \\O/ﬂjxio\\
FF
=
158 159

I9F NMR § =-64.9, -65.1 ppm (ABq) 1F NMR 5 =-81.8 ppm 74
Figure 48: Potential side product from reaction.

Acetatel58 would still possess aCFX chemical environment and presumably adopt a
similar AB spin system. Unfortunately there are very few examples in the literature with
this particular kind of functionality and the closest related molecule would be methyl

ester159 (Figure 48).17° On comparison ofhe chemical shift values d58 and 159, it
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seens unlikely that ketonel58 is responsible for the signals observegerxmentally

however jts existence cannot be completely ruled out.

The unidentified side product observed in then28l % experimentwas not present
when higher catalyst loadings (5®0l % and 100mol %) were usedHowever, trace
amounts of enalvere onceagainpresent in the crude reaction mixturggure 49). At

these higher palladium loadingsroad peaks at115.1 and124.1 ppm could now also

be detected. Similar broad peaks had been observed previously for monomethylated

hydratell7a, sothesesignalswere attributed to the hydratéosrm of 113b (Figure 49).
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Figure 49: 1% NMR spectrum of therudereactionmixture with stoichiometricPd(OAc) containing

predominantly keton&13 and hydrated 17b.

9995

Unfortunatelyisolation of 113 from both the 50mol % and 100mol % reactions
proved troublesomeTrituration of thecrude reaction mixtures with pentane afforded a
gummy solid, even after scavengifgith silica SPM32 or STA3), and attempts to
recrystallize te waxymaterial were unsuccessflurification of the crude product by
column chromatography initially appearsaccessfylandfollowing drying, a colourless
solid consisting of keton&13b and hydratell7 was obtained. In an effort to isolate
pure ketonel13p, the mixturewassubjecedto the standard drying conditions (vacuum

oven for 48 hours at 1 mbar and 4D). Disappointingly, after this time the mixture had
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completely decomposed and no traces of keldrd or hydratel17b could be detected.
At this stage, when considering the economical and pratititightions of the synthesis

no further attempts wereade to isolatd 13p.

3.4.3.3Attempts to synthesid4d.3
Another ketone which could not be isolataeccessfullywasbicyclic heterocyclel13

(Figure 50).
E Q ODEC
F
S

1

= T

Figure 50: Sulfide heterocycld 13. )

The inability to cyclise suide 113 was not surprising considering tipotential for
sulfur to coordinate to palladium. Stadtl al. have recetly demonstrated that the uf
atom in DMSO can coordinate strongly to Pd@pecies in solutiah** Owing to the
increased.ewis basicity of sulfle 112 compared to that of swif in DMSO, aslow rate

of cyclisation was to be expected. Indeed, amnél % Pd(OAc) the reaction was
incomplete by TLC afteR4 hours. Themixture was left stirring for a furér 120 hours
until SEE112 had been fully consumetiowever, after this time an extremely complex
mixture was obtainedPeaks at-98.6 and-124.8 ppm were assigned to the desired

product but onlyrace amounts could be detected

The cyclisation was attgoted once more & loading of Pd(OAe)of 20 mol %. This
time the reaction was complete after 96 hours, asdn the cyclisation ofl12b, the
higher catalyst loading afforded a cleaner reactibrfortunately product isolation once
again proved to be problematnd trituration of the crude material with pentane once
again afforded a gummy solid.

Rather tharrepeat the cyclisation &tigher catalyst loadingsit was instead decided to
address the issueegarding suliir coordination to palladiumOne way of overcoming
this probem would be to oxidise the sialé preursor to the corresponding sutie prior

to cyclisation.The sulbneanaloguewvould alsobe a attractivemotif from a medimal
chemistry pespectivesincethe sulfone moiety is known to act as a bioisostere for the
carbonyl functionality®®*®! Oxidation of allylthiopyranonel60 afforded the desired

sulfone as a colourless solid in good yiektiifeme59). Unfortunately, as mentioned in
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Section 3.4.1despitevigorous drying attempts df61 SEE113 could only beisolaed
in 25% vyield

i) 1.3 equiv. LDA, THF, -78 °C
o i)-40°C1h

0 o]
iii) 1.3 equiv. allyl bromide _ i) 3 equiv. NalOy4, H,O:MeOH (4:5), rt _
-78°C-rt 18 h ii) 60 °C, 18 h

S S o”s\\o
23% 57%
160 161

o]
F ODEC
i) 2 equiv. LDA, THF, -78 °C, 2 h 10 mol% Pd(OAc), Fj/i‘:lC
i) 1.1 equiv. electrophile, -78 °C, 1 h 100 mol% CuCl ~570
iv) warm to 0 °C, 1h _ MeCN (Air sparged) H O
iii) 1 equiv. Et3Si-Cl, 0 °C - rt, 18 h _ 70°C,18h
112] 113]
25% 44%
trans:cis (84:16) trans:cis (87:13)

Schemeb9: Overall synthesis of sulfone heterocytiDj.

With sulfone113 in hand the cglisation was attempted with ol % Pd(OAc). The
cyclisation was successful aEE was completely consumed after 18 hours. Following
standard work up and purification (scavemgand trituration with pentaneNMR
analysis of the yellow solid obtained revealed that the material contagesdamounts

of what appeared to baldehyde162 by the signal at130.4 ppm in the®®F NMR
spectrum(Figure 51).

Figure 51: Aldehyde impurity present in crude solid material

Recrystallisation of the solid with DCM/hexane effectively delivered pure ketdfe
however, a result of this extra purification step meant that the yiedld3®fwas slightly
lower than for other cyclisations ection 3.4.3Table 9). One final featureto note
regardingl13 is that this was the only ,-difluoroketoneto be obtained as a mixture of
cis- and trans diasteeoisomers Curiously, in the casef SEE precursord1X and

112h, which were cyclised as a mixture of diastereocisomers, only a single product

diastereoisomer (present as a mixture of enantiomes)bserved from the reaction.
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3.4.4 Copper/Palladium Screening Experiments

As mentionedpreviously in Section3.1, the Sagusalto reaction is a palladiut)-
catalysed oxidative carbocyditton praess which, like many palladium@dtatalysed
reactions requires a coxidant to efficiently retorethe Pd(0) generatdd the reaction

to the original +2 oxidation staf€igure 52).

Et;SI0
F#
1/2 O Cu(l) Pd(Il) F
H,0 cu(ll) PA(0) F§ i
F

Figure 52: SuspectedPd(l1)/Cu(ll) redox cycle employed in the cycloalkenylation system.

ODEC

ODEC

Following a catalyst and eoxidantscreenconducted during initial optimisation of the
reaction palladium(ll) acetate and copper(l) chloridereidentifiedas themost suitable

catalyst and cexidantfor the current systefff.However,a second coxidant/catalyst

screen was conducted in orderatempt tofurther understand the effects of copper

sourceand catalysbn reaction efficiency. The results of the screening experiments are

highlighted inTable 10. SEE112a was chosen as the trslibstrateandfrom the various

combinations of palladium catalyst and copper salt a number of significant side products

were identified.
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Table 10: Copper salt and palladium catalyst screening results.

TESQ opEC
F~ 10 mol% Pd(ll)
XX
F 100 mol% Co-oxidant
MeCN (Air sparged)
/ 70°C, 18 h
% Conversion ofLl39aby °F NMR
(e}
TESO o ODEC
P ODEC - ) obEC| £ ODEC F @) ODEC OTES Isqlated
cl F DECO Yield
Enty | Pd(ll) | Co-oxidant| F Fﬁ L F N | 1um
f I F F (%)
/ 113a I o 163
112a 1472 164 152
1 - CucCl 6 0 1 0 3 -
2 | Pd(OAcY - 30 2 0 2 1 -
3 PdCk CucCl 14 78 0 0 8 11
4 Pd(OAc) CucCl 0 97 0 3 0 52
5 | Pd(OACy | CuCh 0 0 0 0 e -
6 Pd(OAcy | CuOAc 0 87 0 5 0 1Pl
7 | Pd(OAc) | Cu(OAc) 0 19 0 0 0 39
8 PdCk CuOAc 0 66 0 34 0 -[b]
9 PdCk Cu(OAc) 0 100 0 0 0 40

[a] Only product identified from crud® NMR spectrunjb] Ketonel40acould not be isolateffom thereaction mixture using standard work up/purification procedure.
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Entries 1 and 2 inrable 10 were run as control experiments; howeve, significant
amount of information regardingactionmechanism and potential side products could
be obtainedfrom these two experimenté\s expectedin the absence of palladium
catalyst(Entry 1 Table 10) no cyclised product could be observed and the reaction
returned predominantly starting material. Howe\a new set of signals a66.9 and-

67.6 ppmwere now also apparent in the reaction mixtiigyre 53).

o) )
o ™
© <+
) i)
) w0
™ ™
o |
|

-61.5 -62.0 ppm

163

113a 113a
164

T T T T T T T T T T T
0 -20 -40 -60 -80 -100 -120 -140 -160 -180 -200 ppm

BH g R

Figure 53: °F NMR spectrunof crude reaction mixturEntry 1 Table 10.

Initially, these weremisassigned aa i CRX type species (where X = Clhowever,
following purification the signals were identified as the and Z-alkenes 163 bearing

equivalent fluorine atom@-igure 54).

OTES OTES
DECO N DECO N X
F F FF
A
E-163a Z-163b

Figure 54: SEE diastereoisomers
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The formation of thesespedes may arise froma [3,3}sigmatropic rarrangement.
Although palladium(lhcatalysed [3,3]-sigmatropic rearrangements are well
documented heating SEE112a at 120 °C for 8 hours afforded the rearrangement
products163 soit seemsaunlikely thatthe process is palladium mediatédthe current
system(Scheme 6Q182

£ §TES 120°C OTES
SRS N toluene,8h ~ DECO WG
(I)‘\\(O [3,3] sigmatropic F F
\( rearrangement
NEt, 41%
112a 163

Scheme60: Independent synthesis D63 by microwave irradiation.

Fortunately the kinetic barrier for rearrangement is sufficiently highthe cyclisation

pathwayto befavoured;otherwise, 163 would dominate in the reactioriBhe formation

of 163 is unsurprising as there is a strong driving force for the carbon bearing the
fluorine substituents to chandgbridisationstate fromsp?tosp>. The ~ system o]
alkene in SEEL12a is destabilized by a repulsive interaction between the flu@iom

| one pa.i {orbitalsafthespt hibedizéd carbon atom&igure 55).18

90° 109.5°

JuYANCE V.
Ly i

o+
Figure 55: Release of repulsive strain oarbon fromsp?Y sp® hybridization.

Rearrangement df12a to 163 induces rehybridization to thesp’® state thereby partially

relieving this repulsive strain.

An additional set of signalehich were characteristic of an AB systemere now also

visible. The splitting pattern and emical shift was similar to thabbserved previously

in theattemptectyclisation of SEEL12b (SeeSection 3.8.2). Once again these signals

were initially assigned to diastereotopic fluorine atg@resent iCDFMK 164 (Scheme

61). Initial oxidation of CuCl by rlecular oxygen would generate CgGtowever, in

the absence of a Pd(0) source to reduce £hak to CuCl this would inevitably lead to

a buildup of CuCi. To confirm the presence of CDFMKL64 was synthesised
independenta s bef ore using Saeg(Sshamdesl). chl ori nat.
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TESO 0]

DE
F = ODEC 3 equiv. CuCl, F ODEC
Cl
F DMF F
rt,3h
/ 50 °C 4 h /
112a 164
25%

Scheme61: Synthesis of CDFMKL61.

Only trace amounts of cyclised product could be detecteeshv6EEL12a was exposed

to Pd(OAc) in the absence of a copper-catalyst (Entry ZTable 10). It was expected
that the reaction would afford a low yield of cyclic product and recovered starting
material. Howeveranalysisof the 1°F NMR spectrumof the crude reactio mixture
revealed he major product to be DFMKL47a, characterised by twdistinct sets of
doublet of doublets all24.5 and126.3 ppm(Figure 56).

147a 147a
112a
112a
In " " u" |
T T T T T T T T
20 -40 80 -100 -120 -140 -160 -180 ppm

|
®
e
S

e 28 138

Figure 56: *®F NMR spectrunof crude reaction mixturef Entry 2 Table 10.

DFMK 147ais formed a a result of protodesilylation where the silyl group is removed
by an acetate ioff.However, only a catalytic quantity of Pd(OA#yasemployed in the

reaction(10 mol %) which would not account for tHevelsof DFMK 147aobserved if
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palladium was not being turned over. This suggests altalytic protodesilylation
processs occurring(Scheme62).

OTES
P~/ OCONE,
F
74
AcO-TES + H,0 —— HO-TES + AcOH
lAcO—TES
Pd(OAc), (AcO)Pd N 0
Y OCONE, TES-O-TES + AcOH
O F
OCONE, /
F
74 AcOH
147a O
)J\Q_H (@]
(AcO)Pd OCONE,
£ F

Scheme62: Proposed mechanism of catalytic protodesilylation

Co-oxidantslike copper salt@are often thought to act as electron transfer mediators
palladium(ll) catalysed oxidative processieg facilitating electron transfer between
palladium and oxygerHowever, the effective recycling of palladium in the absence of
copper chloride suggesthat the cecatalyst isin fact playing a fundamental role in
generatinghe catalytically activepecies forcyclisation.Murahashiet al have provided
strong evidencdor a PdCu bimetallic complexl69 as the catalytic species ithe
asymmetricoxidative cyclisation of &llylphenols Scheme63).184
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Me

= Cu(OAc),

OH
Wpd(.. 3
OH AcO
-HOAc
o)
H,0, 120, < H0; (II)Pd
<.~ OAc
<—Pd(||) /Cu
) . __0O
Pd(II O‘(
HOO ’/ 168
)/\Oz
OH
4 /O\‘\\ _OAc
Me «—Pd(ll) _Cu
/ : \\‘O:(O
OH 169

Scheme63 Muralta s hi 6 s a sy mme {catalysed qxidativie eydisatiom( | | )

Palladium dimerl65, synthesised by the reaction ef { b pinene with Pd(OAg) can
coordinatereversiblyto the terminal olefin of the substrate to affordnoeric acetate

166. Subsequent oxypalladation generates intermed@tavhich canthenundergob-
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hydride elimination to produce the desired product and bimetalliel Bgecies168.
Oxidation of this intermediate with molecular oxygenms hydroperoxo complek69
which can coordinate to a second substrate molecule to cleave the acetgeabdd
reform a monomeric Pd intermediai§0. Intramolecular nucleophilic attack of the
phenoxy group regenerates intermedig@éand completes the catalytic cycle.

An interesting feature which the authors nist¢hat unlike conventionapalladium(l)
oxidative catalysed processdbe formal oxidation state of Pd(Il) remains constant
throughoutthis systemi.e. an isohypsic proce$®¥ Based on the results frorthe
Pd(OAc)» and CuCl runs (Entries 1 and Rable 10) it is possiblethat a similar

bimetallic species is operating in the cycloalkenylatiomechanism (Scheme
64)'18&181188189
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Pd(OAC),

OTES
AN~/ OCONE,| CuC

F

/

OTES
A A~/ OCONE,

o

CI\

AcO /
Cu

AcOH X TES-OH
TES-OAc

HoOy + AGO™ J\ ﬁODEC
CU\
ODEC
AcOH

113a

,F’d—
CU\Cl -

‘ "Pd—OOH
CU\Cl//

OTES
A A~/ OCONE,

F

/

112a
Schemeb4: Postulated bimetallimechanism for cycloalkenylation

The results from theemainingscreening experiments (Entrie95Table 10) revealed
that the nature of the copper and palladium species playitical role in determining

the reaction outcomé&witching the copper salt from CuCl to Cu@sulted in complete
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inhibition of the cyclisation(Entry 5Table 10). Despite full consumption of SEFL2a
the reaction afforded a complex mixturewhichthe only products that could lbeadily
identified were rearrangemenproducts163a and 163b. It appearghat the presence of
the activereoxidant (assumed to be copk) at the start of the reaction is detrimental
whereas it ideneficial for copper tbe preseninitially in the +1oxidation statewith
Cu(ll) generatedn situ. In recent work focussing on alternative oxidation methfods
the oxidation of primary alcoholStahl et al observedsimilar behaviourwhere the
initial oxidation state of thecopper catalyst had significant impact on reaction
efficiency Scheme65).190191

A~ OH Cu(OTf), bpy, TEMPO N \/\/\%O

NMI, MeCN, air, rt, 24h

NMI, MeCN, air, rt, 24h
Scheme65: Increased reactivity of copper(l) salts in aerobic oxidations

Thougha coppefll) species ighe catalytically active species in theaction the rate of
oxidation of 4hexenl-ol is dramatically decreased whedu(OTfy is employed
(reaction time >24 hours cf. 20 minutes for CuOTe origins of this unusuaffect

are still unclear. Another interesting feature ithe CuCk experimemn was that no
CDFMK 164 could be detected in the reaction mixture. This was highly surprising as the
use of CuC as a chlorinating agent has been clearly demonstrated in the synthesis of
157and164 as well as in the control reaction with CUEhtry 1 Table 10).

Spezialiet al have previously stated that the present chloride ions in palladiugt)
catalysed aerobic oxidations is requiredfacilitate the recycling of Pd(L8°>1*® The
coordination of chdride ionsis thought to bringhe redox potentials of the RMUPd(II)
and Cu(ll)/Cu(l) haHcells closer togetherresulting in a more thermodynamically
favourable electron transfer procdssvasthereforeexpected that the adicetataeactions
would yield little product.Surprisingly, appreciable amounts ©fclised productll3a
were formedvhen both Cu(OAc) and Cu(OAakere employedFigure 57).
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Figure 57: 1% NMR spectra from therude reaction mixturesf cyclisation ofl112ato 113awith

CuOAc (above) as the eoxidant andCu(OAc) (below)as the ceoxidant

This provides further evidence to suggesattthe reoxidation of palladiu(@) is
performed directly by molecular oxygen and that thecatlyst is instead required to

generate the catalytically active species.

The presence of DFMKL47a in both reactions is not surprisingcetate ions are
responsible for the removal of the silyl group and there is a molar excess present in
solution (Table 10 Entries6 and 7). However, a newriplet signal at-130 ppm was
present in the reaction with CUOASIH.Fr = 6.7 Hz) Althoughthe compound was not
isolated the signal was tentatively assigned to that of monomethylated1&2abn the

basis ofthe chemical shift and coupling constamalculated forl50, details of which

can be found itheaccepted manuscripaised on this stud§Figure 58).1%
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ODEC

152
Figure 58: Monomethylated endl52.

As in the case of endl50 the formation of this species mdne a result of a slower
cyclisationwith the oxidation of Cu(l) to Cu(ll) requirethb initiate the redox cycle
Unlike in the CuChk case the use ofCu(OAc) did not appear to have any effect on
reaction efficiencyaffordinga cleaner reaction thavhenCuOAcwas used

An even slower cyclisation ensued in an all chloride environment @), which
returned §E 112a and [3,3}rearrangement products (EntryTable 10). However,
switching the ceoxidant to Cu(OAc) resulted inan extremely clean reaction
comparable to thaibtained undethe standard conditienEntry 4 Table 10); 140awas

the only product which could be detected in the reaction mixture (Enfigh 10).

Direct comparison of thesthreeresults(Entries 3, 4 and Jable 10) providesfurther
evidenceto suggesthat OAc must interact witiPd(ll) to form a catalyticalhactive
acetatebridged bimetallic specieé\cetate ions are known axt effectively adridging
ligands betweemairs of metal atoms® Again, when CuOAc is used in combination
with PdC} it appears that this results in a slower cyclisation and increased levels of enal

152 are nowpresen{Entry 8Table 10).

Based on all of the above namber of conclusions can be drawar the results of the

screening experiments:

1- When a chloridébasedco-oxidant is employedt is better for the concentration
of Cu(ll) to be low at the start of the reaction and for it tgbeeratedlowly in
situ.

2- The redox cycle can operate successfulhder chlorideree conditions. The
exact role of chloride ions is still unclear but they do not seem to have a
significart influence on redox potentials.

3- Copper(ll) acetate is a mor#ieient co-oxidant than copp@ acetate

4- The catalyically active species in an alcetate environmerdand in amixed
chloride/acetate environmentearery similar if not identical.

5- Use of a cecatalyst is required to generate the catalytically active species and to
ensure a successful cyclisation

6- The catalytically active species in the reaction is mdstlyy a bimetallic

acetatebridgedPd/Cu species.
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The methodology described in thihapterrepresents a novel, practical and efficient
method for the construction of difluorinated cyclohexenohas.alsothe first time that

the Saegusdto cyclisation has been used to synthesise selectively fluorinated molecules.
Thehighly active redox system developed afforeaction products/hich areotherwise
difficult to aacess by other means and further expands the scope of fluoringitdidds

block based synthesigurthermorethe cyclohexenone scaffolds have the potential to

serve as valuable intermediates towardgsithaovasynthesis of fluorinated cambugars.

3.5Conclusions

The work detailed in thishapterdescribes the optimisation of a palladium(ll) catalysed
cycloalkenylation (Saegud#t cyclisation), which may have applications for the
synthesis of novel difluorinated sugar analeg. The procedure developed expands
upon current building block dé novd synthetic methodology. The desired
cyclohexenones could be accessed concisely in three synthetic steps starting from

trifluoroethanol Echeme 6).

TESO

ODEC o
OH _ opEC SEE A~ Saegusa-  F ODEC - 3 Steps
) Protection ) synthesis Ito F - Simple Purificati
—_— —_— F —_— impie rurirication
F3C FsC - Good Yields

Scheme66: Route to difluorinated cyclohexenones.

Following successful cyclisatiomifluorinated ketones could be efficiently isolated after
treating the crude reaction mixtures with scavenger silica (STA3 and SPM32) and
triturating with pentane. The modified Wwoup/purification procedure avoided column
chromatography, attenuated hydrate formation and significantly improved ketone yields.
In cases where solid mixtures of hydrate and ketone algened vacuum oven drying
(40°C, 1mbar, 2 days) could efficientlyeliver pure ketone. The library of difluorinated
cyclic ketones has been expanded to include a range of substituted monaoypbdss,

fused ring heterocycles and spirocyclEgy(ire 59).
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Figure 59:  Difludroketones synthesised by the new method.

Annelative processes proved to be the most efficient and cyclisations were successful at
loadings of 5mol % Pd(OAc) whereas annulations required slightly higher palladium
loadings (10 mol % Pd(OAc)). Furthermore, annulations required a degree of

substitution along the carbon chain to ensure a clean cyclisation.

On | y-difidgroldetonesl13i and113b could not be successfully isolateeiqure 60).

0] 0]
ODEC F ODEC
F F
5 S
g
113i 113b

Figure 60: Difluoroketones which could not be successfully isolated.

The cyclisation of sulfide silyl enol eth&B9iwas slow due to coordination with Pd(ll)
whereas the reaction @B9b afforded a Wacker type product of unusual regiochemistry
(Scheme @).
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TESO O

ODEC
NG 10 mol% Pd(OAc), T ODEC
F 100 mol% CuCl
MeCN (Air sparged) A
/ 70°C, 18 h
8%
112b 150

o)
20 mol% Pd(OAc), R ODEC

Complex reaction

100 mol% CuCl ] 19F NMR
MeCN (Air sparged) - s mixture by
70°C,18h H

112i 113i

Scheme67: Unsuccessfutyclisations

The results of a catalyst and-omidant screen revealed that a combination of Pd(®Ac)

and CuCl provided the most efficient catalytic redox system for the cycloalkenylation.
The initial oxidation state of copper played an important role in determining the reaction
outcome, with CuGl completely inhibiting the cyclisation. In contrast to \poais

reports, the presence/absence of chloride ions did not appear to have a major effect on
redox effectiveness and cyclisations ensued smoothly in-acethte environment?1%

The absence of cyclised producorfr the control reactions (Pd(OA®nly and CuCl

only highlights the significance of a @xidant in maintaining catalytic activity.
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4. Chapter 3. Difluorinated Enol Acetals in Difluorinated

Carbocycle Synthesis

4.1 Introduction

The previousChapterillustratesthat the Saegus#o cyclisationcan providea concise

and efficient protocol for the construction of selectively difluorinated cyclohexenones
1134 The metallatd difluoroenol carbamate chemistry allows for the preparation of
silyl enol ether precursorkl2in two high yielding steps from trifluoroethan@cheme
68).1%° These carthen be cyclised in moderate to good vyields, completing a three step

sequence from a widelvailable and low cost fluorinated feedstock.

OH i) NaH, THF DECO ) LDA, THF, -78 °C Et;SiO
_—
F
FsC i) Et,NCOCI F3C” i) R4COR,, warm to 0 °C 7 N—R?
-ODEC = -OCONEt, iii) Et3SiCl, warm to 15 °C F  ODEC
70% 25-80%
15 examples
111 112
o Et;Si
- 310 opEC
, 5 mol% Pd(OAc),
X - X 100 mol% CuCl

MeCN (Air Sparged)
X =0, 46% 70°C, 18h X =0, 90%

112 113
Scheme68: Synthesis of difluorinated cyclohexenones.

X = NBoc, SO, inter alia

Whilst this method represents a significant expansion ofattaélablerepertoire, it is
limited by poor atom economy, the use of stoichiometric quantitiesppfezsalt and the
short shelf life of the silyl enol ether precursors (1 week below ambient temperature).
More atom efficient cyclisations based on difluorinated enol derivatives as carbon
nucleophiles would therefore be extremely attractive. The followgchgpter will
describe efforts towards a novel carbocyclisation with improved atom economy.

4.1.1Difluorinated Enol Acetals
The Percy group has had a long term interest in the ctrgnaif difluorinated enol
acetals 115 particularly for application insigmatropic rearrangemerit§1971%

Difluorinated enol acetalsan be prepared from acetil4 by treatment with lithium
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diisopropylamide, followed by trapping with aldehyde or ketone electrophiles to afford
difluoroallylic alcohols115(Scheme69).:*°

OH
7 i NaH, THE 'V'E'V'j’ )2.0LDA _ \% jii)R1COR2 MEMO

F3C i) MEM-CI FsC~  THF,-78°C iii) warm to rt

iv) NH4ClI (aq) F OH
114 171 115

-OMEM = -OCH,0O(CH,),OCH,
Scheme69: Synthesis of difluoroallylic alcohals
Such species have proved effective substrates inf@a8tangements allowing the £F
group to be relocated from a terminal to a+nith a i n  pto @ darbdnyd groud with
the exception of the Claisen rearrangen where rearrangement was followed by
subsequent elimination of HE¢heme70).1%

OMEM Eto._ O %!
OEt OMEM
MEM
0 A 0Bt Fo O g
AN N
| Hg(OAc), F  OH CH3CH,COOH o FF
o F reflux hydroquinone
172 115 140 °C 173
67% 64%
. ° MeO OMe . - (o
Claisen \ﬁNMez 60 °C Claisen-Johnson
OMEM
Me2N NN
o F F
174
61%

Eschenmoser-Claisen
Scheme70[3,3] rearrangementsf difluorinated enobcetals

Difluorinated enol acetalsan also undergo facile [2;8Vittig rearrangements to form
ring closing metathesis precursors in the synthesis of difluorinated cyclooctelibhes

(Scheme71).1971%8
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i) 1.2 equiv. Allyl Bromide

7 equiv. 50% NaOH (aq) ) ) . FE F
MEMO 0.05 equiv. TBAHSO, MEMO i) 2.05 equiv. LDA, THF, -78 °C, 2 h OMEM
F 0 °C, 30 min F ii) warm to -30 °C, 18 h = |
Z N - S OH /
F  OH iiywarmtort, 18 h F O iif) NH,Cl(aq)
i) NH4Cl(aq) 175

115¢ P 176

91% 55%

(¢}

HO F F
177
78%

Scheme71: [2,3] Wittig rearrangments of difluorinated eraaletas.

Whilst these methoxyethoxymethyl (MEM) enol acetals are relatively stable during
purification and storage, they can be cleaved to afford difluoroketones under acidic
conditionst®® However, Percyet al have shown through DFT studies that the energy
barrier for enclketo conversion differs considerably betweluorinated and non

fluorinated enolsKigure 61).2%°

HOA'CHB
1
H (-0.38)
I.GOE 1.29 _S
: 0 tH" O =cH,
140 v
ACH3 F'y\ﬁ"ﬂ
Ho F
" (-0.47)
;05 H e N HOACH:A
3.38 ¢ . S &
LNy Oy  eoin
Foged 133 e . 0. H
137 . s - .
] N H N0y,
° REAN L
(+0.06) v F'H‘H
F
0 o (+H0.10)
-40
H (-0.25)
CH ‘ H
Hy4™ ' ? 1.36, 106 ..O-e
| D400 0-HTT T TCHs
o (029) L3226
1.91, CH
: \o'i’f’H"o‘*CH " o
Wﬁ‘&-n e 16 A L027)
-t H
- . H \ 172.HO~cy
(-0.65) 0 109\ 149 Q-
S A
RN
N (-0.35)
-55

Figure 61: Enokketo conversion reaction profilder difluorovinyl alcohol (top) and vinyl alcohol
(bottom) Free energies are given kd mot?, bond lengths in A and atomic charges in parentheses.

Calculations were run at the B3LYP2a.1++G" level of theory.
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In acidic protic solvent the endékto interconversion is expected to proceed via a proton
shuttling mechanism involving one protonated solvent molecule, a neutral solvent
molecule and the $ate. Both encketo transformations are favoured energetically;
however, a much larger barrier exists for the difluoro species (67 k¥,;aompared to

vinyl alcohol (16 kJ mol). It is expected that the presence of the fluorine atoms opposes
tautomeisationdue to the formation of the oxacarbenium during protonationThis
build-up of positive chargevould be disfavoured by the strong inductive electron

withdrawing effect of th& CRH group(Schemer?2).

+  MeOH MeOH
MeOH }
H . H + _H
H{'O OI Fluorine opposes
Flz w F>H\"‘JJ protonation
—_—
H
F F
. MeOH MeOH
MeOH i
_H + _H
H 1\'0 OI Lower energy
H ‘\‘\/ ,JJJ H>H\ ,4‘4 barrier
—_—
H
H H

Scheme72: Tautomerisation odlifluoroenol (top) and enolbottom)

A significant kinetic isotope effect (KIE) was also shown to exist for the tautomerisation
and at low acid concentrations (0.M DCI) the deuterated difluorinated enol
intermediate 179 was sufficiently longived to be characterised by 2D NMR
experimentsKigure 62). Enol formation was confirmed by an HMBC experiment which

showed cleavage of the formaldehyde acetal which is tsie bhthe MEM group.
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J
o~ T oD o]
F 2, N CD3;0D F%/\/\ tautomerisation FM
D
F oD 01MTMS-Cl F oD Kow =476 x 104 M7 51 F 0D
178 179 cf 180

Kye =1.94x103M " s "
Solvent KIE = 4.07

t1/2 =3.3h

Figure 62: Rate constants andIE effect of enol/keto interconversiof@bow) and partial HMBC
spectra ofL78 (*H 400 MHz, CROD, 300K): (a) 178alone; (b) 100 min after addition of TMS to
0.01 M. The two spectra were normalised to the same contour level, using fak B.

The HMBC spectrum af 78shows a characteristic crepsak ¢Jc.n) linking C2 and the
diastereotopic methylert¢-1 @rotons of the MEM grougHjgure 62a). Following the
complete consumption df78the!*C NMR of the reaction mixture showed a distinct
new C2 carbon and the HMBC connectimtween this new carbon atom @ahd H1 6
protons was absef(figure 62b). This evdence was consistent with@ bond cleavage

and enol formation.

Whilst the longevity of179 in protic solution has been demonstratéd reactivity of
difluorinated enolshas been neither investigated quantitatively nor exploited in
synthesisThe principal hypothesis is thadifluorinated enols have significant synthetic
potential as carbon nucleophileshich can be realisedia transition metatatalysed
reactions(Scheme73), particularly those involving cyclisations of alkinyl groups

catalyse bypalladium(ll) orgold(l) species.
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Transition

OMEM Metal OH
= OH Catalysis F OH -
Acid (H")
alkyne or difluoroenol . new
alkene - nucleophile ’/\\ ~ bonds
terminus M made

Scheme73 Synthetic strategy for utilising difluoroenol intermediates in cyclisations

One major challenge lies in identifying conditions under whichboth the enol
intermediate andtatalyst can c@xist. However, there is another possibility; it may be
that enol acetals are sufficiently nucleophilic themselves to intercept acoetplexed
alkene or alkyng?4201

4.1.2 Palladiun(ll) catalysis

The previously optimised conditions for the palladivoatalysed oxidative
cycloalkenylation could provide an interesting starting point for a study of difluorinated
enol acetalsubstrates. There is evidence in ther&ture to suggest that palladium(ll)
catalysed oxidations are effectively improved by using either an organic acid solvent or
by the addition of a catalytic amount of a strong a¢éf® More recently Wangpt al
reported an efficient palladium oxidation system for the conversion of terminal olefins
181 to methyl ketonesl82. Though the conditions are described as ligandless, the
coordinative abilities of MSO are widely known!* In this case molecular oxygen is

the sole oxidant and the use of trifluoroacetic acid is necessary to achieve a successful
catalytic reaction§cheme 8).2%4

0] Pd(OAc), (10 mol%) Pd(OAc), (10 mol%) 0]
O, (1 atm) TFA (1 equiv.) ©/\ O, (1 atm)
DMSO:H,0 (10:1) DMSO:H,0 (10:1)
182 181 182
86% <10%

Scheme74: Tsuji-Wacker oxidation of styrengnder acidic conditions.

These results provide an encouraging precedentadnustlydemonstrate the redox

systems tolerance of acidic conditions.
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4.1.3Gold(l) catalysis

Gold (in the form of cationic Au(l) complexes in particular) has the ability to match the
reactivity of late transition metals such as palladium and platinum by activatihg C

bonds towards nucleophilic attack. Important characteristics of gold inalmdphalicity

(the tendency of gold complexes to aggregate via formatiofaxajurable AuAu
interactions,ca. 3.0 A, 712 kcal/mole}®, high chemical and thermal stability, high

electrical conductivity and softne€¥.1 t i's the 0 sobdractérof goelwi s ac
which allows ittobi nd sel ecti vely t o -systerosfandactivaeewi s b
them The increase in electrophilicitwhich resultd r om c oor d i -acaeptoron o f
ligand to the Au centretriggers nucleophilic attack (which can be intrar
intermolecular) B carbon or heteroatom nucleophiles. The nature of the bonding

bet ween digahdd, inaduding alkenes, allenes and alkynes, can be represented

by the DewaiChattDuncanson (DCD) modé?"?®® The DCD model describes the

bondi ng bet we e diganda® a synergistit conabimation @fdonor, in

which el ectron densi t-grbital of thd lipand (alkede) fforan m t h e
empty met al hybrid orbital -acke)ptof ,-equmi weh
backbonding from one of the filled metalodr b i t a | s orbital bfahe tighne

occurs Figure 63).2%°

H H H H
e U o=
H H H H

dz2 -~ T d, —

Figure 63; Orbital di agr ams d e phaadkidondimg (right)idesdribed &yttheon (| e

DCD modelfor bonding between an alkene and transition metal (Au).

Typically 16-electrm -coordinated gold complexes (e.g.3PAuCl) are much less
catalytically active than their cationic congeners and must be activated by the addition of

a silver salt (such as AgSYEF*®*When et hene binds to t+he caf
donation to the metal predominates in the DCD model, making the coordinated ligand

strongly electrophilic.

Gold chemistry is also thought to be largely dominated by relativistic effects, attributed
to anelectrords velocity approaching the speed of light (c £ B0 ms?) whilst moving

near aheavy nucleus. Thus, the masisthe electrons in gold increase and Bohr radii
decrease. This results in an increase in ionisation energy, electrons being attoseted

to the nucleus and an increase in shielding of the d and f o3itélss these relativistic
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effects which are also invoked to explain the unusually strongsbimnsbft Lewis bases
such as alkenes.

In several critical respects, the reactivity profiles of gold and palladium are very
different. Unlike palladium, gold does not undergo spontaneous oxidative adéfition.

This can be attributed to the diffuse kying 5d-orbitals of gold which are lesieély to

participate in nucleophilic attack compared to the Hyghg 3d-orbitals on palladium®?

Anot her major mechanistic differ éewydede i s t |
elimination. This is due to the filled Sshell of gold(l) complexes preventing the
necessary metdlydrogen agostic interaction required ftwetelimination to occuit*
Consequently, the redox statyil of Au(l) species has allowed the development of
alternative modes of react i vi t y-hydhide prec
elimination steps common in palladium catalysis. It is generally accepted that most gold

catalysed reactions go through fenajor stagesycheme75s).2®

[AUX(L)]

Pre-catalyst
activation

E R

R
[Au H Activation of
Protodeauration substrate
K .
Attack b
@ y
X

leophil
R nucleophile

Scheme7s: Gener al catalytlc cycl e faystemnucl eophilic

The first step involves formation of the cationic gold species, commonly genémated

situ by using a silver salt. The secondstei nvol ves coordination at
ligand. Subsequent nucleophilic attack on this species generatassalkenyl gold

complex (or alkyl gold complex in the case of alkenes). The final stage involves reaction

of this intermediate with an el&ophile (E), typically a proton, to afford the final

product.
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4.1.4Carbocyclisations of enol species onto gold(l) activated alkenes

A very wide range of goldatalysed nucleophilic additions of carbloased nucleophiles

to alkynes and alleneBave been reportéd®?!’ In comparison, the goldatalysed

addition of carbofbased nucleophiles to activated alkenes has been wiglsbgnized

as capricious® Thi s may bAu-alkyseccampexes typicallpave a lower
energy LUMOGaltkheame "compl exes (by apAfu oxi mat
et hyne <compl ex -Au-ethepeacongpkx). Cansequbndy, orbital overlap

wi t h t he i ncoming nuc | e ocAutalkyhee complsexes naer e ef
thee ef or e considered t o b Au-alkener eomplexe®€ ct r op h
Importantly, the alkyl gold intermediate formed following nucleophilic attack has been
shown to be extremely inert to protodeauration, which would result in catalyst
sequestration and very slow turno%&??! However, the direct intramolecular addition

of carbon nucleophiles onto witavated alkenes is an extremely powerful tool for the
formation of carbocycles and new stereocentres. In 2007eCakreported the gold(l)

catalysed intramolecular addition bfketoamides to unactivated alkenes to afford a

series of highly substituteldctams in good yields and hidgrans selectivity Scheme

76).222

O O
Au[P(t-Bu),(o-biphenyl)]CI o .. Me, o
me. AL, A | mey &j’(@ .
AgOTf (5 mol%) N @]
| toluene, 50 °C, 4 h o |
LAu Me
183 184 185
via 99%

Scheme76: Intramoleculahydroalkylationof b-ketoamides

The authors propose that initial gold coordination to the terminal dl&fris followed

by exotrig addition of the enol form of thé&-ketoamide 184, whilst subsequent
protodeauration affords the desired prodd@S. However, the methodology is limited

to carbon nucleophiles which form their enols easily, a characteristic of active methylene
speces. More recently the same authors expanded the methodology to include simple

ketones as effective carbon nucleophigsheme77).223
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0 — _
IPrAuCI
MeO,C
= (5 mol%) |v|e02<:2 O
AgCIO, (5 mol%)
toluene, 90 °C, 3-17 h B
MeO,C COMe O MeO,C CO,Me —
186 187 188
via 99%
8.6:1d.r.
SchemerT: I ntramol ecul a+etdngsdr oal kyl ation of U

T h e-alkylation of alkenyl ketone486 with IPrAuCI/AgCIQs (5 mol %) effectively
afforded a range of cyclohexyl and cyclopentyl derivati®8in good yields and good
trans-diastereoselectivity. Once again the nucleophile is thought to be the enol form of
t h eketddel87: however, through deuterium labelling experiment the authors believe
that the gold catalyst also plays a crucial role ingasing the enol/ketone equilibrium

constant Kenoliketong-

This protocol was further extended to include a gold@talysed intermolecular -N

Michael addition/intramolecular hydroalkylation reaction casc&dtgme78).%*

@)

AU[P(t-Bu),(o-biphenyl)ICl T
+ ANF >
TsHN 9
ON AgClO,4 (15 mol%) MeO N
Ts

toluene, 90 °C, 20 h

189 190 191

58%
1.7:1d.r.

Scheme78: Gold(l) catalysed cascade reaction

The cascade reaction afforded functionalised pyrrolidit#kin good yields but with
only moderate diastereoselectivity. The findings of @hel clearly demonstratéhe
effectiveness of the enol functionality as a carbon nucleophile in gold(l) catalysis and we

anticipatedhat such methodology can be applied to difluoroenol derivatives.

Theresults detailed in this chapteill focus primarily on the development ofia novo
synthetic rout e i rhydoxy deatohes thwugh theadp@ichtiomogf c | i ¢
either palladium(ll) or gold(l) catalysis. To achieve this gd#luorinated enol acetals

will be employedas more atorefficient precursors in a novel carbocyclisation reaction.
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4.2 Results and Discussion

4.2.1Palladium Catalysis

The investigation of the Saegukia cyclisation showed that annelations were generally
effective, whereas annulations required a minimurelle¥ substitution on the chat*
Difluoroallylic alcohol115a/ab was therefore chosen as a trial substrate to investigate
the cyclisation. Allyl alcoholl15adab was prepared according to the metlledeloped
previously in our laboratorgnd was isolated in good yield as a mixturdrahs and

cis- diastereoisomerssgheme 79.12°

MEMO MEMO
OMEM i) 2.1 eq. LDA, THF, -78 °C, 30 min H F OH

7~

F.C ii) 1.05 eq. allylcyclohexanone, -78 °C
3 iii) warm to rt, 18 h * F
iv) NH,Cl(aq) H
=
114 115ab
69%

19:1 (trans:cis)
Scheme79: Synthesis of trial substraid 5adab.

With the precursor in hand it was initially decidedollow the methanolysis of
115adab (in 0.1M MeOH/MeSiCl) by*F NMR in order to detect the presence of the
difluoroenol intermediat@92 generatedh situ (Figure 64).
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Figure 64: *°F NMR spectra following the methanolysis bf5adbabin 0.1M TMSCI/MeOH after

A) 15 minutes, B) 30 minutes, C) 60 minutes, D) 90 minutes and E) 120 minutes

After fifteen minutes it was clear that two new species had formed in solution. The
build-up of the difluoroenointermediatel 92is characterised byvb distinct doublets at
-109.5 £J=r = 100.7Hz) and-117.9 ppm {rr = 100.7Hz), consistent with previous
reports?® The doublet of doublets al27.9 (3Jrr = 315.1Hz, 2Jrn = 52.2 Hz) and-
133.8(%Jkr = 315.1Hz, 2Je1 = 52.2Hz) correspond to the difluoromethyl ketohd7h

Over time, the concentration of allylic alcohol and difluorinated enol begins to decrease
until, after two hours, the starting material had been consumed fully. Having confirmed
the formation of192 in solution the potential applicationwas next invstigated.
Stoichiometric quantities of palladium(ll) acetatere employedn the first instance and
115adab was exposetb the acidic Wacker conditions reported by Wahgl (Entry 1,

Table 11).2%4
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Table 11: Reaction conditions screengd cyclisation ofl15adab.

H xx mol% PdOAc, F Q OH
A 2equiv. Acid (H)____
F xx mol% CuCl Fj/ii)
H Solvent Iil
= 70 °C, 18 h, O, balloon
115aa + 115ab 116
Pd(OAcy CuCl : 116
Entry (mol %)  (mol %) Solvent Acid Isolated
1 100 0 DMSO:H0 (10:1) TFA No
2 100 100 DMSO:H0O (10:1) TFA No
3 10 100 DMSO:H0O (10:1) TFA No
4 100 100 Acetonitrile:HO (7:1) TFA No
5 20 100 Acetonitrile:HO (7:1) TFA No
6 100 100 Acetonitrile:HO (7:1) 0.25M HNOs No
7 100 100 Acetonitrile:HO (7:1) 0.25M HBF4 No

Analysis of the crudé’F NMR spectrum revealed some interesting sigrtgu¢e 65).
The doublet signals a103.5,-110.4,-113.9 and-132.2 ppm all have large coupling
constants Prr = 257 Hz), characteristic of geminap® F-F coupling in cyclic

compounds:*®
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Figure 65: % NMR spectrum otrude reaction mixturEntry 1, Table 11.

Though high catalyst loadings were required this preliminary result was extremely

encouraging. Not only had the starting material been consumed fully but it had also
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cyclised.Previouslyit had been demonstratétat the presence of a copperaasalyst is
essential for the rexidation of Pd(0}** There is also the possibility that copper salts
play an important role in generating catalytically active bimetallic sp&¥&.In an
attempt to ensure a cleaner reaction copper(l) chlovige employedas a ceoxidant
(Entry 2, Table 11). This resulted in a similar reaction outcome, with the same signals
apparent in both crud®F NMR spectra and a slightly cleaner reaction. The large
quantities of metal salts present in both reactions resulted in particularly challenging
purification and, unfortunately, we were unable to isolate any products from the reaction.
Attempts to lower he palladium catalyst loading resulted in the formation of an
extremely complex mixture by’F NMR (Entry 3, Table 11). At this stageit was
decided to revisit the choice of solvent system. Mileal had previously described an
acidic Wacker oxidatioprocess using an acetonitrile:water (7:1) combinatiemirf 4,

Table 11).2% This simple solvent switch had a significant impact on the reaction and a

new product was now visible the®F NMR spectrumFigure 66).
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Figure 66: *°F NMR spectrum o€rude reaction mixturEntry 4, Table 11.

It was apparent that difluorinated cyclic products had still formed; however, the singlet
signal at-139.1 ppm now dominated the reaction mixture. Unfortunately, attempts to
lower the catalyst loading once again resulted in a complex reaction miktutrey (5,

Table 11). Miller et al had also demonstrated a significant rate enhancement in Wacker

oxidations upon adtion of an inorganic acid (0.28).2?° To test the applicability of
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acids other than TFA in our system standard solutdfrs25V HBF4s and HNQ were
prepared.Unfortunately, changing the acid had no effect and the singlet signal still
appeared as the major produehfries 6 and7, Table 11). Whilstit was not possible to
characterise any of the difluorinated products formed from this set of reactions the signal
at -139.1 ppmwas identified as monofluorinated enoh®3 The crude material was
purified by flash column chromatograpty isolate193in 20% yieldand its molecular

structurewasconfirmedby X-ray crystallographic analysiEigure 67).

OH

T

T

193

Figure 67: Molecule structure 0£93in the crystal

The formation ofL93 confirms the reactivity of a difluorinated erextetalderivative in a
carboncarbon bond forming reaction. However, understanding the mechanism for the
formation of193is not trivial. Initially it was believed thatl93 could have originated
from the cyclohexenone product which may have been either ac@kserdensitive (an
NaHCG(aq) wash was used during reaction work 8pheme80)).

MEMO 51y 100 mol% Pd(0AC), £ 9 on Q o
F 1 oquiv. 0.25 MHNOg _| Acid or Base
100 mol% CuCl e

MeCN:H,0 (7:1)

70 °C, 18 h, O, balloon
115aa + 115ab 116 193
Scheme80: Proposed formation df93from 116.

T
T

Difluoroketone 113f is structurally very similar tdl16 and it is not unreasonable to
presume that both species would behave in a similar manner. To test the sensitivity of
113f, the species was expogedooth acidic and basic conditiorScheme31).

122



o)
E ODEC .  opec
E 1 equiv. 0.25 M HNO3
: MeCN:H,0 (7:1)
H

T

70°C,18h
113f 194
O
E ODEC 0 ODEC
E Acetonitrile-d3 F

= NaHCO;3 z

H (aq) H
113f 194

Scheme81: Attempts to form monofluorinated analogl@.

Both sets of reactions returned only starting mat&da&f, confirming the stability of the
difluoroketone products under the reaction conditidie necessy control reactioon
115aand115bwas then conductedh the presence of nitric acid and in thbésence of
metal salts difluoromethyl ketorfel7bwas identified as the sole product of the reaction

by **F NMR, indicating thathe cyclisation was nablelyacid catalysedgcheme82).

MEMO
OH o

OH
F~ 1 equiv. 0.25 M HNO,

n

F MeCN:H,O (7:1) )\
K 70 °C,18h A
=
115aa + 115ab 147b
100% conversion
by '°F NMR

Scheme82: Treatment ofLl15adab under acidic conditions.

Allyl alcohol 115adab was then subjected to th@reviously optimised Saegu#a
conditions in the absence of any acstijemes3).

MEMO
OH MEMO MEMO
P~ 20 mol% Pd(OAC), Fe
F 100 mol% CuCl +
v MeCN (Air sparged) F
_ 70 °C, 18 h, air H
o]
115aa + 115ab 195ab

81:19 (trans:cis)
Scheme83: Treatment ofl 15adab under acidfree conditions.
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Under these conditions, the formation of methyl kesol@taa and 195ab was noted
formally product of Wacker oxidation. Analysis of the cruddF NMR spectrum
revealed only a slight variation in chemical shift compared to the starting material (1
ppm); however, both th#H and®*C NMR spectra were unambiguous, with the absence
of vinylic proton signals in théH NMR spectrum and a neftuorinatedketonic C=0
signal now present in thH€C NMR spectrum. Although95aaand195abcould not be
isolated from the crude reaction mixtuiiewas possible teynthesisel95aaand 195ab
independently under the published conditions, albeit not in high pur§0(%, see
section6.3.5. The reaction conditions employed are very similar to those of prototypical
Wacker oxidations, so the formation t®5aaand 195ab is unsurprising®® Whilst the

silyl enol ether is an effective nucleophile imet Saegusa chemistry, tle@ol acetal
group is clearly not as potent a nucleophile, therefore, the mdtdidais thealternative
oxidation pathway?%%2’ The rate of formation of methyl ketoi®5aaand195abcould

be enhanced iman acidic systenand it was initially believed that arin situ Wacker
oxidation/cyclisation could account for the formation of monofluorinated erl®3e
(Schemeg4) 225228

MEMO OH 100 mol% Pd(OAc),
F = 1 equiv. 0.25 M HNO3
F 100 mol% CuCl }
g MeCN:H,0 (7:1)
P 70°C, 18 h, O,

115aa + 115ab

(@)
F [ OH Q oH
F
F --??‘> jﬁb

HO

T
T

197 193
Scheme84: Proposed route th93

However, it isnot possible to form93from this tertiary alcohol intermediat&97.

An alternative hypothesis is that the formation of HPdX speci¢seineaction system
means that there is the possibility for equilibrata hydropalladation to forn199
(Scheme 8k
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Hs _H
&Q
H
|
1
l
F
_HPdOAc ﬁj
: g PdOAc H
H AcOIIDd Pd OAc)
116 H 198 199 193
+ AcOH
Pd(OAc),

Scheme86: Alternative proposal for formation 493

Kohnstamet al have previously demonstrated that the hydrolysis of trityl fluoride is
triggered by the addition of hydrochloric acid and catalysed by hydrofluoric acid
molecules formeéh situ (Schene 87).2%°

PhaCF + H —— | PhyC—-F—~H| — pPh,c’ + HF
Scheme87: Hydrolysis of trityl fluoride

It is thought that the general acid catalysis arises from the partial covalent bonding
between fluorine and an acidic proton, which assists in heterolysis offhnkage?*°

In the currensystem hydropalladation followed by acid promotedRHscission may be
responsible for the formation df93 whilst the development of conjugation would
provide a thermodynamic driving force.

Although the formation of monofluorinated enod®3 is intriguing, it remains an
unwanted side product of the reaction and inhibiting its formation appeared challenging.
Furthermore, all attempts to reduce the palladium catalyst loading below stoicidgometr
quantities resulted in the formation of complex reaction mixtuitesvas also not

possibleto isolate any cyclic difluorinated products from the reactions.

At this stageof the study, a reappraisal of the synthetic strategy was condiicteas

beliewved that gold(l) catalysis offered the unique opportunity to access difluoroketone
motifs more efficiently. Firstly, the enol functionality has been shown to serve as an
effective nucleophildor gold(l) activated alken€€® Secadly, it has been demonstrated

that the rate of protodeauration is accelerated in the presence of strong organic acids, a
prerequisite for difluoroenol formatigi>??! Finally, gold catalysts appeared compatible

with the conditions required for MEM (methoxyethoxymethyl) cleavagélihadab.
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Again, allylic alcohol115adab was chosen asraodel substrate to investigate gold(l) as

an alternative cyclisation mediator.

4.2.2 Gold Cyclisation Studies

The investigation commencegsing conditions similar to those used by Tastal for
the carbocyclisation of silyl enol ethers onto gold activated alky®esefness).®? The
NHC-gold(l) complex [(IPr)AuCl] (Pr = 1,3bis(2,6-diisopropylphenyl)imidazole-
ylidene, seescheme88) was available in our laboratoand was selected as the catalyst
in conjunction with the chloride abstractor AgsSbExcess trifluoroacetic acidvas

utilisedin the first instance in order to promote protodeauratitii®

(0] (o) iPr iPr
E OH 10 mol% IPr AuCl E OH E OH =\
= 3equiv. TFA . - N. N
F 10 mol% AgSbFg 3 + F Ipr AuCl = h
DCM:MeOH (10:1) E o : . Au.
JH 40°C, 18 h H H Py
115aa + 115ab 200aa 200ab 201

Scheme88: Initial trial reaction

After 18 hours the starting material had been consumed fully and analysis of the crude

19F NMR spectrum revealed a number of encouraging sigRalare 68).
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Figure 68: 1% NMR spectrunof the crude reaction mixturef the cyclisation ofl15aa115b under

gold(l) catalysed conditions

Two chemically distinct products dominated the reaction mixture. The integration shows
that the corresponding fluorine for the signal2@ ppm overlaps that wittme signal at

115.4 ppm. Aain, large’Jrr couplings are observed along with further splitting in each
resonance resulting in well resolved splitting patterns. The crude material was purified

by flash column chromatographo afford a colourless solid

The solid material was recrystallized by vapdiffusion (CHC¥pentane) and the
molecular structure and relative stereochemistry revealed -Jpgy Xcrystallographic
analysis Figure 69).
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HO OH

Figure 69: Molecular structure a202in the crystal.

The crystal containetbur crystallographicallyindependent molecules per asymmetric
unit. Three of the molecules were well ordered, corresponding to the hydratedGarm

of the difluoroketone. Fromprevious experiencewi t h t-difleorokétgnés
synthesised from the Saegusa seffiespresence of this material was not surprisifg.

The fourth site contained a large degree of disorder with three separate molecular
orientations; however, the largest proportion of the molecules at this site was the desired
ketone200aa. It was clear from thé’F NMR spectrum of the crystal that two species
were presentHigure 70).

OO-DFNOOOOTIRNOCO0OW-UN
QOO RNRONOO =~ TN
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DieuNNRROQoORMMNONNRRAC
NHNNOOOMODDNDLDWD=r-NNNNNDG
e MMM
T T T P P R T P P P P P P Y P P P oy oy O
[ T T T T T I T I T T T B R I R T R F OH
L Ll Llﬁg%u&J LL4£?¥JLJ
rs-—
F
i 200aa
HO OH
202 R OH
F
A . RN Y, W ) W -
T ome | ome | ame | w2 ims | oms | ime .-lz‘a.o.u; 202
200aa; |200aa
il | lJ i

0.3526

T T T T | T T T | T T T T | T T T T | T T T | T T T | T T T
-90 -100 -110 -120 -130 -140 [ppm]
Figure 70: % NMR spectrum of the crystabnsisting o200aaand202

128

20

15

10



The resonance atl12.9 ppm represents the axial fluorine of the ketone with well
resolved®Jur(trans-diaxial) couplings -+ = 28.9 HJ whilst the signal at115.4 ppm
represents the equatorial fluorine of the ketone which is poorly resolved due to the
smaller *Jue(gauchg couplings {Jrn = 5.1 Hz).%*3 As expected the hydrate signal
dominates and is represented &ycomplex dABQq splitting Rigure 70). It was not
possibleto isolate the material corresponding to the signaP&tppm in the crudé&F

NMR spectrum; howeverthis was anticipated tacorrespond to the alternative

diastereoisomeiHjgure 71).
= Q OH

A
200ab

Figure 71: Alternative diastereoisom@00ab potentially formed from cyclisation.

This result was especially pleasing as it demonstratectyioclsation ofa difluorinated
enol acetal derivative at ambient temperatuveas feasbile Attention then turned to
probingthe reaction further anexaminedthe effects of changing the reaction solvent.
Tosteet al. had also previously employed a DCM@solvent system to conduct their
silyl enol ether carbocyclisatiorf$? It was surprisingto find thatthis simple solvent

switch hada significant impact othe currenteaction systemFigure 72).
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E OH 10 mol% IPr AuCl E Q o F ? oH
& 3equiv. TRA . -
F 10 mol% AgSbFg F v F .
DCM:H,0 (10:1) H

P H 40 °C,18h H -0
115aa + 115ab 200aa 200ab i
Lo
— I
r**ffj'%t****ﬂ r**fiJ%‘****‘\ J,‘L i
. A J] J | bhlL Ll o

8.4505

-90 -100 -110 -120 -130  [ppm]
Figure 72 *°F NMR spectrum o€rude reaction mixture afyclisation conducted in DCM:4O.
The signals corresponding to ketd2@0aa were still present; however, the signat@8
ppm which we believed to be the alternative diastereoisomer was now absent. Unusually,
despite the presence of water, no hydrateagwere observed, and a completely new
product was now present &it20 ppm which dominated the reaction mixture. By TLC
the major product of the reaction was noticeably less polar than the previously isolated
Uhydroxy ketone200aa. It was initially believed thatcleavage oft h ehydidxy
functionality had occurrechowever, the major product was revealed as tricyclic acetal

203by X-ray crystallographic analysigigure 73).
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Figure 73: Molecular structure a203in the crystal within the ordered site.

Curiously, the’®F NMR spectrum of the crystal showed that at least two distinct
chemical species were present in solution. Two molecular sites were present in each
asymmetric unit of the crystal and whilst one of these sites was ordered (allowing
identification of the acetal) the other site was disorddregli(e 74).

Disordered
Structure

chair/chair
chair/boat

Figure 74: Disordered site in the crystal.

The nature of the second species was ambiguous. It appears as though the disordered site
involves a change in stereochemistry at thethine carbonwhich bearsthe methyl

group. This would be consistent with the presence of two different conformers, the
chair/chair and chair/boat decalin structur@here is alsothe potential to have
diastereoisomers for each of these species allowing the possibility of onr tdifferent
structuresFigure 75).
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Figure 75: Calculated structures forofential conformers/diastasisomer combinations for acetal
203 from top left going clockwise: chair/chair (methyl up), chair/chair (methyl down), chair/boat
(methyt up), chair/boat (methyl down). Calculations were run at the B3L8R®B, M06/6-31G and

¥ B 9 7 X-BLG @evels of theory.

Variable temperature (VTIF NMR experimentswere carried out(Figure 76) to

attempt to observe conformational interconversion intgoiu
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Figure 76: HeatedVT-NMR experimenbn acetal03.

The appearance of the signals changed significantly upon heating. The broad doublet
signal at-120 ppm had sharpened and a large change in chemical shift of the broad
doublet at-117 ppm to-115 ppm had occurred. The two doublet of doublet signals
remainedargely unaffected strongly suggesting conformational interconversion of one
species. Cooling the sample also had a considerable impact on the appearant¥ of the

NMR spectrum gigure 77).
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Figure 77: SubambientvVT-NMR experiment on aceta203
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Peak resolutionwas observedat 214 K; however, it was not possiblego achieve
temperatures lower than this with the current NMR instrument. Unfortunately, complete
resolution of individual conformer signatould not be observedy VT-NMR. The
potential for conformersral diastereoisomers has made the characterisation of acetal
203 particularly challengingBased on thisDFT calculations to confirm whether or not
multiple chair/boat/diastereocisomer conformations are energetically feasldecarried
out(Table 12).

Table 12: DFT calculations on acetaD3 (Spartanl0.6-31G* basis, gaphase).

Conformation DG° (kcal mot*)
B3LYP/6-31G* MO6/6:31G*  WBO7X-D/6-31G*

004

N
o
(%Y
[V

chair/chair

g
|:HOO o
F
+2.00 +1.30 +1.03

-
>
-

\

N
O
(%)
=2

chair/chair
HOO/I

+1.20 +1.60 +0.95

T

203c
chair/boat

HOO/I

+1.00 +0.80 +0.98

- M
N
K=
gIIII

chair/boat

Geometry optimisations were run at three
program?* The results of these calculations showed very small differences in energies
between the various possible conformations. In most cases the difference between

conformational energies was within computational margin of error (x 0.5 kcal/mole).

Virtuallynod f f erence in energi es -Duwaethodwohis &r v e d
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the highest level of theorgvailable(M06/6-31G*) the difference in energy betwete

two | owest energy conf or mat-Dand MO6wnatBods< 1 Kk c e
offer an advantagever B3LYP as they are able to handle dispersive interactions.
Together with the results from the MNMR experiments these electronic structure
calculations provide further evidence for conformational isomers existing in a dynamic

equilibrium?23®

The formation 0of203 can be explained by cleavage of the MEM group generating
formal dehyde and met hoxy e thideorykdtone20laato s ¢ an
afford 203 Subsequent cyclisation delivers the observed a28351Scheme89).

10 mol% IPr AuClI

3 equiv. TFA
MEMO 10 mol% AgSbFg
E OH DCM:H,0 (10:1) E OH
= 40°C,18h E HCHO
F -
H OH ¥
= Meo/\+/ H
- - 200aa
115aa + 115ab HCHO
o1
FHO" ©
— 0
H
204 203

Scheme89: Formation of acet03.

The formation o203 under the given reaction conditions might appear counterintuitive
as cleavage of the methylenedioxy group is often achieved under aqueous acidic
conditions®*® However, Hurwitzet al have previously reported the phosphoric acid
catalysed reaction of formaldehyde witrans1,2-cyclohexanediol to form similar
dioxole structure$®’ Fortunately, the formation of the tricylic acetal could be inhibited
using the initial DCM:MeOH (10:1) solvent cotidns.

It was establishedhat the catalyst loading could be reduced tm&@ % whilst the
cyclisation appeared to be complete after 5 hours, arriving at the reaction conditions in
Scheme 90
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. H 5 mol% IPr AuCl E Q oH FHO OOH
~ 5mol% AgSbFs H
F 3 equiv. TFA F + F
g DCM:MeOH (10:1) : -
_ 40°C,5h H
115aa + 115ab 200aa 202

46% (based on hydrate)
Scheme90: Reaction optimisation for cyclisation di5adab.

No cyclisation occurred when we employed the commonly used
chloro(triphenylphosphino)gold(l) [(RR)AuCl)] and only difluoromethyl keton&47b
could be detected byF NMR (Scheme1).

MEMO
F OH 5 mol% (Ph;P)AuCl
= 3 equiv.TFA . 100% conversion
F 5 mol% AgSbFg by "F NMR
H DCM:MeOH (10:1)
_ 40°C,5h
115aa + 115ab 147b

Schemed1: Reaction ofLl15adab with phosphine ligated Au(l) catalyst

The bulkier NHC ligand therefore appears to be critical for reactiwiithin the current
system.N-het er ocycl i c car ben e-doraling propdrites with enb i n e
steric profile which imparts greater stability and enhanced reactivity to transition metal
complexeg38239240241 Nolan et al. have also observed a similar reduction in reactivity

when a phosphine ligand was used in the gold(l) catalysed rearrangement of allylic
acetate05 (Scheme9?2).24

OAc 3 mol% [(L)AuCI] OAc
_—~ 2mol%AgBF, X L = IPr (99%)?
DCE L = PPhs (8%)?
LW (80 °C), 12 min
205 206

Scheme92: Ligand effectson Au(l) catalysed isomerisatioAdH NMR conversions

In this case the authors argue that the steric properties of the ligand had the greatest
influence on catalytic activity. The greater steric hindrance of the IPr ligand is thought to
better protect the gold centre and prevent cluster formation from, oipipa&on of

Au(0), factors whichwould inhibit activity.

At this point inthe study reproducibility problemsvere noted and it wadecided to

address this issue before embarking upon further reaction optimisation (catalyst loading,
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stoichiometry of TFA). Although the DCM:MeOH solvent system inhibited the
formation of the unwanted tricyclic ace03 it did not solve the problem completely.
Following aqueous work up of the crude reaction mixtures increased levels of283etal
were observetly '°F NMR. T h ehydioxy ketone could potentially react further during

the work up process with any traces of paraformaldehyde still present from the reaction.
Attempts to perform alternative 06dryo6 wor |
mixture through celé or by removing the reaction solvent under reduced pressure failed
and acetaP03 could consistently be detectdtiwastherefore decided to avoid isolating
200aa and, instead, intercept and transform the ketone functionalgjtu. Jacksoret

a. haer eported thydety ketoges kan de reduced stereoselectively in
chlorinated hydrocarbon solvents using tetrabutylammonium borohydride (
BuNBH4).24324 Furthermore, the 18iol unit is a motif commonly found in natural

products such as carbohydrates, polyketides and alkaloids.

4.2.3Developing a ongot process
The one pot cyclisation/reduction was investigat#ti excess reducing agent in the first

instance Table 13, Entry 1).
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Table 13: Reaction conditions screening fame potcyclisationreductionof 115adab.

MEMQ on £ 9 oH £ 9bn
S xcmol% IPrAUCH xx BuNBH, ,
H DCM:MeOH (10:1) H H
Z 40 °C,5eh
115aa + 115ab 200aa + 200ab 207aa + 207ab
Entry Au (mol %) Ag (mol %) TFA equiv. B:‘g\llj?vH“ Yield (%)*°

1 5 5 3 5 14
2 5 5 3 4 58
3 5 5 3 3 60
4 5 5 3 2 29
5 5 5 2 2 54
6 5 5 1 1 28
7 5 5 1 2 57

3 |solated yield’ Isolated as a mixture of diastereoisomers

The reduction was successful addluorinated trans-1,2-diol 207aa was isolated
Indeed,analysis of theé®®F NMR spectrumof the crude reaction mixture revealed that
diol 207aawas the major product of the reactiédithough the yield was low in the first
instancejt was reasonethat this could be improved following furtheptimisation. The

diol functionality proved much easier to handle than the previous difluoroketone motifs
since the potential for acetal formationad been removedrhe diol product readily
solidified following chromatography of the crude reaction mixture to form a colourless
solid. From this materiat was possible to isolata single crystal for XRD analysis,
confirming thetrans selectivity of the reduction peess Figure 78).

Figure 78 Molecular structure d207aain the crystal.

However, the®®F NMR spectrum of the crystalline material revealed that two chemically

distinct species wengresent in a ratio of 44:&igure 79).
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