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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 stability. However, efficient methods, starting from
sustainable low cost starting materials, for the introduction of the gem-difluoromethylene
group into cyclic molecules are still scarce. Work towards developing the de novo
synthesis of difluorinated sugar analogues by using trifluoroethanol as an inexpensive

building block is presented.

The Saegusa-Ito cyclisation was utilised for the construction of selectively fluorinated
carbocycles. Difluorinated silyl enol ether precursors were prepared in two synthetic
steps from commercially available trifluoroethanol. Protection with diethylcarbamoyl
chloride was followed by dehydrofluorination/lithiation, under cryogenic conditions, and
the metalated enol carbamate generated in situ trapped with either a ketone or aldehyde
electrophile. Following transacylation, 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(OAc): in
acetonitrile at 70 °C proved the most effective catalytic system. a,a-Difluoroketones
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 as alternative cyclisation mediators was
investigated. These precursors were also synthesised in two steps from trifluoroethanol
using cryogenic lithium based chemistry. Using a catalytic 1:1 mixture of 1,3-bis(2,6-
diisopropylphenyl-imidazol-2-ylidene)gold(I) chloride and silver
hexafluoroantimonate(V), the intramolecular carbocyclisation of difluorinated enol
acetals has been achieved. Difluorinated enol acetals bearing a pendant alkene group can
be cyclised and reduced in sifu using tetrabutylammonium borohydride in one pot to
form fluorinated diol motifs. Alternatively, the cyclisation of terminal alkynes allows for
the concise synthesis of fluorinated pyran scaffolds. Both cyclisation processes can be
performed under mild conditions allowing for the construction of complex difluorinated

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

Aspartic Acid

2,2’-Bipyridine

Carbonic Anhydrase |1

Ceric Ammonium Nitrate
Chlorodifluoromethyl Ketone
Cholesteryl Ester Transfer Protein
Chemical Shift Anisotropy
Diethylaminosulfur Trifluoride
Dichloroethane
Dichloromethane
N,N-Diethylcarbamoyloxy
Diethylisopropylsilyl
Dewar-Chatt-Duncanson
Difluoromethyl Ketone
Density Functional Theory
4-Dimethylaminopyridine
Dimethyl dioxirane

Dimethylformamide



DMSO
DNP
ETM
FMO
GC-MS
Gln
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 Chromatography — Mass Spectrometry
Glutamine

Glycine

Galactose Oxidase

Glycosyltransferase

Haemagglutinin

Human Immunodeficiency Virus
Hexamethylphosphorous Triamide

Heteronuclear Multiple Bond Correlation
Heteronuclear Nuclear Overhauser Effect Spectroscopy
Heteronuclear Single Quantum Coherence Spectroscopy
Immunoglobulin M
1,3-bis-(2,4,6-trimethylphenyl)imidazol-2-ylidene
1,3-bis-(2,6-diisopropylphenyl)imidazol-2-ylidene
Kinetic Isotope Effect

Kinesin Spindle Protein

Lithium Diisopropylamide

Lowest Unoccupied Molecular Orbital
meta-Chloroperoxybenzoic acid

Methoxyethoxymethyl Ether
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MOM

NDP

NGP

NHC

NMI

NMR

NOE

NOESY

PCC

PTSA

RCM

SEE

SPM32

STA3

TBDMS

TBDPSCI

TEMPO

TES

TES-CI

TFA

TFDO

THF

TIBAL

TIPS

Methoxymethyl Acetal
Nucleoside-Diphosphate
Neighbouring Group Participation
N-Heterocyclic Carbene
N-Methylimidazole

Nuclear Magnetic Resonance

Nuclear Overhauser Effect

Nuclear Overhauser Effect Spectroscopy
Pyridinium Chlorochromate
p-Sulphonic Acid Monohydrate

Ring Closing Metathesis

Silyl Enol Ether

3-Mercaptopropyl Ethyl Sulfide Silica
Triamine Ethyl Sulfide Amide Silica
tert-Butyldimethylsilyl
tert-Butyl(chloro)diphenylsilane
(2,2,6,6-Tetramethyl-piperidin-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 Carbohydrate- structure

Carbohydrates (or saccharides) are one of the most abundant class of biomolecules
present in living organisms.® At the most basic level they can be thought of as consisting
purely of the elements carbon, hydrogen and oxygen and can therefore be designated by
the general formula Cn(H20)n where n > 3. The simplest forms of carbohydrates are
termed monosaccharides and are the precursors to all larger, more complex,
carbohydrates. D-Glucose 1 (Scheme 1) is one of the most common monosaccharides
and is utilised as an energy source in both plants and animals. In solution, the major
species present is not as the open chain but the six membered hemiacetal or pyranose
species. A mutarotation equilibrium exists between the two cyclic anomers, o-D-
glucopyranose 2 and B-D-glucopyranose 3 via the open chain form of D-glucose
(Scheme 1).23

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

Scheme 1 — Mutarotation equilibrium of D-Glucose.

Formation of these two cyclic hemiacetals, by the intramolecular reaction of the
aldehyde and the secondary alcohol of C-5 forms a new stereogenic centre at C-1 which
is called the anomeric carbon. At equilibrium there is a clear preference for formation of
the B anomer (= 66%) over the o anomer (= 33%) with virtually none of the molecule
existing as the open chain form (= 1%).2 In the case of disaccharides, the anomeric
hydroxyl group is lost and the C-4 OH of another sugar links the two units through a
glycosidic bond (Figure 1).*



4 6
HO 5 -0
HO 1 OH
3 2
o OH
Glycosidic 3 2 0H
Linkage

Figure 1 — Glycosidic linkage between two glucose molecules to form the disaccharide $-maltose.

The terminal sugar unit has the potential to form further glycosidic bonds and can
therefore generate carbohydrates (polysaccharides) more complex than the simple
monosaccharide and disaccharide shown above in Scheme 1 and Figure 1, respectively.
Figure 2 displays an example of the glucose polymer amylose, one of the major
components of starch.

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

Figure 2 — 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 idea that carbohydrates
were purely energy sources changed when Goldstein et al. highlighted the ability of
carbohydrate residues on the surface of glycoproteins phytohemagglutinin and
monoclonal IgM to interact with the protein Concanavalin A.> Following this discovery,
the importance of cell surface glycans in biological systems has been demonstrated by
the role they play in crucial physiological processes such as cell-cell recognition, cell
signalling, host-pathogen 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 the extracellular matrix than the proteins located in the



lipid bilayer.® This allows these sugar species to enter into interactions with extracellular

entities when they first approach the cell.

2.3 Carbohydrates as drug targets and glycomimetics

The composition of cell surface carbohydrates can vary significantly between those
located on healthy and diseased cells. In particular, unique glycan markers can be found
on diseased cells.” Carbohydrate-based pharmaceuticals could potentially be used to
target these glycoproteins and inhibit interactions with their natural binding partner or
ligands. However the number of carbohydrate-derived drugs on the market remains low
due to unfavourable pharmacokinetic properties linked with carbohydrates, such as poor
oral bioavailability and rapid renal excretion.® To tackle the issues associated with
carbohydrate derived drugs a new class of therapeutics, known as glycomimetics, was
developed. These small molecules resemble the structure, size and shape of the parent
carbohydrate thereby ‘mimicking’ their interaction with the natural binding substrate
whilst possessing vastly improved pharmacokinetic and physicochemical properties over
their carbohydrate counterparts.®2 Oseltamivir (Tamiflu) developed by Kim et al., is an
example, and is of one of the most successful glycomimetic drugs; it is used for the
treatment of influenza.® Oseltamivir is often administered in the form of an oral prodrug
4 (oseltamivir phosphate) which is readily metabolized to the active metabolite 5 in

vivo.1°

O

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

4 5
Scheme 2 — Structure of Oseltamivir phosphate 4 (prodrug) and Oseltamivir carboxylate 5 the active

form of the influenza neuraminidase inhibitor.

Oseltamivir carboxylate 5 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 into the extracellular environment (Scheme 3).*



o 6/\' H OH
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ﬁrw H DUl s

Scheme 3: Hydroly5|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 5
keeps conformational changes to a minimum, a feature which is important for
maintaining biological activity.® Analysis of the ligand-bound neuraminidase crystal
structure reveals multiple strong binding interactions responsible for the high antiviral
potency observed for Oseltamivir (Figure 3). The carboxylate functionality of the
inhibitor is held in place through strong salt contacts with three arginine residues as well
as hydrogen bonding interactions between the C3 amino group and Glu119 and Asp151.
However, in order to accommodate the large 3-pentyl group of 5 the carboxylate group
of Glu276 is forced to project out of the hydrophobic pocket. This leads to an increased
number of hydrophobic interactions between the 3-pentyl group and the amino acid

residues within the active site, further increasing potency.
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Figure 3: X-Ray structure of 5 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 much effort has been devoted to the synthesis and application of these molecules.?
However, the number of selectively fluorinated carbasugar analogues that exist remains
relatively low and the application of this new class of glycomimetic is still very much in

its infancy.

2.4 Carbohydrate Mimics — Carbasugars and Fluorocarbasugars
Carbasugars are sugar analogues in which the endocyclic oxygen in the natural sugar has
been replaced by a methylene group (Figure 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 — Generic structure of naturally occurring sugars (6a), carbasugars (6b) and

fluorocarbasugars (6¢ and 6d).

Carbasugars are frequently based on five- and six-membered rings; however, there has
been increasing interest in the preparation of seven- and eight- membered carbasugar
analogues.”® The different spatial distribution of hydroxyl groups and the increased

conformational flexibility of larger rings could produce sugar analogues which are more



adaptable to fit into the active site of carbohydrate processing enzymes. Sinay et al. have
reported the synthesis of both cycloheptane!* and cyclooctane™ 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 compounds in nature is sparse; Miller et al. were the first group
to report the isolation of ‘true’ carbasugar 7b from nature.® 5a-Carba-a-D-
galactopyranose 7b was isolated from the gram positive bacteria Streptomyces sp. MA-
4145 and was found to have weak antibacterial properties against Klebsiella pneumonia,
MB-1264. (Figure 6).

X _.OH
HO B

HO “OH
OH

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

Figure 6— Galactose sugar and related 5a-Carba-a-D-galactopyranose 7a and 7b respectively.

Curiously, McCasland et al. had synthesised carbasugar 7b 7 years prior to its discovery
in nature.r” Replacement of the endocyclic oxygen with a CH, renders the molecule inert
to hydrolysis 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 (Scheme 3).2¥ 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 diabetes (Figure 7).

10



OH
OH
HO,,
"o

y O OH |OH
HO @ ”HO HO

H HOg O OH

HO
HO OH

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

The use of a fluoroalkyl group could potentially provide surrogates (6¢ and 6d in Figure
4) with much improved physicochemical properties over ‘classical’ carbasugars;
however, the biological applications of these specific classes of glycomimetic structures
are yet to be realised. Given that such species are also inert to hydrolysis this feature
could be utilised

in the design of biological probes for enzymes such as

glycosyltransferases (Scheme 4).1%2°

_ ot
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 glycosyltransferases.*®

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 the exo-anomeric effect, and is crucial 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
larger o'cios orbital. This stabilizing interaction therefore results in reduced

conformational interconversion. . By removing the anomeric oxygen (this being the case

11

HN
\COH

OH



in classical carbasugars) the exocyclic O-C bond becomes more flexible and this

increases the population of unnatural conformers (Figure 8).2

*

© ¢1-05 G F .
o C1-C5a 5
/ F/ C1-CF2
exo
i d@ R R

*

O c1-c2

c1-C2 ‘ F 0*C1-C2
F
non-exo ' P; mo /
R R E

R

[——

o

glycoside carbasugar gem-diF-carbasugar
Figure 8 — Lone pair interactions responsible for the exo-anomeric effect.?*

This could potentially be detrimental to small molecule protein binding because of the
entropic penalty that it induces. However, replacement of the endocyclic oxygen with a
CF2 should effectively maintain the polarisation at the C1 position and restore the exo-
anomeric effect. Indeed, Xu et al. have performed electronic structure calculations and
NMR studies to show that this is the case with CF, which is intermediate in nature
between O and CH; (Table 1).%

12



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

carbasugar and difluorinated carbasugar

Molecule Stabilization Energy (E?) through exo-
anomeric effect, kcal mol*?2
OH
HO 0 nOexo—>0*Cl-Oendo
HO
HO 17.39
OMe
OH
Noexo—>G C1-C5a
HO
HO
H 0.84
C)OMe
OH
N nOexo—’G*Cl—CSa
HO F
HO
HO 9.24
OMe

2 E@ represents the second-order interaction energy between intramolecular donor and acceptor

orbitals.

To validate this in silico model the authors synthesised gem-difluorocarbadisaccharide 8
and carbasugar analogue 9 and investigated their conformations through NMR NOESY
and HOESY experiments (*H-'H and °F-1H).

HO il HO
HO F HO
HO HON— oH
OH OH OH OH OH
o) o) o)
HO - HO -~
OMe OMe
8 9

Figure 9: Disaccharides used in NMR studies to validate the exo-anomeric effect.

In the case of difluorocarbasugar analogue 8 the exo-®/syn¥ conformation was favoured
exclusively. In contrast, carbasugar 9 exhibited conformational interconversion between
three different conformers (exo-®/syn¥, exo-d/anti¥ and non exo-®/syn'?) in solution.
The results of these experiments demonstrate the ability to restore the anomeric effect

when substituting an oxygen atom with a CF, group.

Whilst these fluorinated sugars appear to have a number of attractive properties, the

potential of such species to serve as effective glycomimetics has still to be sufficiently

13




investigated. This may be attributed to the fact that a paucity of synthetic pathways exist

to provide access to such molecules.??

2.5 Biological properties of fluorine

As fluorine is the most abundant halogen in the Earth’s crust, it is surprising that nature
produces very few fluorine-containing organic compounds. To date, only 13 naturally
occurring organofluorine molecules, 8 of which are w-fluorinated fatty acids derived
from the same plant species, have been reported.? In contrast to such scarcity in nature it
is estimated that up to 20% of prescribed therapeutics and up to 30% of the leading 30
‘blockbuster drugs’ contain one or more fluorine atoms.?* In 2012, Advair developed by
GlaxoSmithKline, and Lipitor®, developed by Warner-Lambert, were among two of the
top 20 bestselling drugs worldwide, grossing $3.2 billion and $7.9 billion, respectively
(Figure 10).%

o)
Ho HQ
OH
o)

@—NH O F

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

It would not be an over-exaggeration to state that most drug discovery programmes will
at some stage explore the use of fluorinated compounds as potential drug candidates.
This is in a large part due to the unique physicochemical properties and stereoelectronic
effects imparted by fluorine atom incorporation.?® 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.

Rowley et al. utilised this feature to attenuate the basicity of the piperidyl fragment in a
series of 2-phenyl-3-(3-piperidyl)indoles.?” In this case the introduction of fluorine
decreased the basicity of the piperidyl nitrogen by two orders of magnitude and
subsequently improved oral bioavailability by decreasing the concentration of protonated
species in vivo and improving cellular absorption (Table 2). Furthermore, fluorinated
analogues exhibited improved selectivity for 5-HT.a receptors over the IKr potassium

channel (hERG), a factor which is critical for 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 2 — Changes in pKa and bioavailability upon addition of fluorine.

Indole 5-HT 24 pKa F (%)°

NH

0.99 104 Poor
Oz
N O
H

NH

F/I-
0.43 8.5 18
I
oy
H

i / \ 0.06 i 80

2 Affinities at human cloned 5-HT,a receptor (nM).  Bioavailability calculated from dosing at 0.5-2

mg/Kg in rat.

The authors note that the indole was prone to aromatic hydroxylation at the C-6 position
but introduction of a second fluorine atom inhibited metabolism by P450 enzymes at this
site and further improved bioavailability. This so called ‘block effect’ is used quite often
as a technique in medicinal chemistry to prevent the deactivation of biologically active
species.?® The enhanced metabolic stability can be explained by the differences in the
bond dissociation energies of C-F and C-H bonds which are 105.4 kcal/mole and 98.8
kcal/mole, respectively.?

As well as influencing bioavailability, the perturbation of pKa. can also modify the
binding affinity of a particular pharmaceutical agent strongly. Conroy et al. found that a
linear relationship existed between pK; and pKa for a series of carbonic anhydrase Il

(CA-11) inhibitors whereby pK; increased as pKa decreased (Figure 11).%
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Figure 11: Linear relationship between dissociation constants of sulfonamide-CA 11 (Ki) and pK,.%°

By replacing the CHz group (pKa = 10.5) with CFs (pKa = 5.8) an increase in potency of
up to five orders of magnitude was observed, K; = 320 uM and 2nM, respectively. This
dramatic increase in binding affinity was attributed to the increased electronegativity on
the sulfonamide nitrogen at physiological pH (4% CF3SO.NH. unionized) which binds
tighter to the zinc ion within the active site of CA-Il. The membrane permeability of
ionised CF3SO2NH, was twenty fold less than that of the unionised form; however, both
the ionised and unionised forms were found to penetrate red blood cells and rapidly
saturate CA-II.

Care must be exercised when using fluorine as a pKa modulator in drug molecules
because of the potential to generate highly toxic fluorinated metabolites in vivo.
Inhibition of kinesin spindle protein (KSP) has been shown to be effective in the
treatment of taxane-refractory cancer and optimal profiles are observed for compounds
with a pKa between 6.5 and 8.3! Cox et al. found that S-fluorination modulated the pKa
of the piperidine nitrogen in KSP inhibitor 10 so that it fell within this optimal range
(Figure 12).%
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pK,=7.6 pK,;=8.8
Figure 12: pK, values of KSP inhibitors 10 and 11.

However, fluorinated analogue 10 was found to be acutely toxic and mortality was found
in two thirds of rat subjects twelve hours after dosage. It was found that N-dealkylation
in rat hepatocytes resulted in the formation of N-dealkylated analogue 12 and

fluoroacetate 13, a known toxin in mammals (Figure 13).%

+
§:
o |

(5 CYP450

N

-

F

10 12 13
Figure 13: Metabolism of 10 in rat hepatocytes affording toxic 13.

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 toxic fluorinated acid by-products.
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Considering the electronegativity of the fluorine atom, it would be reasonable to assume
that the C-F motif behaved much like the corresponding C-O and C-N fragments in
terms of hydrogen bond accepting ability. However, because the C-F bond is weakly
polarisable, this reduces the hydrogen bond accepting ability of organic fluorine
drastically.®** Having stated this, fluorine can participate in electrostatic interactions.
Indeed, there are a number of examples whereby the introduction of fluorine into a small
molecule improves potency. This is likely attributable to the dipolar interactions which
can exist between fluorine and the amide backbone of a protein within its active site.* In
their development of a number thrombin inhibitors, Olsen et 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 reported non-fluorinated
inhibitors.3” However, the authors discovered the D-pocket of the thrombin active site to
accommodate a fluorine atom and that a simple switch from hydrogen to fluorine

brought about a six fold increase in binding affinity for the target protein (Figure 14).

Asn98 i& Asn98 u%‘ Asn98 Ez.

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 4-position for interaction with amide backbone in the active site

of a series of thrombin inhibitors.3®

The fluorine atom present in the inhibitor was within close proximity to the polarised H-
Co-C=0 fragment of Asn98 resulting in attractive interactions between the two
moieties.® The strength of these interactions are reflected in the binding affinity, Ki, with
the fluorinated analogue displaying a K; value of 0.057 uM whilst the non-fluorinated
counterpart has a Ki value of 0.31 uM. Goldstein et al. also found that a similar
interaction was responsible for an eight fold increase in potency in a series of fluorinated
p38a kinase inhibitors.®® There are some interesting features about these interactions
which should be noted. In the context of ligand-protein binding such C-F---C=0

interactions are quite rare The weak nature of such an interaction has prevented its
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energetic quantification in bimolecular systems; however, Fischer et al. calculated the
interaction free enthalpy between a CFs group and a spatially close amide group in an

extended indole to lie between -0.8 and -1.2 kJ mol™* (Figure 15).%

Figure 15: Representative intramolecular orthogonal polar interaction between —CF; and amide

group.

Although fluorine acts only as a weak H-bond acceptor, C-F-*H-C interactions have
been reported to play an important role in the crystal packing of fluorobenzenes, as well

as in base stacking of fluorinated ribonucleosides.*4?

The ability for fluorine to act only as a hydrogen bond acceptor has been used in
studying carbohydrate chemistry to enable distinction between the roles of donor and/or
acceptor for a given substrate hydroxyl group. The significance of individual hydrogen
bonds for the kinetics of binding can then be assessed in specific carbohydrate-protein
interactions. Westwood et al. have demonstrated this during a study of yeast
galactokinase.® The hydrogen bond accepting/donating of specific hydroxyl
functionalities was elucidated by comparison of the kinetic parameters obtained for the

2-deoxy and isomeric 2-deoxyfluoro-D-galactopyranoses analogues (Figure 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 of OH-2 is to act as a H-bond acceptor whereas
OH-3, OH-4 and OH-6 are involved in the binding to galactokinase as hydrogen bond
donors. However, a more recent study by Linclau et al. found that fluorine is acting as an
isostere and substitution at the OH-3 position of D-galactose had no detrimental effect
on binding to galactose oxidase (GOase).* Despite the loss of hydrogen bond donating

capacity the Kn value of fluorinated galactose analogue 14 was found to be equivalent to

that of the natural substrate (Figure 17).
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Ky =0.05+0.002 M Kn=0.03£0.01 M

Figure 17: Binding modes of D-galactose and fluorinated analogue 14 in active site of GOase.

This indicates that an even stronger GIn206 NH"F interaction might exist or that the 3-

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

Arg330.

Fluorine can also heavily influence the properties of nearby functional groups. 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

hydrate carbonyl groups bearing a,a-fluorine substituents (Scheme 5).

HO OH

E)KX’“ = %24(

Scheme 5: Ketone/hydrate equmbrlum.

This particular feature has been used in the design of protease inhibitors. This is due to
the fact that hydrated ketones closely resemble the tetrahedral adduct formed when H,O
adds to the carbonyl group of a peptide substrate, and therefore can be regarded as

transition state analogue inhibitors (Figure 18).

_ _Ph
HO O HO, OH
X o
R” N
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 1, the latter being a potent vasoconstrictor. Antagonists of this enzyme are
therefore likely candidates for antihypertension pharmaceuticals. Abeles et al.
demonstrated the effectiveness of fluorine in the design of inhibitors of the zinc
metalloprotease Angiotensin.*® The trifluoromethylketone proline analogue 15 was three
hundred fold more potent than its methyl ketone counterpart 16 highlighting the

significance of fluorine substitution adjacent to a carbonyl group (Figure 19).

S &

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

Figure 19: Angiotensin converting enzyme inhibitors.

Erickson et al. successfully modelled the complex of HIV-1 protease with inhibitor 17 in

performing a series of vigorous ab initio calculations (Figure 20).%
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Figure 20: HIV-1 protease inhibitor.

The calculations revealed that the difluoroketone core is hydrated and in a gauche
conformation within the enzyme active site. The high activity of 17 was 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 H with F imposes only
a minor additional steric demand; the van der Waals radii of hydrogen and fluorine
atoms are 1.20 A and 1.47 A, respectively. However, the replacement of a methyl group
with a trifluoromethyl group can drastically alter the conformation. This is because the
volume of a trifluoromethyl group is approximately twice that of a methyl group,
comparable to an isopropyl substituent. In a comparison of anisole with
trifluoromethoxybenzene, Klocker et 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 trifluoromethoxybenzene.*’” This effect could have significant biological
consequences. Massa et al. have highlighted the significance molecular geometry can
have on protein binding affinity by comparing the potencies of two CETP (cholesteryl

ester transfer protein) inhibitors (Figure 21).%®

18: R = OCF,CF,H ICs=0.2 uM
19: R= OCH,CH; ICs= 1.6 uM
Figure 21:CETP inhibitors 18 and 19 with corresponding ICso values.*®

Ab initio calculations showed that the 3-tetrafluoroethoxy substituent lies out of the

plane of the phenyl 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 spatial considerations having to be taken into account during molecular

design.

One of the most important physicochemical properties associated with orally
administered drugs is lipophilicity. A drug’s lipophilicity is quantified by its partition
coefficient (log P value) which is a measure of the molecule’s relative affinities for
octanol and water. A molecule with a high log P value would be considered as highly
lipophilic whereas one with a lower log P value would be considered as highly polar. In
1997, Lipinski et al. developed a set of rules (Lipinski’s rule of 5) which could be used
to evaluate the suitability of a drug for oral administration.*® One of the rules states that
any molecule with a log P value greater than five or less than zero could potentially have
issues with membrane permability. 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 molecules can tune the log P value for a given compound (Table 3).%° This
is a result of the polar hydrophobicity of the C-F bond associated with the high
electronegativity 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 P.*

Compound Log P (octanol-water)
CsHs 2.1
CesHsF 2.3
CesHsCHs 2.1
CeHsCFs 3.0

In their development of orally active antagonists of the Leukotrienes D4 and E4, Jacobs et
al. observed that indolecarboxamide analogues with greater lipophilic character showed
markedly improved potencies.® Attempts to further increase lipophilicity by extending
the amide substituent (R*) carbon chain length beyond six carbons resulted 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 receptor affinity (Table 4).
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Table 4: Fluorinated indolecarboxamides: comparison to non—fluorinated analogues.®!

poEDso (umol/kg) Log P

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 bioavailability in vivo (12-38% in dog, guinea pig and rat) which

may be attributed to hepatic clearance.

Fluorine can also be a useful NMR biomarker in vivo for the analysis of proteins because
the sensitivity of the '°F nucleus is high and the absence of natural abundance
background greatly simplifies data analysis.>> Moreover, NMR analysis can be used to
elucidate the structural conformation of small biological molecules. An excellent
example of this is demonstrated by Thibaudeau et al. who developed a novel Karplus-
type equation which effectively correlates 3Ju.n and *Ju.r values with the corresponding
®yr torsion angle. This simplifies structural elucidation and allows for the effective
conformational analysis of fluorinated nucleoside analogues, 20a-20d.>® Compounds
20a-20d are important anti-cancer compounds; however, their 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 nucleosides this process exists preferentially in
a two-state dynamic equilibrium where the ring is found to populate primarily the North

(N-type) and South (S-type) conformations (Figure 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: Dynamic pseudorotational equilibrium of nucleosides.
Therefore, robust conformational analysis techniques are required in order to fully
understand structure activity relationships for 20a-20d both in the presence and absence
of target enzymes. Using a combination of both 3Ju.+ and 3Ju+ coupling constants it was
revealed that their conformational equilibria greatly favoured the N-type conformation.
Their geometry was characterised by P (phase angle of pseudorotation) values in the
range from 61° to 76° and Wm (puckering amplitude) values in the range from 35° and
46° where P defines the part of the ring which is most puckered and Wm the extent of the
puckering. The range of P values calculated indicates a preference for the puckering

between the C4’-exo and O4’-endo-C4’-exo forms for all four difluorinated nucleosides.

From the various examples detailed above, the dramatic effects fluorine can impart on
the physical properties of small molecules and its importance in medicinal chemistry are
apparent. The remainder of this review will highlight successes in the synthesis of
fluorinated sugar analogues, and the ongoing research within our laboratories to develop

new synthetic routes using a modular, building block approach.
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2.6 Synthesis of fluorocarbasugars

There are two main strategies for the preparation of gem-difluoro-carbasugars. The first
involves manipulation of natural carbohydrate precursors by treatment with nucleophilic
or electrophilic fluorinating agents while the second involves construction of the
carbocyclic skeleton from fluorinated small molecule precursors via building block (or

de novo) 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 of gem-difluoro compounds.>® Selectfluor® 21 is an an
electrophilic fluorinating agent whereas DAST 22 and Deoxo-Fluor® 23 are both
examples of nucleophilic fluorinating agents (Figure 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 agents Selectfluor® (21) DAST (22) and Deoxo-Fluor® (23).

Sawyer and Potter were able to successfully synthesise difluorinated analogues of
inositol 29 and inositol 1,4,5-triphosphate 30 starting from myo-inositol 24 using DAST
as the fluorinating agent (Scheme 6).°° Initial benzylation followed by selective diol
protection of the starting carbohydrate 24 affords the acetonide 25. Treatment of 25 with
Bu2SnO generates the stannylene acetal 26 in situ which undergoes selective O-allylation
to afford 27. Selective oxidation of the C-2 hydroxyl group delivered ketone 28.
Treatment of the ketone with four equivalents of DAST, followed by further protecting
group manipulation led to the target compounds 29 and 30.

A major problem that arises during the synthesis of fluorocarbasugars from carbohydrate
precursors, which is highlighted in Scheme 6, is that a large number of
protection/deprotections together with oxidation state manipulations may be required
prior to the use of the fluorinating agent.>” Carbohydrate precursors possess a number of
hydroxyl functionalities which obviously poses an issue when oxidation of a specific —

OH to the corresponding aldehyde or ketone is required as shown in Scheme 6. The
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requirement for a large number of protecting group manipulations can therefore

compromise synthetic efficiency.>®
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Scheme 6 — Sawyer and Potter’s synthesis of difluorinated analogues of myo-inositol.%5° i) DMSO,

2,2-dimethoxypropane, PTSA 60%; ii) dibutyltin oxide, benzene iii) DMF, Allyl Bromide, 62% iv)
DMSO, Ac;O, NaHCOs; 80%; v) DAST (4 mol equiv.), DCM, rt, 5 hours, 79%; vi) 1,4-
diazabicyclo[2.2.2]octane, RhCI(PPhs)s, 75%; vii) HCI/MeOH, 86% viii) 10% Pd/C, H,, EtOH/AcOH,
50 psi, 3 days, 71%; ix) bis-(2-cyanoethyl)-(N,N-diisopropylamino)phosphoramidite, tetrazole, 70% t-
BuOOH, Na, NHa), -78 °C, 15 min, 67%. Overall yield of 29 and 30 = 11% and 10%, respectively
from 24.

However, the main problem associated with fluorinating agents is their rather capricious
nature. Ye et al. have shown that in a number of cases the treatment of 2-amino alcohols
and 1,2-diols with Deoxo-Fluor® produces both the fluorinated product, as well as a

rearrangement side product (Scheme 7).
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Scheme 7: Product mixture from treatment of diol, 31, and amino alcohol 34 with Deoxo-Fluor®

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

The authors postulate that the formation of gem-difluoride 33 occurs via a rearrangement
analogous to that of a pinacol rearrangement, with the resulting aldehyde reacting with
Deoxo-Fluor® to deliver the gem-difluoride species. The reaction of aminosulfur
trifluorides with alcohols that can form stable carbocations often proceed through an
Sni1-like pathway.®! Intermediates with high carbenium ion character can be activated
towards neighbouring group participation (NGP). The authors suggest that such NGP is
the cause of the formation of the major side product 36 which passes through an
aziridinium intermediate 37 (Scheme 8). Strain relief from ring opening of the
cyclopropane ring by nucleophilic attack of the fluoride ion affords the monofluorinated

piperidine 36.
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Scheme 8: Mechanism for fluorination of 34 with aminosulfurane Deoxo-Fluor® to give the desired

fluorinated product (Pathway A) and the undesired ring expanded product 36 (Pathway B).

Another issue with some fluorinating agents is their hazardous nature. Deoxo-Fluor® is
severely toxic and reacts violently with water, therefore extreme care must be taken
during handling.%? Additionally, DAST has a propensity to explode upon heating, and
accordingly, there is a desire to move away from such precarious reagents.®®
Fluorinations that involve the use of DAST and Deoxo-Fluor® can also result in the
production of both rearrangement and elimination side products. The formation of such
side products can often complicate purification resulting in diminished reaction yields.
During the preparation of fluorinated nucleoside analogues, Youds et al. reported the
formation of two significant side products.®* The first was a product resulting from the
elimination of HF and the second the result of a 1,2-hydride shift (Scheme 9).
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Scheme 9: Rearrangement 38 and elimination 39 side products formed from DAST fluorination.

Recently, the synthesis of novel fluorinating agents such as XtalFluor-E 40 and
Xtalfluor-M 41 (Figure 24) has allowed some of the issues associated with DAST and
Deoxo-Fluor® to be overcome; these include improved selectivity and limiting the
formation of corrosive HF.% 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 XtalFluor-E, 40, and Xtalfluor-M, 41.%°

These aminodifluorosulfinium salts have been successfully applied in carbohydrate
based chemistry for the monofluorination of 2,3,4,6-tetra-O-benzyl-D-glucose 42 to

afford glycosyl fluoride 43 in near quantitative yield (Table 5).%°
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Table 5: Deoxofluorination of protected carbohydrate substrate.

Temp Time Yield
Q) (h) (%)

Starting material ~ Reagent Additive Product

- o.__F
BnO O._OH xtall;luor TEA: 3HF rt 3 99 BnO
Bno\\‘ "/an BnO‘\\ ,"OBn

OBn X@lFlior - teasir o 15 90 OBn

42 43

Unlike DAST, the XtalFluor-E and —M reagents have been described as ‘fluorine
starved’ and require the use of additives such as EtsN-3HF to provide a nucleophilic
fluoride source. However, Tsegay et al have reported the conversion of aryl
thiomannoside 44 to glycosyl fluoride 45 without the requirement of additional additives
(Scheme 10).%
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Scheme 10: Fluorination with Xtalfluor-E/M without use of additives.

However, the reactivity of these reagents towards more challenging substrates which are
unable to form stabilised intermediates is yet to be demonstrated. An alternative method
for introducing fluorine into sugar-type species also involves starting from carbohydrate
precursors; however, this time, the fluorine atoms are introduced through the use of
building blocks rather than fluorinating agents. Jiang et al. have reported a method for
the formation of a difluoroaminocarbasugar starting from D-ribose which utilised an
intramolecular nitrone cycloaddition as the key ring forming reaction (Scheme 11).%
Lactone 47 can be delivered from D-ribose 46 through protection and oxidation. It is at
this point that the gem-difluoro moiety is introduced into the molecule; 3,3-difluoro-3-

bromopropene undergoes metal-halogen exchange in the presence of n-BuLi. The
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organolithium species generated in situ then goes on to react with the carbonyl group of
the lactone to give difluorinated species 48. Further protecting group manipulation and
reduction delivered the rearrangement precursor 49 existing predominantly as the a-
anomer. Treatment of 49 with N-methylhydroxylamine hydrochloride generated the
nitrone species 50 in situ which underwent cyclisation from the least hindered face to
deliver isoxazolidine 51. This species was then acetylated and reduced to afford
difluorinated carbasugar 52. One of the drawbacks in the route described by Jiang and
co-workers is the lengthy synthetic sequence, a consequence of which is reflected in the

low overall yield of the reaction (2.2%).
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Scheme 11: Synthesis of gem-dimethylaminocarbasugar 52.57 i) , acetone, aq. HCI (37%, cat.), rt, 4 h
(90%); ii, TBDPSCI, EtsN, DMAP (cat.), CHxCly, rt, 3 h (98%); iii, KMnQsa, acetone, 60 °C, 2 h
(74%); iv, 3,3-difluoro-3-bromopropene, n-BuLi, THF-ether— pentane (5:1:1), =100 °C, 2.5 h (82%);
v, NaBH., MeOH, reflux, 5 h (66%); vi, n-BusNF, THF, rt, 6 h (84%); vii, NalO4, H20, rt, 1 h (95%);
viii, MeNHOH-HCI, pyridine, rt, 12 h (85%); ix, Ac.O, DMAP (cat.), pyridine, rt, 12 h (100%); X,
Pd(OH),-C (20%), H> (5 atm), EtOH, rt, 19 h (92%). Overall yield = 2.2% from 46.

Furthermore, 3,3-difluoro-3-bromopropene is an expensive building block and its

synthesis is not trivial. The synthesis of this halide precursor, BrCH>CH>CF2Br, requires
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specialised high pressure equipment for the reaction between dibromodifluoromethane

and ethylene.®®

Deleuze et al. reported the synthesis of both gem-—difluorinated o- and B-D-
glucopyranoses for the first time by employing either a TIBAL or CIsTiOiPr based O-C
rearrangement (Scheme 12).%

Br
. =~ ~Br \\ . \\
D-Glucose ——'> BnO O _ii _  Bno O _iv_ Bno O
BnO—"2% BnO— 500 B0~ 00
"“OMe OMe
53 54 55
N\
Y BnO O vi vii OR viii
> BnO . _F —_— —_ >
BnO
F
56
CO2CO6
F
BBOO F
: BnO
/ OH
COch(JG A 59
BBOO F
"~ Bno Yo

58 \B&
COZCOG OH
F F
BnO —_—
Bno Fon| —= HQ FoH
BnO HO HO

60 62
Scheme 12: Deleuze’s rearrangement chemistry to difluorinated glucopyranoses 61 and 62.5° i) Swern

oxidation; ii) CBrs, PPhs; iii) n-BuLi (2.1 equiv.), Mel, HMPT, -78 °C, 75% over three steps; iv) a)
Ac;0, H2S0; (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) HMPT (10 equiv.), CBraF; (5 equiv.), THF, rt vi)
[Co2(CO)s] (1.5 equiv.), DCM rt; vii) TIBAL (5 equiv.), toluene, rt (Path A); viii) ClsTiOiPr (2
equiv.), DCM -78 °C, EtsBHLI (2 equiv.) (Path B); Overall Yield ~ 16% and 18% for 61 and 62,
respectively over 16 steps from 53.

Protection of the appropriate hydroxyl groups in D-glucose followed by oxidation and a
Ramirez-Corey-Fuchs reaction afforded alkyne 54. A one pot procedure, whereby

acetolysis at the anomeric position followed by hydrolysis and oxidation delivers lactone
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55. Difluorinated species 56 was prepared according to the procedure reported by
Motherwell et al.,”® which utilises dibromodifluoromethane as a building block and
reacts with HMPT to generate a difluorinated ylide in situ. This species reacts with the
lactone in a Wittig reaction to afford 56. The addition of dicobalt octacarbonyl generates
the Nicholas complex 57 in situ. At this point, depending on the target compound, O-C
rearrangement can be mediated either by the addition of TIBAL or CIsTiOiPr with both
transformations progressing through the common intermediate ketone 58. This key metal
mediated rearrangement is equivalent to the Ferrier carbocylization reaction. In this case
however rearrangement of the difluoro enol ether pyran 57 does not require the addition
of mercury salts, as is usually required.” The initial addition of TIBAL results in ring
opening to form the propargylic cation 63 (Scheme 13). The stability of this dicobalt
hexacarbonyl species lies in the ability to delocalise the positive charge onto the
C02(CO)s 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 of 63 allows for bond rotation to occur followed by ring closure to
afford ketone 58. In the case of the TIBAL induced rearrangement pathway, selective
reduction of ketone 58 occurs with delivery of hydride from the less hindered equatorial
position to give alcohol 59 (Scheme 13). Path B represents the ClsTiOiPr mediated
rearrangement and in this case addition of a reducing agent, LiEtsBH, is required. Whilst
the selectivity for TIBAL reduction was based on steric grounds, selectivity for hydride
delivery from the axial position using LiEtsBH is controlled by electronic effects where
hydride adds to be antiperiplanar relative to the axial C-F bond.” Alcohols 59 and 60
were then subjected to CAN (ceric ammonium nitrate) oxidation, to remove the cobalt

complex, reduction, ozonolysis, further reduction, and finally benzyl group deprotection
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to afford enantiopure gem-—difluorinated a- and B-D-glucopyranose, 61 and 62,
respectively. The group has used the same TIBAL-reduction rearrangement to produce
gem—difluorinated analogues of mannopyranose, 65a and 65b, and galactopyranose, 66a
and 66b, (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 Sardinha et al.: gem—difluorocarba-a-D-
mannopyranose, 65a; gem-difluorocarba-B-D-mannopyranose, 65b; gem-difluorocarba—a-D-

galactopyranose, 66a; gem-difluorocarba—B-D-galactopyranose, 66b.7

Ultimately, whether it be through the use of fluorinating agents or via intramolecular
rearrangements, all the methods described required the use of carbohydrate precursors to
produce difluorinated cyclitol analogues. The abundance of naturally occurring cyclitol
starting materials is limited and this restricts the diversity of difluorinated analogues
which can be accessed; a different starting material and often a different route is required
for each novel target. To overcome this problem, synthetic chemists have designed
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 analogues, but they also allow for the possibility of

controlling product stereochemistry.”™

2.6.2 Synthesis of fluorocarbasugars starting from fluorinated building blocks

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

metathesis.?

35



2.6.2.1 Cycloadditions

One particularly useful method for the formation of difluorinated cyclohexane
derivatives involves a Diels-Alder [4+2] cycloaddition. The LUMO energy of
fluorinated dienophiles are thought to be very similar to those of their defluorinated
counterparts, an effect known as the perfluoro effect. From an FMO perspective,
desfluorinated and difluorinated derivatives could therefore behave similarly in
cycloadditions.”® Wakselman et al. were the first to attempt this, reacting ethyl 3,3-
difluoroacrylate 67 with furan (Scheme 14).”

0o e EtO,C
COLEl F EtO,C i
i CO.Et i
i e AL e (2 coEt FlHE,
F F F O_
F E OH
67 68 69 70 71

Scheme 14: Wakselman’s cycloaddition and attempted ring opening.”” i) Furan, Znl,, hydroquinone,

80 °C; ii) Tetrabutylammonium fluoride trihydrate.

The cycloaddition was successful, with the authors reporting a 40% isolated yield of 68
as a mixture of endo/exo (4:1) epimers. Base induced ring opening of 68 however did not
deliver the desired diene 70. Instead the reaction afforded phenol 71 which was produced
through the loss of HF from 70 following ring opening.

Arany et al. subsequently developed a methodology that could successfully ring open the
product of cycloaddition using BusSnH followed by MeLi-OEt,."”® Initial reaction of
furan, 2-methylfuran and 2,3-dimethylfuran with alkenoate 73 successfully afforded a

mixture of endo and exo cycloadducts 74-76, respectively (Scheme 15).
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Scheme 15: Preparation of difluorinated cyclohexenols via a Diels Alder reaction.” i) CICO,Et,
Pd(OAC),, Cul, PhsP, THF, 60 °C, 2h, 70%; ii) furan, 2-methylfuran or 2,3-dimethylfuran, SnCly,
DCM, rtor 0 °C, 53% 74a, and 14% 74b from 72, 93% inseparable mixture of 75a and 75b from 72,
53% 76b from 72; iii) BusSnH, Pd.dbas.CHCIs, PPhs, PhMe, rt, 16h, 57% mixture of regioisomers;
iv) MeLi-OEt, THF, 0 °C, 79a =71%, 79b = 40%.

Taking 74a as an example, hydrostannylation was non-regioselective and instead
afforded a 1:1 mixture of stannanes 78a and 78b. It was therefore impossible to provide
either one of cyclohexenols 79a or 79b exclusively without careful separation of the
regioisomeric stannane mixture. Despite the inability to control regiochemistry and the
use of highly toxic tin species, this was the first time difluorinated cyclohexenols had

been prepared via a cycloaddition route.

This same methodology was utilised by Crowley et al. who managed to overcome the

major issues regarding regioselective ring opening (Scheme 16).”
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Scheme 16: Regiochemical control for synthesis of fluorinated cyclohexane derivatives 85. i) PhSCI,
CHClIs, rt, 89%; ii) Mg, HgCls, EtOH, 0 °C, 50%; iii) Amberlyst-15, MeOH, 85%;; iv) OsO4, NMO, t-
BuOH-acetone-water, 63%; v) H,, 5% Pd/C, EtOH, 100%. 7

The same Diels-Alder cycloaddition conditions were used to deliver the cycloadducts
74-76. However, instead of employing a hydrostannylation/stannate ring opening
procedure, the episulfonium intermediate 80 was generated by reaction of 74a with
phenylsulfenyl chloride. The formation of this intermediate in situ allows neighbouring
group participation of the ester functionality to deliver lactone 81, with the thiophenyl
group residing exclusively on C-6. Reduction followed by protection could deliver the
difluorinated cyclitol species 82. Reductive desulfonative ring opening with HgCl. and
Mg afforded the difluorinated cyclohexene 83 which could be dihydroxylated and
deprotected to deliver the densely functionalised polyol 85. This synthesis provides a
concise regiocontrolled route to difluorinated cyclitol species 85. One 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
diastereomers were inseparable and the cycloadducts were progressed as an isomeric
mixture. Moreover, the synthesis of 85 is lengthy requiring various
protection/deprotection steps which ultimately has a detrimental effect on overall yield
(approximately 5% 85 over eight steps). The synthesis also necessitates the use of highly

toxic SnClsin the initial cycloaddition.

2.6.2.2 Ring Closing Metathesis (RCM)

Audouard et al. developed a method to access difluorocyclitol analogues starting from
inexpensive and readily available starting materials. Construction of the carbocyclic
skeleton was achieved by applying Grubbs 2" generation catalyst 94 in a ring closing

metathesis reaction (Scheme 17).2° Treatment of trifluoroethanol with the appropriate
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allyl halide delivered the allyl ethers 86 and 87 in good yield (99% and 87%,
respectively).

IS A i %ﬁ SV

F _ Xx._Ph
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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 diols 95a-96b.%8° i) KOH, allyl halide,

99% for 86 and 87% for 87; ii) a) 2.2 equiv. t-BuLi, 0.9 equiv. cinnamaldehyde; iii) 3.0 equiv. NaBH4
for 90, 2.0 equiv. NaBHs for 91, 57% major diasterecisomer and 11% minor diastereoisomer of 92,
51% mix of diastereoisomers of 93; iv) 1 mol % 94; cis-95a (86%), trans-95b (82%), cis,trans-96a
(33%) and all cis-96b (15%).

The next step in the reaction involved a dehydrofluorination/metallation process with the
lithiated enol ether species 88 generated in situ reacting upon addition of the
electrophile, cinnamaldehyde. When n-BuLi was used as the base and acrolein as the
electrophile, the products from the reaction with ether 86 proved to be volatile and
extremely difficult to handle. Moreover, a significant by-product from this reaction was
hept-1-en-3-ol formed from the direct addition of n-BuL.i to acrolein. However, by using
t-BuLi as the base and cinamaldehyde as the electrophile this side reaction was
completely supressed. Allylic alcohol 89 then underwent a [3,3]-Claisen rearrangement
to afford dienes 90 and 91. Diene 90 could be reduced with NaBH4 to obtain a
diastereomeric mixture of diols 92 which could be separated by flash chromatography.

Both the syn- and anti- 1,2-diastereoisomers of diol 92 could undergo RCM to give a

39



racemic mixture of cyclohexene diols 95a and 95b, respectively. Unfortunately, the syn-
and anti- diastereoisomers of monomethylated diol 93 could not be separated and
subsequent reaction of the mixture delivered the diasteromerically pure compounds 96a
and 96b in poor yield (33% and 15%, respectively). Formation of the olefin-containing
cyclohexene diols 95a-96b meant that they could be subject to stereoselective
transformations such was the case for 96b which was transformed to tetrol 97 by Upjohn

dihydroxylation, Scheme 18.

R F F

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

Scheme 18: Asymmetric dihydroxylation of cis-96b. i) 5 mol % OsQg4, 2.0 equiv. NMO, t-BuOH,
Acetone, H>0, rt, 79%.

Kérourédan then explored the scope of this reaction by using the same conditions to
prepare a small library of cyclic diols from diols 98a-99c, with results of these RCM
reactions displayed in Table 6.1° Unfortunately, in the cases of 98d, and 98f pre-catalyst

loading had to be increased to 8.5 mol %.
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Table 6: Isolated yields of racemic mixtures of cyclic diols 100-103.%°

R' £ F OH 3R P
R2s OH
. ZPh
R®R? 64 R4 R OH
98a-f R*
i RCM, 94
or - PhCHCH, 100a-e
R' R F OH R F FF
R OH
Y Z “Ph " o
R3R2 A 4
OH R OH OH
99a-c
102 103
Diol R! R? RS R* %94  Time* Product Yield
(h) (%)°
98a H H H 0.5 0.75 100a 76
99a H H H H 0.5 0.75 101a 81
98b Me H H H 4 30 100b 79
99b Me H H H 5 48 101b 90
98¢ H H H Me 25 48 100c 77
98d Me H H Me 8.5 48 100d 81
98e H Me Me H 5 5 100e 83
99c H Me Me H 5 18 101c 80
anti-98f° H H Me Me 8.5 48 102 61
syn-98f¢ H Me H Me 8.5 48 103 20

2 Time taken for 100% conversion of acyclic diol;® Yield of isolated purified material ¢ An

inseperable mixture of diastereoisomers

Treatment of cyclohexene diol derivatives 100-103 by two different dihydroxylation
protocols (Upjohn or Donohoe)®:8 allows for rapid diversification with the ability to
access two different tetrol series, 104 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 high toxicity and cost
of OsO;4 the reagent can be used in catalytic quantities when employed alongside a co-

oxidant.®
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Scheme 19: Access to tetrols 104 and 105 from 100a.'® Upjohn conditions- OsO4, NMO, t-BuOH,
acetone, H,0, 58%; Donohoe conditions- OsO., TMEDA, DCM, 48%.

Anderl et al. further developed the scope of the reaction by accessing difluorinated
carbasugar phosphate analogues.®* Selective benzylation and phosphorylation could
deliver cyclohexene 107 which was treated under Upjohn dihydroxylation conditions.
The difluorinated cyclohexane diols 108 and 109 could be separated by careful flash
column chromatography. Using 108 as an example this could undergo global

deprotection to afford phosphate analogue 110 (Scheme 20).884

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

108 X = OH, Y=H

96a 106 107 hogrmiviiviipst
F F
, OPO(OH),
108 —4 »
HO" " “OH
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Scheme 20: Synthesis of difluorinated cyclohexane phosphates.®* i) n-Bu,Sn(OMe),; ii) BnBr, BusNI;
iii) NaH; iv) [(BnO).P0O].0; v) 0sO., NMO; vi) H,, Pd/C.

The RCM route described has a number of significant advantages. Starting from readily
available and inexpensive trifluoroethanol, access to fluorinated carbasugars can be
achieved in no more than four steps with minimal isolation and purification of products
required. The synthesis also avoids the problem associated with starting from
carbohydrate precursors in that it negates the need for 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, including stereoselective epoxidation and stereoselective nucleophilic

epoxide opening reactions.®®

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 hazardous 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 atoms in their scaffold.
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Aims

Difluorinated carbasugars constitute a unique class of carbohydrate analogue; however,
there are few examples in the literature describing the de novo synthesis of these
molecules. The work reported in this thesis has two main aims; the first is to develop the
Saegusa-Ito cyclisation of difluorinated silyl enol ethers 112 as a method for the
construction of cyclic difluoroketones 113. The second is to investigate an alternative
cyclisation strategy which utilises difluorinated enol acetals 115 in a novel ring closing
reaction to synthesise cyclic a-hydroxy ketones 116 (Scheme 21).

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 21: Retrosynthesis of cyclic difluoroketones 113 and 116.

Whilst a successful proof of concept had been previously demonstrated for the Saegusa-
Ito cyclisation the method still suffered from a number of limitations.® The initial 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 (Scheme 22). Consequently, no reliable yields for pure ketones had been
reported.

O
E FHO OH

F opec H2Q ¢ ODEC

113a 117a
Scheme 22: Ketone/hydrate mixtures typically isolated from cyclisation.

Successfully isolating pure a,a-difluoroketones and significantly improving reaction
yields formed the two major initial goals of the project. Achieving these goals were of
critical importance if the current methodology was to represent a tractable and efficient

route to difluorosugar analogues. Furthermore, the ability to effectively isolate and
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understand the behaviour of these cyclic difluroketones would serve as an excellent

platform for future work within the study.

The substrate scope of the cyclisation will also be examined with the aim of expanding

upon the current library of a,a-difluoroketones.

A range of copper(l) and copper(ll) salts will be screened in order to gain further
understanding into the influence of palladium catalyst and copper salt on the current redox
system along with various Pd(Il) sources. The co-catalysts to be investigated include
CuCl, CuClz, CuOAc, Cu(OAc)2 in combination with either Pd(OAc). or PdCl..

Once the Saegusa-Ito methodology has been successfully established the focus of the
project will shift towards developing a novel synthetic route into difluorinated
carbocycles, based on difluorinated enol derivatives 115. These substrates are of interest
as they potentially allow for a more atom efficient synthesis of cyclic difluoroketones.
Initial investigations will focus on attempting to translate the oxidative palladium(Il)
chemistry developed for the Saegusa-lto precursors across to these nucleophilic
surrogates. If unsuccessful we will look to explore alternative transition metals, namely
gold(l), to achieve the desired carbocyclisation. Gold(l) catalysis also provides a further
opportunity for diversification as, depending on the choice of substrate, this would allow

access to cyclic molecules bearing either an exocyclic alkene or exocyclic methyl group.
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3. Chapter 2: Saegusa-lto Cyclisation of Difluorinated Silyl Enol
Ethers

3.1 Saegusa-Ito Cycloalkenylation

3.1.1 Discovery and Application

In their seminal publication Saegusa et al. described the Pd(I1)-catalysed transformation
of silyl enol ethers of alkenyl methyl ketones into cyclic o,f—unsaturated ketones
(Scheme 23).%7

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%

Scheme 23: Saegusas’s cycloalkenylation of trimethylsilyl enol ethers.

A number of o,B-cyclopentenone derivatives were successfully synthesised using
stoichiometric quantities of palladium. Although 5-membered rings were readily
accessible with this methodology, 6- and 7-membered ring formation, and cyclisations
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 natural
products containing complex carbocyclic skeletons.® Remarkably, no efficient catalytic
version of the reaction was disclosed until 1998. Toyota et al. described a palladium
catalysed cycloalkenylation reaction of cross conjugated silyl enol ethers in the total
synthesis of ()-methyl atis-16-en-19-oate (Scheme 24).%° The synthesis of
bicyclo[3.2.1]octane derivative 118 was achieved in excellent yield under fairly mild

conditions with 118 being a key intermediate in the overall synthetic pathway.
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Scheme 24: Toyota and Ihara’s palladium catalysed cycloalkenylation towards the synthesis of

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

The bicyclo[3.2.1]octane motif has since been used by Ihara and Toyota in the synthesis
of a range of natural products including (-)-methyl kaur-16-en-19-oate (121), (-)-methyl
trachyloban-19-oate (122), C20 gibberellins (123a-c) and more recently (x)-aphidicolin
(124) and serofendic acids (125) (Scheme 25).%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
(+)-GA,,: R = H, R2 = H (123a) aphidicolin Serofendic acid B
T)-BA12: =r, =
+)- ‘R'= 2=H (123b
(£)-GA144: R = OH, R*=H ( ) 124 125

(#)-GAq40: R" = H, R? = OH (123c)
Scheme 25- Natural products synthesised from 118.

Successful cycloalkenylations required the use of bulky t-butyldimethylsilyl enol ethers.
The product of competitive dehydrosilylation 120 was more readily observed when the
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related trimethylsilyl- and triethylsilyl enol ethers were used.® Interestingly, and in
contrast to the observations reported by Saegusa, it is the exocyclic alkene which is the
most thermodynamically stable product on this template, with only trace amounts of

internal alkene detected (Scheme 24).

There has been some debate concerning the mechanism of the Saegusa-Ito cyclisation
with two different mechanistic pathways having been proposed to explain the formation
of the adducts.

3.1.2 Mechanism of action
The mechanism of action of the Saegusa-Ito cyclisation is closely related to that of
Saegusa-Ito oxidation which converts silyl enol ethers to enones (Scheme 26).%

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

Scheme 26 General Saegusa-1to oxidation.

Initial 1,4-conjugate addition of lithium dialkylcuprate to enone 126 followed by the
addition of TMS-CI affords the silyl enol ether 127. Addition of Pd(OAc): initially
produces the palladium-olefin coordinated species 128. Loss of the trialkylsilyl group
delivers the c-alkylpalladium intermediate 129 which undergoes B-hydride elimination
to afford enone 130. The difference between this mechanism and the cyclisation is that in
the presence of a terminal alkene moiety the oxo-m-allylpalladium(ll) species can

undergo carbopalladation before g-hydride elimination (Scheme 27).
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Scheme 27: Saegusa’s proposed mechanism for cyclisation henceforth referred to as the ‘oxo-m-

allylpalladium’ mechanism.

The mechanism of the Saegusa-1to cyclisation has been debated between various
research groups since its discovery in 1979. In their initial publication, Saegusa et al.
postulated that the reaction proceeded through an mn® oxo-m-allylpalladium(ll)

intermediate (Scheme 27).8°

Kende et al. have contested this proposed mechanism and argued against the formation
of oxo-m-allylpalladium(Il) intermediates in 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 intramolecular nucleophilic attack from the opposite face

by the silyl enol ether nucleophile.

PdX
_ o
(; Pd(I1)X, (; EP/\PG'X -HPdX g/vr isomerisation Q/
OSiMe; OSiMe; o) o 0

Scheme 28: Kende’s proposed mechanism for cycloalkenylation trans to Pd.

However, in their synthesis of carbacyclin analogues via a palladium promoted tandem
alkene insertion, Larock and Lee were in agreement with Saegusa et al. with regards to
the formation an of an oxo-m-allylpalladium(ll) intermediate and ruled out the
mechanism postulated by Kende based upon the stereochemical outcome of the

cyclisation (Scheme 29).%
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Scheme 29: Larock’s stereoselective synthesis towards prostaglandin analogues.

The authors believed that Pd initially coordinates to both the silyl enol ether alkene and
also the cyclopentene olefin 131. Transformation of this species to either a c-bonded or
oxa-m-allylic palladium complex 132 is thought to occur before facile cyclisation to the
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 conditions.*® For example the
use of bulky silanes such as TBDMS will favour nucleophilic attack trans to Pd whereas
use of the smaller TMS enol ether will favour the ‘oxo-m-allylpalladium’ mechanistic
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 to the Lewis basic sulfur strongly coordinating to Pd(Il). This
slows down carbopalladation and therefore makes the process competitive with f-
hydride elimination. The use of acetonitrile however overcomes this problem by acting

as a more labile ligand and avoids the extensive formation of mixtures.

Larock et al. have also reported the use of catalytic amounts of Pd(OAc). by using
oxygen as the oxidant, and DMSO as the essential solvent.® The mechanism which they

proposed for the oxidation of Pd(0) back to Pd(Il) is shown in Scheme 30.
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Pd0) + 0, — Pd]] H9AC_ 5oPdoAC

AN

HOOPdOAc + Me3sSiOAc —— = HOOSiMe; +  Pd(OAc),
Scheme 30: Oxidation of Pd(0) to Pd(I1) using molecular oxygen as the primary oxidant.

Because the concentrations of HOOPdOAc and MesSiOAc in solution are low, the rate
at which active Pd(Il) is regenerated is also low. The use of DMSO as a solvent
however is sometimes not particularly viable if the substrate molecules are particularly
lipophilic. It has also been reported that the solubility of oxygen gas in DMSO is
relatively poor.%

Palladium(I1)-catalysed carbocyclisations such as the Saegusa-Ito reaction involving C-C
bond formation by means of carbopalladation constitute an extremely useful class of
reaction. Critical to the success of such cyclisation strategies is the ability to efficiently
recycle palladium(ll) within an appropriate redox system. Oxidative Pd(Il) redox
chemistry underpins much of the work detailed within this first chapter and a greater
appreciation of this method of catalysis is therefore important to fully contextualise the
current study. Further aspects of Pd(I1)/Pd(0) oxidation chemistry and its application in
the carbocyclisation of alkenes involving B-hydride elimination shall now be briefly

discussed.
3.2 Palladium(I1) Oxidation Chemistry

3.2.1 Background
One of the first palladium(ll) catalysed processes to be reported was the Wacker process
in 1959 (Scheme 31).%

PdCl,+CuCl O
et —»2 2 )
H,0, O,

Scheme 31: Palladium (I1) catalysed Wacker process.

The industrially significant process involves the transformation of ethylene to
acetaldehyde in the presence of catalytic quantities of PdCl, together with a CuCl, co-
oxidant and molecular oxygen.®® This initial discovery played a decisive and
fundamental role in shaping modern organic synthesis by initiating an era of intense

research into palladium-mediated processes. These are now essential tools with very
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many applications in the syntheses of natural products, agrochemicals and

pharmaceuticals.®®1%

The versatility of palladium in catalysis is ensured by its ability to readily interconvert
between the oxidation states 0 and +2. Pd(0) complexes have d° configuration and are
nucleophilic at palladium whereas Pd(lIl) species which have d® configuration are more
electrophilic. In recent years, considerable attention has also focussed towards Pd(1V)
catalysis, in particular for the formation of carbon heteroatom bonds via C-H
activation.’®® The relatively ‘soft’ character of palladium gives the metal a higher affinity
towards ‘soft’ 6 and m donors compared to ‘harder’ groups like alcohols. As a result,
palladium can readily coordinate with a host of functional groups including alkenes,
alkynes and allenes.'® The bonding between a nucleophilic alkene and an electrophilic
Pd(11) species leaves the olefin susceptible to nucleophilic attack. This is because of the
instability associated with Pd(I1)-alkene complexes due to insufficient overlap between
the d-orbitals of Pd and the m* orbitals of the alkene.®® This feature means that Pd(ll)-
alkene complexes can act as catalytic species in a variety of reactions. In addition,
palladium can form complexes with a variety of ligands such as N-heterocyclic carbenes
(NHCs) and phosphines. The use of ligands in palladium catalysis is quite common
practice and can be used to optimise reactions by finely tuning the electronic properties
of the palladium centre.’® The choice of ligand can also have major effects on the

outcome of a reaction and can completely alter the reaction pathway in some cases.'®

3.2.2 Reoxidation of Pd(0)

Palladium(I1)-catalysed oxidation reactions are considered extremely useful methods for
the selective oxidation of organic molecules. For such a process to be catalytic, the Pd(0)
produced must be efficiently reoxidized back to Pd(ll) to ensure turnover and to prevent
precipitation of Pd black (Scheme 32).1%
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Scheme 32: Simplified catalytic cycle for palladium catalysed aerobic oxidation reactions.

Although the majority of palladium-mediated carbon-carbon bond forming reactions are
non-oxidative palladium(0) catalysed processes, there has been revitalized interest within
recent years with regards to Pd(l1) catalysed processes under oxidative conditions,%"1%®
However, one of the main problems which has hindered the development of Pd(Il)
methodology lies in identifying suitable reoxidation systems. Using the Wacker process
as an example, the overall effect of passing through one cycle is the generation of Pd(0)
(Scheme 33).1%°

1/2 Oy, 2HCI  HO

O
HCl +)J\R 2 CuCl, 2CuCl

H u R + H0
o) Pd(0)

I 2-
_Pd-- [PACl,] i
Cl / R Cl
OH H,0O 3\‘ /PdCI3

/\j
/%PdCI R™™S
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HPACI™ "4 R)\/ PdCI,
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N /}dem/(
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Scheme 33: Mechanism of Wacker Proccess.'®
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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
environmentally hazardous by-products, molecular oxygen as 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(Il), particularly in

the areas of alcohol oxidation and oxidative heterocyclisations (Scheme 34, Eq 1-
R oH cat Pd(OAc),
@/\ _latmO, @/\ e 110
DMSO
OSiMe; cat Pd(OAc),
1 atm 02
DMSO Eq.2%
n n=13

cat Pd(OAc),
HOZCﬁn _1amO, Eq. 3 11

DMSO

cat Pd(OAc),
1 atm 02

DMSO

112

4).95,111,112, 113

Scheme 34: Oxidative Pd catalysed reactions using O; as the sole oxidant.

It is important to note that the use of DMSO (Scheme 34, Equiv. 1-4) as the solvent is
critical for catalytic turnover. Stahl et al. have reported that DMSO coordinates strongly
to Pd(11) through sulfur.’** The ‘softer’ character of Pd(0) relative to Pd(II) suggests that
DMSO will coordinate in a similar manner via 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 0.%4115116 ynfortunately, 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 competitive.'!’ One
method that chemists have used to overcome this issue uses electron transfer mediators
(ETM’s). ETM’s, or co-oxidants, work by facilitating electron transfer from M" to the
oxidant via a low energy pathway thus competing kinetically with any side reactions of

the reduced form of the metal (Scheme 35).8
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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
Scheme 35: Influence of ETM on energy barrier of electron transfer for Pd catalysed oxidative

processes.

The Wacker process provides an excellent illustrative example of the principle of using
an ETM with the requirement of CuCl. to promote Pd(0) oxidation. It is proposed that an
interaction between palladium and copper chloride via bridged chlorides aids in the
oxidation of Pd by Cu(I1).1*° The CuCl produced is then readily oxidized by air back into
CuCl2.® Some of the most commonly used ETM’s include copper salts, MnO,
quinones,*?* TEMPO,® peroxides,'?? and various hypervalent periodinanes.!?® One of
the major problems associated with such oxidants 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 co-factors or ligands in specific transformations, removal of which

may perturb the catalytic system.

A successful alternative co-factor modulated oxidation based on a novel biomimetic
approach has been pioneered by Béckvall.'** 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 aerobic allylic oxidation
(Scheme 36).
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Scheme 36: Bickvall’s Biomimetic strategy.
Incorporation of an oxygen-activating macrocyclic iron(ll) phthalocyanine metal
complex (FePc) was essential in order for low loadings of catalyst and co-oxidants 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 detectable loss in activity. This biomimetic approach had been used previously by
Backvall in the allylic oxidation of olefins.'?® However, the ability for this technique to
be translated across to a carbon-carbon bond forming method is especially appealing
from a synthetic perspective. In fact, the number of oxidative Pd(Il) catalysed carbon-
carbon bond forming reactions reported in the literature is limited, particularly when
compared to Pd(0) methods. The lack of Pd(ll) methodology could be as a result of the
problems which can arise when carbon nucleophiles are employed under oxidative
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 reactions.?” Another potential problem is that the carbon nucleophile itself could

reduce the catalytically active Pd(ll) species to produce inactive Pd(0).1¢ 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(Il) oxidative carbocyclisation strategies of alkenes

involving B-H elimination.

3.2.3 Intramolecular oxidative carbocyclisations involving alkene-alkene coupling

In 1985 Itoh and co-workers described a Pd(Il) catalyzed oxidative cyclisation of 6-
(substituted allyl)aminouracils (Eq 2, Scheme 37).12° The authors had initially aimed to
prepare 7-deazacaffeine derivatives from these precursors by employing Wacker
conditions followed by an intramolecular cyclisation (Equiv. 1, Scheme 37). The
outcome of the reaction however afforded the 1,3-dialkylpyrido[2,3-d]pyrimidines as the

sole products.

0 Ry R
- Ri Pd(II)L2 20 mol% PACl, R Pd(II)L, 5 "
N )\ _1equiv.CuCl N R, B-hydride elimination "° N7 N | 2
Tamo, 0, O)\N SN Rs Rearomatisation 41\ SN
DMF/H,0 = 10:1 ! !

R R
i, 3h 4 4

0 0 o 0
O)\N SN O)\N SN O)\N SN O)\N SN

| IIEt | IIEt
13% 22% 25% 36%

Scheme 37: Eq 1. Proposed synthetic strategy; Equiv. 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 to be low yielding
despite the use of stoichiometric copper and high catalyst loadings. In 2003, Tius et al
developed an oxidative palladium catalysed Nazarov-type reaction which involved the
formation of cross conjugated cyclopentenones 135 from a-alkoxydienones 134
(Scheme 38).1%°
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Scheme 38: Pd(Il) catalysed Nazarov-type cyclisation.

The authors suggested that the electron deficient olefin is further activated by
coordination to palladium; intramolecular attack of the electron rich vinyl ether followed
by B-hydride elimination afforded the desired products. This methodology also required
high palladium loadings and afforded only moderate yields of cyclopentenones.
Widenhoefer used a similar approach in the synthesis of cyclohexenones by utilising the
nucleophilic capability of the enolic carbon in a number of stabilised carbon

nucleophiles (Scheme 39).1311%2
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Scheme 39. Widenhoefer’s oxidative alkylation of stabilised carbon nucleophiles.

A number of stabilized carbon nucleophiles were tolerated and successfully cyclised
under the reaction conditions including some which possessed substitution at the pendant
olefin, though these reacted in only modest yield. However, the substrate scope was
limited to that of stabilized carbon nucleophiles with enolization of the 3-diketones and
[-ketoesters critical for reactivity. An interesting observation reported was that
unsubstituted B-diketones could undergo a competing hydroalkylation pathway (Scheme
40).

5 mol% PdCI,(MeCN),

M
COMe 2.5 equiv. CuCl,

COzMe \\\COZMG

+

X DCE, 70°C

27% 47%

136 137
Scheme 40: Competing oxidative hydroalkylation pathway for unsubstituted B-ketoesters.

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 generates a palladium enolate. Subsequent protonolysis of this species delivers the

cyclohexanone 137 (Scheme 41).

OH O OH O 5-hydride
&\OMe hydropalladation @%OM _elimination_ &
PdCI

CI(H)Pd PdCI

0
| CIPd
““J\OMe J\

137
Scheme 41: Formation of cyclohexanone product of hydroalkylation.

O

Gem-dialkyl substitution along the 4-pentenyl chain of the cyclisation precursor prevents
formation of the requisite enolate complex by preventing palladium migration.
Substituted B-ketoesters are therefore not susceptible to this competing mechanism. 32 -
Diketones also favoured oxidative alkylation over competing hydroalkylation. This was
attributed to the fact that B-diketones possess a more favourable Kenoiketone than B-keto
esters.’*® The formation of enol intermediates during the cyclisation was thought to
destabilize the palladium olefin interaction, thereby increasing the rate of alkene

displacement compared to hydropalladation. 32

Following on from this work Yang et al developed a similar strategy, this time involving

the oxidative cyclisation of B-ketoamides under mild conditions (Scheme 42).13

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
| N'\/Ie2 | N|\/|62 \ NM92 TS\N \ NMeZ
c)C/N o) Ts—

68% 97% 91% 62%
Scheme 42: Yang’s oxidative carbocyclisation of B-ketoamides.
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A number of N- and O- heterocycles were synthesised in good to excellent yields
including seven and eight membered rings which had been inaccessible with previous
methodology. A further attractive feature of this protocol is the use of molecular oxygen
as the sole oxidant. This overcomes the issues associated with copper salts by improving
atom efficiency and reducing reaction waste. The difference between Yang and
Widenhoefer’s work is the requirement of a highly oxophilic Lewis acid, Yb(OTf)s. The
authors state that this is critical for promoting enolisation and nucleophilic attack of the
terminal alkene. Unfortunately in a number of cases, including the synthesis of the seven
and eight membered heterocycles, palladium loading had to be increased to as much as
30%.

Palladium(I1)-catalysed oxidative carbocyclisations have also featured as key steps in the
synthesis of a number of natural products. Inspired by the work of Widenhoefer, Cai et
al. worked towards the synthesis of Hamigeran B (Scheme 43).1*® In this instance the o-
hydroxyenone 138 was utilised as a nucleophile, and under the given redox conditions,

the subsequent cyclisation proceeded smoothly to afford a-diketone 139 in 87% yield.

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

Scheme 43. Towards the synthesis of Hamigeran B

Impressively, catalyst and co-oxidant loadings could be lowered to as little as 3 mol %
and 1.5 mol% respectively whilst still achieving catalytic turnover and excellent product
yield.

A further example where a Pd(I1)-catalysed cyclisation process has been employed is in
the total synthesis of Mycalamide A (Scheme 44).1%¢
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Scheme 44: Palladium (I1) 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 palladium is not merely activating the alkene towards
nucleophilic attack. The reaction proceeds via a palladium-catalysed tandem cyclisation
sequence where an initial Wacker-type reaction generates the o-alkylpalladium species
141. This electrophilic Pd(ll) species accepts the terminal alkene as a ligand and
subsequent carbopalladation affords the exocyclic double bond containing pyran ring
142 in a good yield of 78%. It could be argued, however, that one of the drawbacks of

this process is the requirement of higher palladium loadings.

3.3 Initial Objectives

The aim of the current study was to provide a novel approach to construct difluorinated
carbocycles by utilising a Pd(Il) catalysed intramolecular cyclisation. Whilst there is
precedent for catalytic oxidative Pd(ll) cyclisation strategies there are no reports of
applying this method for the synthesis of selectively fluorinated carbocycles.'?” The
design and synthesis of geminal difluoro compounds is an extremely important objective in
medicinal chemistry owing to their unique biological properties, such as enzyme inhibition,
pKa modulation and improving metabolic stability.?® The proposed route would overcome
some of the issues associated with existing methodologies such as the use of costly and
hazardous reagents. Moreover, Pd(ll) catalysis offers advantages over Pd(0)
methodology such as circumvention of the necessity of an inert atmosphere. 3

The work detailed in this chapter will focus primarily on the application of difluorinated
silyl enol ethers in a Saegusa-Ito cycloalkenylation, features of which include; expanding
substrate scope; understanding 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 Cyclisation Precursor Preparation

Trifluoroethanol is an inexpensive, commercially available and extremely versatile
feedstock used in the synthesis of a range of fluorinated molecules. It is this particular
building block which underpins much of the chemistry detailed within this thesis. Initial
protection of trifluoroethanol affords carbamate 111 which undergoes
dehydrofluorination/lithiation via an E2 elimination in the presence of two equivalents of
lithium diisopropylamide (LDA). This process generates organometallic intermediate
143 (Scheme 45).1%°

ODEC

N > N
F3C i) O FsC Li

CI)J\N/\ F

K 111 143

Scheme 45: Trifluoroethanol protection followed by carbamate dehydrofluorination/lithiation.

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

Addition of either an aldehyde or ketone electrophile generates lithium alkoxide 144
which can go down either of two pathways (Scheme 46).24°

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
o], 8
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

Scheme 46: Generation of allylic alcohols, and dilfluoromethyl ketones (DFMK) through a competing

transacylation pathway.

The first pathway involves trapping the alkoxide with BF3-OEt; followed by aqueous
workup to afford difluoroallylic alcohols 145 (Scheme 46, path A). The second and
competitive pathway consists of a cyclisation process followed by ring opening
(transacylation), the driving force being formation of the thermodynamically more

favourable enolate species 146 (pKaF (OH) =~ 10-11 in water cf. alkoxide oxygen alcohol
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pKa = 16-18 in water).'** Protonation of these enolates affords the corresponding
difluoromethyl ketones 147 (Scheme 46, path B). Such a process has now been utilised
in the preparation of cyclisation precursors by instead trapping enolate 146 with a hard
silicon electrophile to afford silyl enol ethers (SEE) 112 (Scheme 47).

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

Scheme 47: Preparation of SEE’s.

Investigations had previously been performed to determine the effects of varying the

degree of trialkylsilyl substitution on the enol ether starting material (Figure 26).%

) J o’\Si\/ A(SA\
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F _ O\H/NEtz O\H/NEtZ
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Formed in good yield Decomposition during Could not be formed
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F @)
=

Formed in good yield
Figure 26: Properties of various SEE’s.

The corresponding tert-butyldimethylsilyl (TBDMS-), triethylsilyl- (TES-) and
diethylisopropylsilyl- (DEIPS-) enol ethers were synthesised successfully using 5-hexen-
2-one as a standard electrophile. The attempted synthesis of triisopropylsilyl (TIPS-)
enol ethers was unsuccessful whereas the purification of trimethylsilyl- (TMS-) enol
ethers proved problematic. The failure of the former to react was attributed to steric
repulsion between the triisopropyl groups of the silane and the adjacent carbamate.*?
While enolate 146 reacted successfully with TMS-CI, the resulting TMS-enol ethers

were extremely sensitive, decomposing on silica during column chromatography. The
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TBDMS- and DEIPS- enol ethers could be isolated successfully; however, these proved
to be ineffective substrates for cyclisation compared to the TES- analogue. The DEIPS-
and TBDMS- species were consumed less fully in the cyclisation reactions (details of the
cyclisation procedure will be discussed in further detail in Section 3.4.4).
Chlorotriethylsilane (TES-CI) was therefore the preferred choice of electrophile in the
current work and was used to synthesise the SEE’s from a range of aldehydes and
ketones in good to moderate yield (Table 7). In the case of 112g, it was possible to
separate the cis- and trans- diastereoisomeric adducts chromatographically. It should be
noted that these difluorinated silyl enol ethers have a limited shelf life (approximately
one week storage in the refrigerator). After this time, slow decomposition of the silyl
enol ether to the corresponding difluoromethyl ketone 147 (DFMK) was observed
(Scheme 48).

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

Scheme 48: Decompositon of 112 to 147.
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Table 7: Difluorinated silylenol ethers 112 prepared from 111.2

One pot sequence Et;SiO
ODEC )2 equiv. LDA, THF, -78 °C, 2 h E Ri R
> 7 2
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 dr
N TESO
hidhe P N 112a 67% i
O F ODEC
X TESO
| F\M 112b 63%¢ -
o F ODEC
TESO
| X F~” N 112¢c 67% -
o) F  ODEC
TESO
}X/\ F# N 112d 61% -
(0] F ODEC
TESO
N Fe s N 112e 38% -
e} F ODEC
o)
ij/v/ 112f 71%¢ 19:1
trans:cis
o)
fﬁ/v/ 112g 43% -
(¢
o)
= N
fﬁ/v 112h 57%¢ 6.7:1
N trans:cis
Boc
o)
fﬁ/v/ 112i 69%" 11.5:1
trans:cis
s
o)
= .
fﬁ/v 112] 2504 5.3:1
S trans:cis

77N

2 All reactions were carried out with 5 mmol of 111 unless otherwise stated °dr determined by *F NMR spectroscopy ¢ 10
mmol scale (68%), at 40 mmol scale (70%) ¢ 10 mmol scale ®Isolated as a mixture of cis- and trans- diasteroisomers, major
isomer shown. 6.5 mmol scale, cis- and trans-diasteroisomers could be separated chromatographically.
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It is also worth noting that in the preparation of SEE derivatives a slight excess of
electrophile is used to ensure that 111 is trapped fully and to attenuate the formation of

vinyl silane 148 (Figure 27).

ODEC

F
sk,

F

148
Figure 27: Vinyl silane side product observed in preparation of silyl enol ethers.

In an earlier attempt to synthesize 112c examination of the *F NMR of the crude
reaction mixture (Figure 28) showed four distinct peaks. The doublet at -103.7 (2Jrr =
77.2 Hz) and doublet of doublets at -114.6 ppm (3Jrr = 77.7 Hz, “Jen = 2.9 Hz)
correspond to 112c whilst the two doublets at -80.6 ppm (2Jr-r = 47.8 Hz) and -102.6
(Jer = 47.8 Hz) are associated with 148.

@19F offsel_minus100 COCI3 {i

—_—
—

-70 -80 -90 -100 -110 -120 [ppm]
Figure 28: *°F NMR spectrum of crude reaction mixture in preparation of 112c.
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Though only trace amounts of 148 were detected (97:3 112c¢:148 by °F NMR), it was
not possible to separate the vinyl silane from the desired product by chromatography.

The formation of this species can be associated with an 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 that products are free from vinyl silane which appears

to impede cyclisation.®

One of the lowest SEE yields to be recorded was that of sulfone 112j. On inspection of
the ®F NMR of the crude reaction mixture it appeared that the reaction contained

predominantly enol carbamate (Figure 29).14®

149
Figure 29: Enol carbamate detected in crude reaction mixture in preparation of 112j.

The presence of enol carbamate indicates that either ‘wet’ electrophile was added to the
reaction mixture or that lithiated enol carbamate 143 had deprotonated the sulfone
electrophile. However, because a C-H bond adjacent to a sulfone functionality is less
acidic than a C-H bond adjacent to a carbonyl group the formation of 149 was attributed

to the former explanation (Figure 30).24

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

The sulfone electrophile was formed by oxidation of the corresponding sulfide and was
the only electrophile to exist as a solid. Despite vigorous attempts to dry the material by
storing in a vacuum oven for one week (40 °C/0.75 mmHg), significant amounts of enol

carbamate were returned from the reaction (Figure 31).
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Figure 31: *®F NMR spectrum of crude reaction mixture in preparation of 112j.

Initially, it was unclear whether or not the weaker broad signals at -98.9 and -109.9 ppm
did in fact represent the desired product. Annelative precursors often existed as a mixture

of cis- and trans- diastereoisomers represented as 4 distinct signals by °F NMR.

Following purification of the crude reaction mixture, variable temperature (VT) °F
NMR experiments were conducted which revealed the desired product as a mixture of

cis- and trans-diastereoisomers (Figure 32).
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Figure 32: F VT-NMR experiment of 112j revealing the desired product as a mixture of cis- and
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trans- diastereoisomers.

Interestingly, *H and **C NMR spectra were sharp, therefore it was only the *°F nucleus
which suffered from this extreme line broadening at room temperature. One possible
explanation for this phenomenon lies in the relationship between fluorine chemical shift
anisotropy (CSA) and the T» relaxation time. This is represented by Equiv. 1 where T»
represents the spin-spin relaxation time, o — o, the shielding anisotropy, wr the
chemical shift frequency of the free species in solution and tc the correlation time.

Equiv. 12 2, (21 1
1 TR GV R A PR ¥ conpree

T,
The shielding anisotropy is often relatively small for the *H nucleus (o) — oL =5 ppm)

but can be much larger for heavier elements such as *F (o, — o, =~ 1000 ppm).'*®

Because there is an inverse relationship between °F CSA and T, the value of T, will
decrease as the value of the CSA increases. The spin-spin relaxation time is also related

to peak linewidth (W1.) by the following equation:

Equiv. 1
5 Wi = T

A lower T2 will generate resonance signals with extremely broad lineshapes in the

resulting 1D *°F NMR spectrum. Equation 1 also highlights the principles of VT NMR in
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which heating molecules in solution will result in a decreased correlation time (tc) and

therefore a larger T value resulting in well resolved signals in the 1D NMR spectrum.

With the cyclisation precursors in hand, the first goal was to try and isolate pure a,a-
difluoroketones. Secondly, if hydrate formation could be understood, it might be

possible to improve the overall reaction yields.

3.4.2 Work up and isolation modifications
The reaction conditions that currently existed for the cyclisation procedure had

previously been established following a preliminary optimisation process (Scheme 49) .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 49: Optimised reaction conditions for cyclisation of 112a.

However, in order for the Saegusa-Ito methodology to become a more effective and
attractive synthetic protocol, two aspects required improvement; the isolation of pure
a,a-difluoroketones was essential and higher overall yields were sought.

The cyclisation of 112a was chosen as a standard protocol to investigate these issues
before utilising different silyl enol ethers (vide supra) in the cyclisation.

The cyclisation of 112a under the optimised conditions resulted in an extremely clean
reaction. The °F NMR spectrum of the crude reaction mixture contained two doublets at
-103.8 and -117.5 ppm with large coupling constants (23Jrr = 251 Hz), characteristic of

geminal F-F coupling in cyclic compounds (A in Figure 33).14¢
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Figure 33: A) F NMR spectrum of crude mixture of cyclisation of 139a B) °F NMR spectrum

following flash column chromatography.

However, a second broad set of signals at -115.2 and -118.9 ppm appeared following
purification of the crude material by flash column chromatography (B in Figure 34).
These signals have since been attributed to the hydrate and while the *F NMR spectrum
is ambiguous because of the presence of such broad signals, the 3C NMR spectrum of
the mixture shows two complete sets of signals associated with the ketone and

corresponding hydrate.

The mixture was isolated as an oil following chromatography; however, the hydrate had
previously been crystallised and its identity confirmed by XRD and microanalysis. It
was not possible to obtain NMR data of the pure hydrate as crystals of the hydrate

equilibrated to the mixture when taken up in CDCls.

The hydration of a,a-difluoroketones is well documented and has been attributed to the
effects imposed by the adjacent fluorine substituents. These highly electronegative atoms
are less destabilising on a less electronegative sp® carbon centre than on a more
electronegative sp? carbon centre. This makes the carbonyl carbon more susceptible to

7

nucleophilic attack by water and is the driving force for hydration.!*” The dramatic

effects of fluorine substitution on the hydration equilibrium constant (Knyar =
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[hydrate]/[ketone]) becomes apparent when the values of Knyr for acetone, a-

fluoroacetone and a,0,0—trifluoroacetone are compared (Table 8).14

Table 8: Equilibrium constants for covalent hydration of selected carbonyl compounds.

Compound Khydr
acetone 0.0014

a-fluoroacetone 0.17
o,a,0—trifluoroacetone 32.36

The tendency of difluoroketones to hydrate readily can play an important role in
medicinal chemistry. In a biological context, hydration 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 difluoroketones were not
desired. Combined with the electrophilic nature of the carbonyl group in 113a and the
use of potentially wet silica gel it is not surprising that hydrate formation during the

purification process is observed.

Given that both ketone and hydrate are in equilibrium it should be possible to drive the
equilibrium towards the ketone through the removal of water (Figure 34).

0
- HO_ OH
H,0
F ODEC ——==_ 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 successful with the broad signals associated with
117a collapsing in the *°F NMR spectrum (B in Figure 35).
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Figure 35: A) °F NMR spectrum of ketone/hydrate mixture 113a/117a. B) **F NMR spectrum of

113a/117a following evaporation of toluene solutions.

This technique for removing water afforded the desired ketone as an oil; however, it was
possible to convert it into a solid simply by triturating the oil with pentane. The solid
material was bench stable and could be stored at room temperature without observation
of any product decomposition. However, following a prolonged period of time (1 month)
traces of hydrate could be detected by °F NMR. Rather than subjecting the solid mixture
to the azeotroping procedure it was instead placed inside a vacuum oven at 40 °C and 1
mbar for 48 hours. Analysis of the solid after this time revealed that the solid
ketone/hydrate mixture had been converted fully to the o,a-difluoroketone 113a. This
method of drying was much more attractive as it did not require the use of solvent and

was more practical than the azeotroping method.

An attempt to convert 113a fully to the hydrate was made by stirring 113a in a 1:1

mixture of water and tetrahydrofuran (THF) for 48 hours (spectrum B in Figure 36).
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Figure 36: A) F NMR spectrum of a,a-difluoroketone 113a B) *F NMR spectrum of crude reaction

mixture.

Though increased levels of hydrate were observed a significant amount of ketone
remained in the reaction mixture and no further attempts to synthesise the pure hydrate

were made.

With access to this oven drying procedure, it was then possible to isolate and
characterise pure ketones with improved and reliable yields compared to previous

attempts (Figure 37).5

O

O o
r [ opEC F opec R JODEC R BEC
i
113a 113c 113d 113f 1139
49% (mixture) 22% 32% 49% (Mixture) 71% (Mixture)

Figure 37: Previously reported yields of o,a-difluoroketones and mixtures of hydrate and ketone.8

Furthermore, the hydration of a,a-difluoroketones was not universal and it would appear
that the inductively electron-withdrawing effect of fluorine may not be the only factor in
determining ketone hydration. On comparison of the crystal structures of the

monomethylated hydrate 117a and the gem-dimethyl ketone 113c it is clear that the
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(N,N-diethylcarbamoyloxy) (DEC) group occupies a different position in each case
(Figure 38).8¢ For 117a the DEC group lies in the pseudo-axial position whereas in 113c

it adopts the equatorial position.

W/

Figure 38: X ray crystal structure of hydrate 117a (left) and ketone 113c (right).

In the pseudo-axial position there is clear potential for hydrogen bonding interactions
between the carbonyl functionality of the DEC group and the hydroxyl groups of the
hydrate. However, distance constraints would prevent these interactions when the DEC
group lies in the equatorial position, as is the case for 113c. The availability of the DEC
group to stabilise the hydrate form may therefore play an influential role in determining
the ease of hydrate formation. However, though species 113c and 113d resist hydration
the previously reported yields were still low.2® To address these poor yields, the work up

and purification procedure was revisited.

The original work up and purification procedure consisted of concentrating the reaction
mixture onto silica, then dry loading the material onto a silica plug and eluting with a
chosen solvent system before finally purifying the crude material by flash column
chromatography. However, avoiding silica altogether might inhibit hydration and aid in

the isolation of pure ketones.

Following completion, the reaction mixture was filtered through a plug of celite to
remove insoluble metal salts and eluted with diethyl ether. The filtrate was concentrated
to afford the crude product as a dark brown oil which, although clean by °F NMR, was
contaminated with palladium and copper residues. The presence of these metals was
suggested by extensive streaking of the crude product on silica plates. Removal of these
metal contaminants was essential in order to afford clean product. This issue is one
commonly faced within the pharmaceutical industry in the synthesis of active

pharmaceutical ingredients (APIs). In medicinal chemistry, palladium catalysed
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reactions such as Negishi and Suzuki cross couplings are often key transformations
towards the synthesis of new APIs. The problem with employing such metal-catalysed
chemistry is that expensive and extremely toxic metal residues may contaminate the
API. With strict European guidelines on the allowable limits of metal contaminants
associated with APIs (<10 ppm for Pd), the discovery of efficient methods of removing

these contaminants is of fundamental importance.**

In recent years the emergence and development of metal scavenging kits have helped to
address this issue. Silica-based metal scavengers developed by PhosphonicS Ltd. have
been shown to have useful binding affinities to palladium in various oxidation states
(Figure 39).2°2 As well as palladium, these 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
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Matrix LLH—H Matrix LH'HI

Figure 39: 3-Mercaptopropyl ethyl sulfide Silica (SPM32, left) and Triamine ethyl sulfide 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 to palladium (Figure 40).1%

OS\/\/SH Q

S
Pd(0) ~——— Pdéj

7

H
Figure 40: Chelation of sulfur based metal scavenger with palladium (0) species.

The SPM32 and STA3 metal scavengers were implemented in the new work up
procedure in the hope of simplifying purification. An instant colour change from
colourless to black was observed in the solid support when it was added to the crude
reaction mixture in diethyl ether. The mixture was stirred for thirty minutes, then the
silica was filtered off and the filtrate was concentrated to afford a colourless oil. On
closer inspection it was apparent that the oil contained a small amount of solid. This
solid was not present in the crude mixture before being scavenged and only appeared
following effective sequestration of the metal contaminants. Trituration of this oil with

pentane afforded ketone 113a as a colourless solid (Figure 41).
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Figure 41: Solid ketone 113a formed following addition of pentane to crude reaction mixture post-

scavenge.

This material proved to be of high purity; a satisfactory CHN analysis was obtained, and
no further purification was required. The importance of the metal scavenger cannot be
overstated as its use allows the desired products to be isolated without chromatography.
With this new work up and ketone isolation procedure in place, the generality of this

method was tested by synthesising a range of a,a-difluoroketones.

3.4.3 Substrate scope

It was then possible to isolate a range of ketones in good to excellent yields (Table 9)
following successful cyclisations using the scavenger method. When the ketone was
susceptible to hydration, trituration would afford a solid mixture consisting of ketone
and hydrate. However, in such cases, the material could be converted fully to the ketone

by drying in a vacuum oven.

The annelative cyclisations of 113f-h and 113j were successful using only 5 mol %
palladium however most annulations, with the exception of 113c, required higher
palladium loadings (10 mol %). This feature could be attributed to the lower reaction
entropies associated with the annelative processes; the presence of a pre-formed ring
system reduces the number of degrees of freedom available to the cyclisation precursor

resulting in a lower loss of entropy in the rate-determining step.
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Table 9: Palladium catalysed cycloalkenylation of silyl enol ethers.!?

TESO

1

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

1

""ODEC

F
> F
,3

R
~ Ro MeCN (Air sparged) R,
F Rs 70°c,18h
112a f
. Previous
0, 0,
SEE Product Pd (mol %)  Yield (%) vield (%)
OTES o
F
F%(\/\ F obec  113a 10 52lb] 49l
F ODEC
TESO . 0
N N Fj/iK/(ODEC 113b 50 ot -
F ODEC
TESO . o
N N Fﬂm 113¢ 5 72l 22
F ODEC
TESO e 5
N N F ODEC  113d 10 67 32
F ODEC
o]
TESO F
Fa N F ODEC 113e 10 72lel -
F ODEC
FTEi) ODEC E o ODEC
L F 113f 5 719 49
H -
= H
TESO
) ODEC £ 9 opEc
F o F ) 113g 5 90 71
2" H
TESO
F ) ODEC . 9 5pEC
F NBoc Fﬁ)\moc ll3h 5 73 -
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SO
FTE/ ODEC E 9 5pEc
: s Fij‘;\s 113i 5 oth! -
JH A
O
FTEi ODEC E 9 5pEC -
H O iy
=

H (e}

[a] Unless otherwise stated all reactions were carried out with 1.0 mmol of SEE. [b] At 3 mmol scale (68%), at 10 mmol scale

(70%) [c] mixture of ketone and hydrate [d] 1.23 mmol scale. [e] 0.91 mmol scale. [f] Only enal 150 could be isolated cleanly

from the reaction. [g] 1.22 mmol scale [h] The reaction time was 144 h [i] Isolated as a mixture of trans- and cis- bicyclic

ketones (trans:cis 87:13).
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Previously reported yields®® were improved and three novel ketones were also formed

including spirocycle 113e, N-heterocycle 113h and sulfone heterocycle 113;.

3.4.3.1 The Thorpe-Ingold Effect

An interesting comparison from Table 9 is between the cyclisation of the cyclopropane
substituted SEE 112d with that of the corresponding gem-dimethyl 112c. The former
annulation required a palladium catalyst loading of 10 mol % whereas the latter required
only 5 mol % Pd(OAc).. Attempts to cyclise 112d at lower catalyst loadings (5 mol %)
returned only starting material, even after stirring at 70 °C for one week. The slower
reaction profile attributed to the cyclopropyl analogue may have been caused by a
reverse Thorpe-Ingold effect. The origins of the Thorpe-Ingold effect (or gem-dialkyl
effect) lie in the correlation between distance between reactive termini (dictated by
changes in the bond angles between the carbons of an open chain structure) and relative

rate of cyclisation (Figure 42).1%

H H R H R R

< ~
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
Me%gMe Me Me Me Me
112.2° 111.1° 109.5°

Figure 42: Origins of the Thorpe-Ingold effect.

The rate enhancement of ring closing reactions from the replacement of hydrogen atoms
on the carbon tethering two reacting centres with alkyl substituents has been well
documented.’®>*% However, in the case of cyclopropane substitution the geometric
demands of the cyclopropane ring cause the angle between reactive termini to increase

and therefore lower the rate of cyclisation.'****

X(HZC)m 93 (CHz)nY
>109.5°

Figure 43: Angle constraints imposed by cyclopropane ring.

Replacement of the cyclopropane ring in 112d with cyclopentane should theoretically
decrease the bond angle in the alkyl backbone and, if the Thorpe-Ingold effect is playing

an important role, lead to an increased reaction rate for 112e. Indeed, when the

80



cyclisation of 112e was attempted with a Pd(OAc). loading of 5 mol % complete
consumption of 112e was observed after eighteen hours. Unfortunately, the reaction
afforded a complex mixture by °F NMR and spirocycle 113e could only be isolated in
13% yield (95% pure by *H NMR). Despite this poor yield the complete consumption of
112e would suggest that the Thorpe-Ingold effect could in fact be playing a minor role in

the reaction system.

3.4.3.2 Attempts to synthesise 113b

Unfortunately all attempts to isolate the least substituted monocycle 113b were
unsuccessful. At lower catalyst loadings (5 and 10 mol %) the reaction afforded an
extremely complex mixture by °F NMR; for the reaction at 10 mol % Pd loading the

spectrum was dominated by a triplet at -131 ppm (*Jur = 6.9 Hz).

Following purification by chromatography the major product was identified as enal 150
(Scheme 51).

OTES

o) O
F ODEC
= Saegusa- R ODEC . F ODEC
Ito F oxidation
F —_— —_—
_ |
O g%
112b 113b 150

Scheme 50: Formation of enal 150 from attempted cyclisation of SEE 139b.

Enal 150 is formed as a result of oxidation of the terminal alkene in what appears to be a
Wacker type process with reversal of the usual regiochemistry. However, understanding
the formation of 150 is not trivial. It has been shown previously that such oxidations
displaying reversed regioselectivity are possible in palladium/copper catalysed systems
(Scheme 51).1581%°
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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
Scheme 51: Examples of reversed Wacker regiochemistry.

It is worth noting that the unique nature of the substrates and reaction systems
highlighted in Scheme 51 are what is responsible for the observed selectivity. The
oxidation of 1-decene (Eq 1) required the use of a bulky alcohol in order to achieve
selectivity for the aldehyde, a feature which is absent in the Saegusa reaction
conditions.’® Although selectivity is observed, the reaction is extremely inefficient and
only a 7% yield of the corresponding aldehyde is reported.

Whilst diene 151 (Scheme 51) is structurally similar to o,a-difluoroketone 113b
(presumably the precursor to enal 150), the authors believe that the presence of the

monosubstituted terminal olefin is what drives aldehyde selectivity.>®

To confirm if a Wacker oxidation was occurring, monomethylated o,a-difluoroketone
113a was subjected to the cyclisation conditions (Scheme 52). The palladium loading
was increased to 20 mol %, the reaction time extended and the solvent system now
consisted of acetonitrile saturated with 20% v/v water. If a palladium catalysed Wacker-
type process was occurring, these conditions were expected to favour formation of the

corresponding enal 152 (Scheme 52).
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MeCN (Air sparged) |
[H,0] 20% viv o
70 °C, 96 h, air
113a 152

Scheme 52: Attempted formation of enal 152.

Surprisingly, enal 152 could not be detected. This result suggests that either the
formation of enal 150 occurs exclusively for that particular substrate, or its formation is
not palladium catalysed. In standard Wacker oxidations, nucleophilic attack by water on
the palladium coordinated alkene is a polar addition and selectivity is therefore governed
by Markovnikov’s rules, with water adding to the more substituted carbon.*®® Along with
the fact that the concentration of water in the cyclisation of 112b would have been very
low, it seems unlikely that the classic Wacker mechanism can be used to rationalise the

formation of 150.

If water is not the source of the aldehyde oxygen in 150, then its incorporation could
potentially be due to the presence of molecular oxygen. Most examples of Wacker type
oxidations of geminally disubstituted olefins with molecular oxygen often require either
high pressure equipment, electrochemical or photochemical techniques and/or unique
catalyst systems,161.162163.164 However, Che et al. have reported the aldehyde selective
ruthenium(lV) catalysed Wacker oxidations of terminal aryl alkenes using oxygen as the
terminal oxidant.!®®>% The authors propose that oxidation occurs via an
epoxidation/isomerisation process, although they admit that the exact mechanism of

action is unclear (Scheme 53).
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Scheme 53: Reverse Wacker-type oxidation performed by Ru(1V) catalyst.

Like ruthenium, palladium has the ability to exist in the +4 oxidation state and six
coordinate palladium (IV) dioxo species are known to exist as reactive intermediates in
Pd(lIl)-catalysed arene oxygenation reactions.'®” If a similar species was formed under
the current reaction conditions, then it may be possible for a similar
epoxidation/isomerisation mechanism to occur that would lead to the formation of enal
150 (Scheme 54).

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

Scheme 54: Possible intermediate responsible for formation of enal 150.

Another possible explanation for the formation of 150 may involve radical chemistry
(Scheme 55). The reaction of triplet oxygen with the terminal olefin of 113b followed
by a 1,3 hydrogen atom shift could potentially generate hydroperoxide 154. Quantum
mechanical calculations performed by Zhu et al. have predicted that 1,3 hydrogen shifts
involving peroxy radicals are inherently slow (41 kcal mol?), a feature which may

account for the low yield of 150, 8%.% Organic hydroperoxides are known to undergo
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transition metal-ion catalysed decomposition to alkoxy radicals and hydroxide anions
(Figure 44).169170

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

Alkoxide radical 155 could then disproportionate to form the corresponding enolate 156

which could readily eliminate fluoride to afford enal 150.%"

Given the observed regiochemistry of the product a radical based mechanism would
make more sense since radical type addition to 113b would occur selectively at the
terminal position. This is due to the increased stability of the tertiary radical intermediate
that would be generated.}’? Dioxygen/copper systems are known to exist as well as
oxygen coordinated palladium complexes; some feature in a number of oxidative
processes via radical based chemistry.}®1* The existence of such species could also

facilitate formation of enal 150 from 113b if present under the given reaction conditions.

. O
ODEC
F
5
/O/:-)
[M]--O
[M]=PdorCu
o} 53 O - o}
F ODEC -F F ODEC‘ disproportionation F
g £ .
é (_‘O Cu(ll) Cu() .0
150 156 155

Scheme 55: Proposed radical based mechanism to explain formation of 150.

Grubbs et al. have recently designed a catalyst-controlled Wacker type oxidation and
initially proposed a similar radical based mechanism to explain the anti-Markovnikov

selectivity observed in their systems (Scheme 56).17%176

85

ODEC

ODEC



PdCl,(PhCN),
CuCl,, NaN'80,

tBuOH/MeNO,

RN AP

80 transferred (81%)
Scheme 56: Grubbs’ catalyst-controlled Wacker oxidations.

In this case, 20 labelling experiments identified the nitrite salt as the oxidising agent in
the reaction. More recently Fu et al. performed DFT calculations to validate this radical
mechanism and found that a t-BuOH-ligated heterobimetallic nitrite Pd-Cu complex was
most likely to be the catalytically active species.'”” The observed regioselectivity was
attributed to a radical based 1,2-hydride shift (Scheme 57).

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

Scheme 57: Mechanism for aldehyde selective Wacker oxidation.'’’

The cyclisation of 112b was next attempted at 20 mol %, 50 mol % and 100 mol %
palladium loading (Figure 45).
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Figure 45: F NMR spectra of crude reaction mixture of cyclisation of 112b to 113b at A) 20 mol %
Pd(OAc)2, B) 50 mol % Pd(OAc), and C) 100 mol % Pd(OAC)..

The result from the reaction with 20 mol % palladium was initially encouraging
(spectrum A in Figure 45). The two doublets at -97.6 and -129.0 ppm had coupling
constants of 252.8 Hz, characteristic of geminal coupling in unsaturated o,o-
difluoroketones, therefore these signals were consistent with the formation of the desired
product 113b. Interestingly, enal 150 was not observed in the reaction and it appears that
it is formed in reactions with lower catalyst loading which are inherently slower.
Although no enal could be detected, a new side product was now present in the reaction.
Upon closer inspection of the signals at -65 ppm, it was clear that they were part of an
AB system ((6 = -65.0, -65.5 (ABq, Jag = 166.7 Hz)). This AB quartet was also present in
the crude reaction mixtures of the 5 mol % and 10 mol % Pd(OAc). experiments though
it had not then been identified. The chemical shift at which these signals appeared in the
1%F NMR spectra are characteristic of a —CF.X environment and it was expected that this
set of signals corresponded to chlorodifluoromethyl ketone (CDFMK) 157 (Figure 46).
Saegusa et al. have successfully chlorinated a range of silyl enol ethers to the
corresponding a-chloro ketones by using CuCl, as the chlorinating agent.}”® Although
the optimised reaction conditions uses CuCl with copper in the +1 oxidation state, initial
oxidation of Cu(l) to Cu(Il) by molecular oxygen is expected generating CuCl; in situ (a

more detailed discussion of the redox cycle will be made in Section 3.4.4). Therefore, a
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significant build-up of Cu(ll) could make difluorinated silyl enol ether 112b susceptible
to chlorination.

ODEC

157
Figure 46: CDFMK suspected to be formed in cyclisation of 112b.

In an attempt to elucidate the nature of the AB system, CDFMK 157 was synthesised

independently using Saegusa’s protocol for chlorination (Scheme 58).

TESO o]

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

Scheme 58: Synthesis of CDFMK 154,

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

mixture at 20 mol % Pd(OACc)., it appeared that the two sets of signals were not the same
(Figure 47).
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Figure 47: 1°F NMR spectra of A) Crude reaction mixture of cyclisation of 112b to 113b at 20 mol %
Pd and B) independently synthesised CDFMK 157.

The same spin system clearly exists in both spectra and both have similar coupling
constants (J = 166.8 Hz); however, the chemical shifts of the two sets of signals differ
slightly, 6 = -65.0, -65.5 (ABq, Jag = 166.7 Hz) and -64.9, -65.1 (ABq, Jag = 166.8 Hz) in
1F NMR spectra A and B respectively. The difference in chemical shifts between the
two is significant enough to conclude that CDFMK is not present in the crude reaction
mixture. The identity of this side product is still unclear; however, another possibility

could be that acetate 158 was formed (Figure 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.

Acetate 158 would still possess a -CF.X 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

ester 159 (Figure 48).17° On comparison of the chemical shift values of 158 and 159, it
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seems unlikely that ketone 158 is responsible for the signals observed experimentally;

however, its existence cannot be completely ruled out.

The unidentified side product observed in the 20 mol % experiment was not present
when higher catalyst loadings (50 mol % and 100 mol %) were used. However, trace
amounts of enal were once again present in the crude reaction mixture (Figure 49). At
these higher palladium loadings, broad peaks at -115.1 and -124.1 ppm could now also
be detected. Similar broad peaks had been observed previously for monomethylated

hydrate 117a, so these signals were attributed to the hydrated form of 113b (Figure 49).
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Figure 49: 1F NMR spectrum of the crude reaction mixture with stoichiometric Pd(OAc), containing

predominantly ketone 113b and hydrate 117b.

Unfortunately isolation of 113b from both the 50 mol % and 100 mol % reactions
proved troublesome. Trituration of the crude reaction mixtures with pentane afforded a
gummy solid, even after scavenging (with silica SPM32 or STA3), and attempts to
recrystallize the waxy material were unsuccessful. Purification of the crude product by
column chromatography initially appeared successful, and following drying, a colourless
solid consisting of ketone 113b and hydrate 117b was obtained. In an effort to isolate
pure ketone 113b, the mixture was subjected to the standard drying conditions (vacuum

oven for 48 hours at 1 mbar and 40 °C). Disappointingly, after this time the mixture had
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completely decomposed and no traces of ketone 113b or hydrate 117b could be detected.
At this stage, when considering the economical and practical limitations of the synthesis

no further attempts were made to isolate 113b.

3.4.3.3 Attempts to synthesise 113i
Another ketone which could not be isolated successfully was bicyclic heterocycle 113i

(Figure 50).
E Q ODEC
F
S

1

= T

Figure 50: Sulfide heterocycle 113i. )

The inability to cyclise sulfide 113i was not surprising considering the potential for
sulfur to coordinate to palladium. Stahl et al. have recently demonstrated that the sulfur
atom in DMSO can coordinate strongly to Pd(ll) species in solution.!** Owing to the
increased Lewis basicity of sulfide 112i compared to that of sulfur in DMSQO, a slow rate
of cyclisation was to be expected. Indeed, at 5 mol % Pd(OAc), the reaction was
incomplete by TLC after 24 hours. The mixture was left stirring for a further 120 hours
until SEE 112i had been fully consumed; however, after this time an extremely complex
mixture was obtained. Peaks at -98.6 and -124.8 ppm were assigned to the desired

product but only trace amounts could be detected.

The cyclisation was attempted once more at a loading of Pd(OAc). of 20 mol %. This
time the reaction was complete after 96 hours and, as in the cyclisation of 112b, the
higher catalyst loading afforded a cleaner reaction. Unfortunately, product isolation once
again proved to be problematic and trituration of the crude material with pentane once

again afforded a gummy solid.

Rather than repeat the cyclisation at higher catalyst loadings, it was instead decided to
address the issue regarding sulfur coordination to palladium. One way of overcoming
this problem would be to oxidise the sulfide precursor to the corresponding sulfone prior
to cyclisation. The sulfone analogue would also be an attractive motif from a medicinal
chemistry perspective since the sulfone moiety is known to act as a bioisostere for the
carbonyl functionality.’8%8! Oxidation of allylthiopyranone 160 afforded the desired

sulfone as a colourless solid in good yield (Scheme 59). Unfortunately, as mentioned in
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Section 3.4.1, despite vigorous drying attempts of 161 SEE 112j could only be isolated
in 25% yield.

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

0
F ODEC
i) 2 equiv. LDA, THF, -78 °C, 2 h 10 mol% Pd(OAc), Fj/i‘j@
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]
2% 44%
trans:cis (84:16) trans:cis (87:13)

Scheme 59: Overall synthesis of sulfone heterocycle 140j.

With sulfone 112j in hand the cyclisation was attempted with 5 mol % Pd(OAc).. The
cyclisation was successful and SEE was completely consumed after 18 hours. Following
standard work up and purification (scavenging and trituration with pentane), NMR
analysis of the yellow solid obtained revealed that the material contained trace amounts
of what appeared to be aldehyde 162 by the signal at -130.4 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 ketone 113j;
however, a result of this extra purification step meant that the yield of 113j was slightly
lower than for other cyclisations (Section 3.4.3 Table 9). One final feature to note
regarding 113j is that this was the only a,a-difluoroketone to be obtained as a mixture of
cis- and trans- diastereoisomers. Curiously, in the case of SEE precursors 112f and
112h, which were cyclised as a mixture of diastereocisomers, only a single product

diastereoisomer (present as a mixture of enantiomers) was observed from the reaction.
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3.4.4 Copper/Palladium Screening Experiments

As mentioned previously in Section 3.1, the Saegusa-lto reaction is a palladium(ll)-
catalysed oxidative carbocyclisation process which, like many palladium(ll)-catalysed
reactions, requires a co-oxidant to efficiently restore the Pd(0) generated in the reaction

to the original +2 oxidation state (Figure 52).

Et;SI0
F#
120, cu(l) Pd(ll) F
H,0 cu(ll) PA(0) F§ i
F

Figure 52: Suspected Pd(11)/Cu(ll) redox cycle employed in the cycloalkenylation system.

ODEC

ODEC

Following a catalyst and co-oxidant screen conducted during initial optimisation of the
reaction, palladium(Il) acetate and copper(l) chloride were identified as the most suitable
catalyst and co-oxidant for the current system.®® However, a second co-oxidant/catalyst
screen was conducted in order to attempt to further understand the effects of copper
source and catalyst on reaction efficiency. The results of the screening experiments are
highlighted in Table 10. SEE 112a was chosen as the trial substrate and from 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 of 139a by *F NMR
0
TESO ODEC
ODEC o
F F ODEC | F PDEC | F ODEC OTES Isolated
Entry | Pd(ll) |Co-oxidant| F F L F NN | 113a
i I F F (%)
/ e / 164 © 152 163
112a 147a
1 - CuCl 6 0 1 0 3 -
2 | Pd(OAC); i 30 2 0 2 1 i
3 PdCl, CuCl 14 78 0 0 8 11
4 Pd(OAc), CuCl 0 97 0 3 0 52
5 Pd(OAc). CuCl, 0 0 0 0 - -
6 | Pd(OAc), | CuOAc 0 87 0 5 0 D
7 | Pd(OAc), | Cu(OAc), 0 19 0 0 0 39
8 PdCl, CuOAc 0 66 0 34 0 -[b]
9 PdCl, | Cu(OAc), 0 100 0 0 0 40

[a] Only product identified from crude’®F NMR spectrum [b] Ketone 140a could not be isolated from the reaction mixture using standard work up/purification procedure.
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Entries 1 and 2 in Table 10 were run as control experiments; however, a significant
amount of information regarding reaction mechanism and potential side products could
be obtained from these two experiments. As expected in the absence of palladium
catalyst (Entry 1 Table 10) no cyclised product could be observed and the reaction

returned predominantly starting material. However, a new set of signals at -66.9 and -

67.6 ppm were now also apparent in the reaction mixture (Figure 53).

-61.5 -62.0 ppm

163

113a
164

113a

0 -20 -40 -60 -80 -100

T
-120

BH g R

Figure 53: 1°F NMR spectrum of crude reaction mixture Entry 1 Table 10.

Initially, these were misassigned as a —CF>X type species (where X = CI); however,

I
-140

T
-160

-180

-200

Ppm

following purification the signals were identified as the E- and Z-alkenes 163 bearing

equivalent fluorine atoms (Figure 54).

OTES
DECO
DECO.__ A
F F F
X
E-163a

Figure 54: SEE diastereoisomers.
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The formation of these species may arise from a [3,3]-sigmatropic rearrangement.
Although  palladium(ll)-catalysed [3,3]-sigmatropic  rearrangements are  well
documented, heating SEE 112a at 120 °C for 8 hours afforded the rearrangement
products 163 so it seems unlikely that the process is palladium mediated in the current
system (Scheme 60).18?

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

Scheme 60: Independent synthesis of 163 by microwave irradiation.

Fortunately, the kinetic barrier for rearrangement is sufficiently high for the cyclisation
pathway to be favoured; otherwise, 163 would dominate in the reactions. The formation
of 163 is unsurprising as there is a strong driving force for the carbon bearing the
fluorine substituents to change hybridisation state from sp? to sp®. The © system of the
alkene in SEE 112a is destabilized by a repulsive interaction between the fluorine atom
lone pairs and the n-orbitals of the sp? hybridized carbon atoms (Figure 55).1%

90° 109.5°

JuYANC V.
Ly i

o+
Figure 55: Release of repulsive strain on carbon from sp?—sp® hybridization.

Rearrangement of 112a to 163 induces re-hybridization to the sp® state thereby partially

relieving this repulsive strain.

An additional set of signals which were characteristic of an AB system were now also
visible. The splitting pattern and chemical shift was similar to that observed previously
in the attempted cyclisation of SEE 112b (See Section 3.4.3.2). Once again these signals
were initially assigned to diastereotopic fluorine atoms present in CDFMK 164 (Scheme
61). Initial oxidation of CuCl by molecular oxygen would generate CuCl; however, in
the absence of a Pd(0) source to reduce CuCl, back to CuCl this would inevitably lead to
a build-up of CuCl,. To confirm the presence of CDFMK, 164 was synthesised

independently as before using Saegusa’s chlorination conditions (Scheme 61).
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F = ODEC 3 equiv. CuCl,
F DMF
rt,3h
/ 50 °C 4 h
112a

Scheme 61: Synthesis of CDFMK 161.

F ODEC

164
25%

Only trace amounts of cyclised product could be detected when SEE 112a was exposed

to Pd(OAC):2 in the absence of a copper co-catalyst (Entry 2 Table 10). It was expected

that the reaction would afford a low yield of cyclic product and recovered starting

material. However, analysis of the °F NMR spectrum of the crude reaction mixture

revealed the major product to be DFMK 147a, characterised by two distinct sets of
doublet of doublets at -124.5 and -126.3 ppm (Figure 56).

112a

L

147a 147a

112a

M

T T
80 -100

-120 -140 -160 -180 ppm

Td EavhEes

foc,
<
=]

Figure 56: *°F NMR spectrum of crude reaction mixture of Entry 2 Table 10.

DFMK 147a is formed as a result of protodesilylation where the silyl group is removed

by an acetate ion.*> However, only a catalytic quantity of Pd(OAc), was employed in the

reaction (10 mol %) which would not account for the levels of DFMK 147a observed if
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palladium was not being turned over. This suggests that a catalytic protodesilylation
process is occurring (Scheme 62).

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

Scheme 62: Proposed mechanism of catalytic protodesilylation.

Co-oxidants like copper salts are often thought to act as electron transfer mediators in
palladium(ll) catalysed oxidative processes by facilitating electron transfer between
palladium and oxygen. However, the effective recycling of palladium in the absence of
copper chloride suggests that the co-catalyst is in fact playing a fundamental role in
generating the catalytically active species for cyclisation. Murahashi et al. have provided
strong evidence for a Pd-Cu bimetallic complex 169 as the catalytic species in the
asymmetric oxidative cyclisation of 2-allylphenols (Scheme 63).18
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Scheme 63: Murahashi’s asymmetric palladium(II)-catalysed oxidative cyclisation.

Palladium dimer 165, synthesised by the reaction of (-) — 8 pinene with Pd(OAc)2, can
coordinate reversibly to the terminal olefin of the substrate to afford monomeric acetate

166. Subsequent oxypalladation generates intermediate 167 which can then undergo p-
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hydride elimination to produce the desired product and bimetallic Pd-H species 168.
Oxidation of this intermediate with molecular oxygen forms hydroperoxo complex 169
which can coordinate to a second substrate molecule to cleave the acetate bridge and
reform a monomeric Pd intermediate 170. Intramolecular nucleophilic attack of the
phenoxy group regenerates intermediate 167 and completes the catalytic cycle.

An interesting feature which the authors note is that, unlike conventional palladium(ll)
oxidative catalysed processes, the formal oxidation state of Pd(ll) remains constant
throughout this system i.e. an isohypsic process.'® Based on the results from the
Pd(OAc), and CuCl runs (Entries 1 and 2 Table 10) it is possible that a similar

bimetallic species is operating in the cycloalkenylation mechanism (Scheme
64)-186,187,188,189
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Scheme 64: Postulated bimetallic mechanism for cycloalkenylation.

The results from the remaining screening experiments (Entries 5-9 Table 10) revealed
that the nature of the copper and palladium species plays a critical role in determining

the reaction outcome. Switching the copper salt from CuCl to CuCl; resulted in complete

101



inhibition of the cyclisation (Entry 5 Table 10). Despite full consumption of SEE 112a
the reaction afforded a complex mixture in which the only products that could be readily
identified were rearrangement products 163a and 163b. It appears that the presence of
the active reoxidant (assumed to be copper(ll)) at the start of the reaction is detrimental
whereas it is beneficial for copper to be present initially in the +1 oxidation state, with
Cu(Il) generated in situ. In recent work focussing on alternative oxidation methods for
the oxidation of primary alcohols Stahl et al. observed similar behaviour where the
initial oxidation state of the copper catalyst had a significant impact on reaction
efficiency (Scheme 65).190191

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

NMI, MeCN, air, rt, 24h

NMI, MeCN, air, rt, 24h
Scheme 65: Increased reactivity of copper(l) salts in aerobic oxidations.

Though a copper(Il) species is the catalytically active species in the reaction, the rate of
oxidation of 4-hexen-1-ol is dramatically decreased when Cu(OTf), is employed
(reaction time >24 hours cf. 20 minutes for CuOTf). The origins of this unusual effect
are still unclear. Another interesting feature in the CuCl, experiment was that no
CDFMK 164 could be detected in the reaction mixture. This was highly surprising as the
use of CuCl; as a chlorinating agent has been clearly demonstrated in the synthesis of
157 and 164 as well as in the control reaction with CuCl (Entry 1 Table 10).

Speziali et al. have previously stated that the presence of chloride ions in palladium(Il)
catalysed aerobic oxidations is required to facilitate the recycling of Pd(I1).1%%1% The
coordination of chloride ions is thought to bring the redox potentials of the Pd(0)/Pd(Il)
and Cu(I)/Cu(l) half-cells closer together, resulting in a more thermodynamically
favourable electron transfer process. It was therefore expected that the all-acetate reactions
would yield little product. Surprisingly, appreciable amounts of cyclised product 113a
were formed when both Cu(OAc) and Cu(OAc). were employed (Figure 57).
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Figure 57: F NMR spectra from the crude reaction mixtures of cyclisation of 112a to 113a with

CuOAc (above) as the co-oxidant and Cu(OAc): (below) as the co-oxidant.

This provides further evidence to suggest that the reoxidation of palladium(0) is
performed directly by molecular oxygen and that the co-catalyst is instead required to

generate the catalytically active species.

The presence of DFMK 147a in both reactions is not surprising; acetate ions are
responsible for the removal of the silyl group and there is a molar excess present in
solution (Table 10 Entries 6 and 7). However, a new triplet signal at -130 ppm was
present in the reaction with CUOAC (*Jur = 6.7 Hz). Although the compound was not
isolated, the signal was tentatively assigned to that of monomethylated enal 152 on the
basis of the chemical shift and coupling constants calculated for 150, details of which
can be found in the accepted manuscript based on this study (Figure 58).1%
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152
Figure 58: Monomethylated enal 152.

As in the case of enal 150 the formation of this species may be a result of a slower
cyclisation with the oxidation of Cu(l) to Cu(ll) required to initiate the redox cycle.
Unlike in the CuCl: case, the use of Cu(OAc). did not appear to have any effect on

reaction efficiency affording a cleaner reaction than when CuOAc was used.

An even slower cyclisation ensued in an all chloride environment (PdCl2/CuCl), which
returned SEE 112a and [3,3]-rearrangement products (Entry 3 Table 10). However,
switching the co-oxidant to Cu(OAc). resulted in an extremely clean reaction,
comparable to that obtained under the standard conditions (Entry 4 Table 10); 140a was
the only product which could be detected in the reaction mixture (Entry 9 Table 10).
Direct comparison of these three results (Entries 3, 4 and 9 Table 10) provides further
evidence to suggest that OAc must interact with Pd(ll) to form a catalytically-active
acetate-bridged bimetallic species. Acetate ions are known to act effectively as bridging
ligands between pairs of metal atoms.’®® Again, when CuOAc is used in combination
with PdClI; it appears that this results in a slower cyclisation and increased levels of enal

152 are now present (Entry 8 Table 10).

Based on all of the above, a number of conclusions can be drawn from the results of the

screening experiments:

1- When a chloride-based co-oxidant is employed, it is better for the concentration
of Cu(ll) to be low at the start of the reaction and for it to be generated slowly in
situ.

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

3- Copper(ll) acetate is a more efficient co-oxidant than copper(l) acetate.

4- The catalytically active species in an all-acetate environment and in a mixed
chloride/acetate environment are very similar if not identical.

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

6- The catalytically active species in the reaction is most likely a bimetallic,

acetate-bridged Pd/Cu species.
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The methodology described in this chapter represents a novel, practical and efficient
method for the construction of difluorinated cyclohexenones. It is also the first time that
the Saegusa-Ito cyclisation has been used to synthesise selectively fluorinated molecules.
The highly active redox system developed affords reaction products which are otherwise
difficult to access by other means and further expands the scope of fluorinated building-
block based synthesis. Furthermore, the cyclohexenone scaffolds have the potential to

serve as valuable intermediates towards the de novo synthesis of fluorinated carbasugars.

3.5 Conclusions

The work detailed in this chapter describes the optimisation of a palladium(ll) catalysed
cycloalkenylation (Saegusa-Ito cyclisation), which may have applications for the
synthesis of novel difluorinated sugar analogues. The procedure developed expands
upon current building block (de novo) synthetic methodology. The desired
cyclohexenones could be accessed concisely in three synthetic steps starting from

trifluoroethanol (Scheme 66).

TESO  gpec
SEE F Q
OH . ODEC ) = Saegusa- F ODEC . 3 Steps
) Protection ) synthesis Ito F - Simple Purificati
—_— B —— F —_— impie rurirication
F3C F4C - Good Yields

Scheme 66: Route to difluorinated cyclohexenones.

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

fused ring heterocycles and spirocycles (Figure 59).
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Figure 59: a,a-Difluoroketones synthesised by the new method.

Annelative processes proved to be the most efficient and cyclisations were successful at
loadings of 5 mol % Pd(OAc), whereas annulations required slightly higher palladium
loadings (10 mol % Pd(OAc)2). Furthermore, annulations required a degree of

substitution along the carbon chain to ensure a clean cyclisation.

Only a,a-difluoroketones 113i and 113b could not be successfully isolated (Figure 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 ether 139i was slow due to coordination with Pd(II)
whereas the reaction of 139b afforded a Wacker type product of unusual regiochemistry
(Scheme 67).
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Scheme 67: Unsuccessful cyclisations.

The results of a catalyst and co-oxidant screen revealed that a combination of Pd(OAc):
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 CuCl, completely inhibiting the cyclisation. In contrast to previous
reports, the presence/absence of chloride ions did not appear to have a major effect on
redox effectiveness and cyclisations ensued smoothly in an all-acetate environment.1921%
The absence of cyclised product from the control reactions (Pd(OAc), only and CuCl

only highlights the significance of a co-oxidant in maintaining catalytic activity.
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4. Chapter 3: Difluorinated Enol Acetals in Difluorinated
Carbocycle Synthesis

4.1 Introduction

The previous Chapter illustrates that the Saegusa-1to cyclisation can provide a concise
and efficient protocol for the construction of selectively difluorinated cyclohexenones
113.1%* The metallated difluoroenol carbamate chemistry allows for the preparation of
silyl enol ether precursors 112 in two high yielding steps from trifluoroethanol (Scheme
68).24° These can then be cyclised in moderate to good yields, completing a three step
sequence from a widely-available and low cost fluorinated feedstock.

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

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

112 113
Scheme 68: Synthesis of difluorinated cyclohexenones.

X = NBoc, SO, inter alia

Whilst this method represents a significant expansion of the available repertoire, it is
limited by poor atom economy, the use of stoichiometric quantities of copper salt 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 following chapter 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 chemistry of difluorinated enol
acetals 115, particularly for application in sigmatropic rearrangements.%61%7:1%

Difluorinated enol acetals can be prepared from acetal 114 by treatment with lithium
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diisopropylamide, followed by trapping with aldehyde or ketone electrophiles to afford
difluoroallylic alcohols 115 (Scheme 69).1%°

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 = -OCHzo(CHz)zoCH3
Scheme 69: Synthesis of difluoroallylic alcohols.
Such species have proved effective substrates in [3,3]-rearrangements allowing the CF;
group to be relocated from a terminal to a mid-chain position B-to a carbonyl group, with
the exception of the Claisen rearrangement where rearrangement was followed by

subsequent elimination of HF (Scheme 70).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
Scheme 70 [3,3] rearrangements of difluorinated enol acetals.

Difluorinated enol acetals can also undergo facile [2,3]-Wittig rearrangements to form
ring closing metathesis precursors in the synthesis of difluorinated cyclooctenones 177

(Scheme 71).1971%
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(¢}

HO F F
177
78%

Scheme 71: [2,3] Wittig rearrangments of difluorinated enol acetals.

Whilst these methoxyethoxymethyl (MEM) enol acetals are relatively stable during
purification and storage, they can be cleaved to afford difluoroketones under acidic
conditions.’® However, Percy et al. have shown through DFT studies that the energy
barrier for enol-keto conversion differs considerably between fluorinated and non-
fluorinated enols (Figure 61).2%

HO‘CHa
1
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1.60} 1.29 -S-ﬁ
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140 v
H A% PN N
N (-0.47)
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) \ IﬂtH'-O\CHs o " "(017]
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0 o (H0.10)
-40
H (-0.25)
CH : H
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Figure 61: Enol-keto conversion reaction profiles for difluorovinyl alcohol (top) and vinyl alcohol
(bottom). Free energies are given in kJ mol™, bond lengths in A and atomic charges in parentheses.
Calculations were run at the B3LYP/6-311++G™ level of theory.
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In acidic protic solvent the enol-keto interconversion is expected to proceed via a proton
shuttling mechanism involving one protonated solvent molecule, a neutral solvent
molecule and the solute. Both enol-keto transformations are favoured energetically;
however, a much larger barrier exists for the difluoro species (67 kJ mol™), compared to
vinyl alcohol (16 kJ mol™). It is expected that the presence of the fluorine atoms opposes
tautomerisation due to the formation of the oxacarbenium ion during protonation. This
build-up of positive charge would be disfavoured by the strong inductive electron
withdrawing effect of the —CF>H group (Scheme 72).

+  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

Scheme 72: Tautomerisation of difluoroenol (top) and enol (bottom).

A significant kinetic isotope effect (KIE) was also shown to exist for the tautomerisation
and at low acid concentrations (0.1 M DCI) the deuterated difluorinated enol
intermediate 179 was sufficiently long-lived to be characterised by 2D NMR
experiments (Figure 62). Enol formation was confirmed by an HMBC experiment which

showed cleavage of the formaldehyde acetal which is the basis of the MEM group.
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Figure 62: Rate constants and KIE effect of enol/keto interconversion (above) and partial HMBC
spectra of 178 (*H 400 MHz, CDs;0OD, 300 K): (a) 178 alone; (b) 100 min after addition of TMS-CI to
0.01 M. The two spectra were normalised to the same contour level, using peak B.?%

The HMBC spectrum of 178 shows a characteristic cross-peak (3Jc.n) linking C2 and the
diastereotopic methylene H-1" protons of the MEM group (Figure 62a). Following the
complete consumption of 178 the *C NMR of the reaction mixture showed a distinct
new C2 carbon and the HMBC connection between this new carbon atom and the H-1°
protons was absent (Figure 62b). This evidence was consistent with C-O bond cleavage

and enol formation.

Whilst the longevity of 179 in protic solution has been demonstrated, the reactivity of
difluorinated enols has been neither investigated quantitatively nor exploited in
synthesis. The principal hypothesis is that difluorinated enols have significant synthetic
potential as carbon nucleophiles which can be realised via transition metal-catalysed
reactions (Scheme 73), particularly those involving cyclisations of alken/ynyl groups

catalysed by palladium(ll) or gold(l) species.
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Scheme 73 Synthetic strategy for utilising difluoroenol intermediates in cyclisations.

One major challenge lies in identifying conditions under which both the enol
intermediate and catalyst can co-exist. However, there is another possibility; it may be
that enol acetals are sufficiently nucleophilic themselves to intercept a metal-complexed

alkene or alkyne.1%420!

4.1.2 Palladium(ll) catalysis

The previously optimised conditions for the palladium-catalysed oxidative
cycloalkenylation could provide an interesting starting point for a study of difluorinated
enol acetal substrates. There is evidence in the literature 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 acid.?>?% More recently Wang et al.
reported an efficient palladium oxidation system for the conversion of terminal olefins
181 to methyl ketones 182. Though the conditions are described as ligandless, the
coordinative abilities of DMSO 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 (Scheme 74).2%

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%

Scheme 74: Tsuji-Wacker oxidation of styrene under acidic conditions.

These results provide an encouraging precedent and robustly demonstrate the redox

systems tolerance of acidic conditions.
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4.1.3 Gold(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 activating C-C =
bonds towards nucleophilic attack. Important characteristics of gold include aurophilicity
(the tendency of gold complexes to aggregate via formation of favourable Au-Au
interactions, ca. 3.0 A, 7-12 kcal/mole)?®, high chemical and thermal stability, high
electrical conductivity and softness.?® It is the ‘soft’ Lewis acidic character of gold
which allows it to bind selectively to ‘soft’ Lewis bases such as m-systems, and activate
them. The increase in electrophilicity, which results from coordination of the m-acceptor
ligand to the Au centre, triggers nucleophilic attack (which can be intra- or
intermolecular) by carbon or heteroatom nucleophiles. The nature of the bonding
between gold and n-ligands, including alkenes, allenes and alkynes, can be represented
by the Dewar-Chatt-Duncanson (DCD) model.?"?%® The DCD model describes the
bonding between the metal and n-ligand as a synergistic combination of c-donor, in
which electron density is donated from the filled -orbital of the ligand (alkene) to an
empty metal hybrid orbital (Au) of equivalent symmetry, and m-acceptor, in which z-
backbonding from one of the filled metal d-orbitals into the n orbital of the ligand

occurs (Figure 63).2%°

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

dz2 -~ T d, —

Figure 63: Orbital diagrams depicting o donation (left) and n-backbonding (right) described by the

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

Typically 16-electron n-coordinated gold complexes (e.g. PhsPAuCI) are much less
catalytically active than their cationic congeners and must be activated by the addition of
a silver salt (such as AgSbFes).?® When ethene binds to the cationic gold complex, o-
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 an electron’s velocity approaching the speed of light (c = 3 x 10® ms™*) whilst moving
near a heavy nucleus. Thus, the mass of the electrons in gold increase and Bohr radii
decrease. This results in an increase in ionisation energy, electrons being attracted closer

to the nucleus and an increase in shielding of the d and f orbitals.?* It is these relativistic
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effects which are also invoked to explain the unusually strong bonds to soft 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 addition.?*?
This can be attributed to the diffuse low-lying 5d-orbitals of gold which are less likely to
participate in nucleophilic attack compared to the high-lying 3d-orbitals on palladium.?*?
Another major mechanistic difference is that gold does not readily undergo B-hydride
elimination. This is due to the filled 5d-shell of gold(l) complexes preventing the
necessary metal-hydrogen agostic interaction required for the elimination to occur.?
Consequently, the redox stability of Au(l) species has allowed the development of
alternative modes of reactivity by precluding the oxidative addition/B-hydride
elimination steps common in palladium catalysis. It is generally accepted that most gold

catalysed reactions go through four major stages (Scheme 75).21

[AUX(L)]

Pre-catalyst
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[AUL] Activation of
Protodeauration substrate
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Scheme 75: General catalytic cycle for nucleophilic attack on Au activated m-system.

The first step involves formation of the cationic gold species, commonly generated in
situ by using a silver salt. The second step involves coordination and activation of the 7-
ligand. Subsequent nucleophilic attack on this species generates a trans-alkenyl gold
complex (or alkyl gold complex in the case of alkenes). The final stage involves reaction
of this intermediate with an electrophile (E), typically a proton, to afford the final

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

A very wide range of gold-catalysed nucleophilic additions of carbon-based nucleophiles
to alkynes and allenes have been reported.?*?” In comparison, the gold-catalysed
addition of carbon-based nucleophiles to activated alkenes has been widely recognized
as capricious.?!® This may be because n-Au-alkyne complexes typically have a lower
energy LUMO than n-Au-alkene complexes (by approximately 0.37 eV for the n-Au-
ethyne complex compared to the n-Au-ethene complex). Consequently, orbital overlap
with the incoming nucleophile is more efficient and n-Au-alkyne complexes are
therefore considered to be more electrophilic than n-Au-alkene complexes.?
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 turnover.?2%22t However, the direct intramolecular addition
of carbon nucleophiles onto unactivated alkenes is an extremely powerful tool for the
formation of carbocycles and new stereocentres. In 2007 Che et al. reported the gold(l)
catalysed intramolecular addition of p-ketoamides to unactivated alkenes to afford a
series of highly substituted lactams in good yields and high trans selectivity (Scheme
76).222

O O
Au[P(t-Bu),(o-biphenyl)]CI o .. Me, o
me. AL, A | mey J%;%H .
AgOTf (5 mol%) N @]
| toluene, 50 °C, 4 h o |
LAu Me
183 184 185
via 99%

Scheme 76: Intramolecular hydroalkylation of S-ketoamides.

The authors propose that initial gold coordination to the terminal olefin 183 is followed
by exo-trig addition of the enol form of the p-ketoamide 184, whilst subsequent
protodeauration affords the desired products 185. However, the methodology is limited
to carbon nucleophiles which form their enols easily, a characteristic of active methylene
species. More recently the same authors expanded the methodology to include simple

ketones as effective carbon nucleophiles (Scheme 77).23
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Scheme 77: Intramolecular hydroalkylation of a-ketones.

The a-alkylation of alkenyl ketones 186 with IPrAuCI/AgCIO4 (5 mol %) effectively
afforded a range of cyclohexyl and cyclopentyl derivatives 188 in good yields and good
trans-diastereoselectivity. Once again the nucleophile is thought to be the enol form of
the a-ketone 187; however, through deuterium labelling experiment the authors believe
that the gold catalyst also plays a crucial role in increasing the enol/ketone equilibrium

constant (Kenot/ketone).

This protocol was further extended to include a gold(l)-catalysed intermolecular N-

Michael addition/intramolecular hydroalkylation reaction cascade (Scheme 78).224

@)

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%
1.7:1 d.r.
Scheme 78: Gold(l) catalysed cascade reaction.

The cascade reaction afforded functionalised pyrrolidines 191 in good yields but with
only moderate diastereoselectivity. The findings of Che et al. clearly demonstrate the
effectiveness of the enol functionality as a carbon nucleophile in gold(l) catalysis and we

anticipated that such methodology can be applied to difluoroenol derivatives.

The results detailed in this chapter will focus primarily on the development of a de novo
synthetic route into difluorinated cyclic a-hydroxy ketones through the application of
either palladium(Il) or gold(l) catalysis. To achieve this goal, difluorinated enol acetals

will be employed as more atom efficient precursors in a novel carbocyclisation reaction.
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4.2 Results and Discussion

4.2.1 Palladium Catalysis

The investigation of the Saegusa-Ito cyclisation showed that annelations were generally
effective, whereas annulations required a minimum level of substitution on the chain.!%*
Difluoroallylic alcohol 115aa/ab was therefore chosen as a trial substrate to investigate
the cyclisation. Allyl alcohol 115aa/ab was prepared according to the method developed
previously in our laboratory and was isolated in good yield as a mixture of trans- and

cis- diastereoisomers (Scheme 79).%

MEMO H MEMO

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

7~
F.C ii) 1.05 eq. allylcyclohexanone, -78 °C
3 iii) warm to rt, 18 h * F
iv) NH4Cl(aq) H

=

114 115ab

69%

19:1 (trans:cis)
Scheme 79: Synthesis of trial substrate 115aa/ab.

With the precursor in hand it was initially decided to follow the methanolysis of
115aa/ab (in 0.1M MeOH/MesSiCl) by *F NMR in order to detect the presence of the
difluoroenol intermediate 192 generated in situ (Figure 64).
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Figure 64: °F NMR spectra following the methanolysis of 115aa/bab in 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 difluoroenol intermediate 192 is characterised by two distinct doublets at
-109.5 (3¢ = 100.7 Hz) and -117.9 ppm (2Jrr = 100.7 Hz), consistent with previous
reports.’® The doublet of doublets at -127.9 (*Jr+ = 315.1 Hz, 2Jrn = 52.2 Hz) and -
133.8 (3Jrr = 315.1 Hz, 2Je.n = 52.2 Hz) correspond to the difluoromethyl ketone 147b.
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 of 192 in solution the potential application was next investigated.
Stoichiometric quantities of palladium(ll) acetate were employed in the first instance and
115aa/ab was exposed to the acidic Wacker conditions reported by Wang et al (Entry 1,
Table 11).2%4
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Table 11: Reaction conditions screened for cyclisation of 115aa/ab.

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(OAc).  CuCl . 116
Entry (mol %)  (mol %) Solvent Acid Isolated
1 100 0 DMSO:H.0 (10:1) TFA No
2 100 100 DMSO:H:0 (10:1) TFA No
3 10 100 DMSO:H:0 (10:1) TFA No
4 100 100 Acetonitrile:H»0 (7:1) TFA No
5 20 100 Acetonitrile:H»0 (7:1) TFA No
6 100 100 Acetonitrile:H»0 (7:1) 0.25 M HNO3 No
7 100 100 Acetonitrile:H,0 (7:1) 0.25 M HBF4 No

Analysis of the crude °F NMR spectrum revealed some interesting signals (Figure 65).
The doublet signals at -103.5, -110.4, -113.9 and -132.2 ppm all have large coupling
constants (*Jer = 257 Hz), characteristic of geminal sp® F-F coupling in cyclic

compounds.4®
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Figure 65: 1°F NMR spectrum of crude reaction mixture Entry 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. Previously it had been demonstrated that the presence of a copper co-catalyst is
essential for the re-oxidation of Pd(0).** There is also the possibility that copper salts
play an important role in generating catalytically active bimetallic species.’®*1 In an
attempt to ensure a cleaner reaction copper(l) chloride was employed as a co-oxidant
(Entry 2, Table 11). This resulted in a similar reaction outcome, with the same signals
apparent in both crude °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 the palladium catalyst loading resulted in the formation of an
extremely complex mixture by F NMR (Entry 3, Table 11). At this stage it was
decided to revisit the choice of solvent system. Miller et al. had previously described an
acidic Wacker oxidation process using an acetonitrile:water (7:1) combination (Entry 4,
Table 11).2® This simple solvent switch had a significant impact on the reaction and a

new product was now visible in the °F NMR spectrum (Figure 66).
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Figure 66: 1°F NMR spectrum of crude reaction mixture Entry 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 mixture (Entry 5,
Table 11). Miller et al. had also demonstrated a significant rate enhancement in Wacker

oxidations upon addition of an inorganic acid (0.25 M).?® To test the applicability of
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acids other than TFA in our system standard solutions of 0.25M HBF4 and HNOs were
prepared. Unfortunately, changing the acid had no effect and the singlet signal still
appeared as the major product (Entries 6 and 7, Table 11). Whilst it was not possible to
characterise any of the difluorinated products formed from this set of reactions the signal
at -139.1 ppm was identified as monofluorinated enone 193. The crude material was
purified by flash column chromatography to isolate 193 in 20% yield and its molecular

structure was confirmed by X-ray crystallographic analysis (Figure 67).

OH

T

T

193

Figure 67: Molecule structure of 193 in the crystal.

The formation of 193 confirms the reactivity of a difluorinated enol acetal derivative in a
carbon-carbon bond forming reaction. However, understanding the mechanism for the
formation of 193 is not trivial. Initially it was believed that 193 could have originated
from the cyclohexenone product which may have been either acid or base sensitive (an
NaHCOz(aqg) wash was used during reaction work up (Scheme 80)).

MEMO 51y 100 mol% Pd(0AC), £ 9 on Q o
F 1 oquiv. 0.25 MHNO; _| Acid or Base
100 mol% CuCl | e |
MeCN:H,0 (7:1) |5| |£|

70 °C, 18 h, O, balloon

115aa + 115ab 116 193
Scheme 80: Proposed formation of 193 from 116.

Difluoroketone 113f is structurally very similar to 116 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 exposed to both acidic and basic conditions (Scheme 81).
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Scheme 81: Attempts to form monofluorinated analogue 194.

Both sets of reactions returned only starting material 113f, confirming the stability of the
difluoroketone products under the reaction conditions. The necessary control reaction on
115a and 115b was then conducted; in the presence of nitric acid and in the absence of
metal salts difluoromethyl ketone 147b was identified as the sole product of the reaction

by °F NMR, indicating that the cyclisation was not solely acid catalysed (Scheme 82).
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147b
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Scheme 82: Treatment of 115aa/ab under acidic conditions.

Allyl alcohol 115aa/ab was then subjected to the previously optimised Saegusa-Ito

conditions in the absence of any acid (Scheme 83).

MEMO
oH MEMO
F s 20 mol% Pd(OAc), F
F 100 mol% CuCl +
MeCN (Air sparged) F
_ H 70 °C, 18 h, air

115aa + 115ab

81:19 (trans:cis)

Scheme 83: Treatment of 115aa/ab under acid-free conditions.
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Under these conditions, the formation of methyl ketones 195aa and 195ab was noted,
formally products of Wacker oxidation. Analysis of the crude F NMR spectrum
revealed only a slight variation in chemical shift compared to the starting material (1
ppm); however, both the *H and *C NMR spectra were unambiguous, with the absence
of vinylic proton signals in the *H NMR spectrum and a non-fluorinated ketonic C=0
signal now present in the *C NMR spectrum. Although 195aa and 195ab could not be
isolated from the crude reaction mixture, it was possible to synthesise 195aa and 195ab
independently under the published conditions, albeit not in high purity ( <90 %, see
section 6.3.5). The reaction conditions employed are very similar to those of prototypical
Wacker oxidations, so the formation of 195aa and 195ab is unsurprising.®® Whilst the
silyl enol ether is an effective nucleophile in the Saegusa chemistry, the enol acetal
group is clearly not as potent a nucleophile, therefore, the material follows the alternative
oxidation pathway.??%2” The rate of formation of methyl ketone 195aa and 195ab could
be enhanced in an acidic system and it was initially believed that an in situ Wacker
oxidation/cyclisation could account for the formation of monofluorinated enone 193
(Scheme 84).225:228

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 --??‘> m

HO

T
T

197 193

Scheme 84: Proposed route to 193.
However, it is not possible to form 193 from this tertiary alcohol intermediate 197.

An alternative hypothesis is that the formation of HPdX species in the reaction system
means that there is the possibility for equilibration via hydropalladation to form 199
(Scheme 86).
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+ AcOH
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Scheme 86: Alternative proposal for formation of 193.

Kohnstam et al. have previously demonstrated that the hydrolysis of trityl fluoride is
triggered by the addition of hydrochloric acid and catalysed by hydrofluoric acid
molecules formed in situ (Scheme 87).2%°
+
PhsCF + H ——= | PhyC--F-H| —= PhC’ + HF
Scheme 87: 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 of the C-F linkage.?*°
In the current system, hydropalladation followed by acid promoted H-F scission may be
responsible for the formation of 193, whilst the development of conjugation would

provide a thermodynamic driving force.

Although the formation of monofluorinated enone 193 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 stoichiometric
quantities resulted in the formation of complex reaction mixtures. It was also not

possible to isolate any cyclic difluorinated products from the reactions.

At this stage of the study, a reappraisal of the synthetic strategy was conducted. It was
believed 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 nucleophile for gold(l) activated alkenes.??® Secondly, it has been demonstrated
that the rate of protodeauration is accelerated in the presence of strong organic acids, a
prerequisite for difluoroenol formation.?**??* Finally, gold catalysts appeared compatible

with the conditions required for MEM (methoxyethoxymethyl) cleavage in 115aa/ab.
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Again, allylic alcohol 115aa/ab was chosen as a model substrate to investigate gold(l) as

an alternative cyclisation mediator.

4.2.2 Gold Cyclisation Studies

The investigation commenced using conditions similar to those used by Toste et al. for
the carbocyclisation of silyl enol ethers onto gold activated alkynes (Scheme 88).2? The
NHC-gold(l) complex [(IPr)AuCI] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-
ylidene, see Scheme 88) was available in our laboratory and was selected as the catalyst
in conjunction with the chloride abstractor AgSbFs. Excess trifluoroacetic acid was

utilised in the first instance in order to promote protodeauration.?3?%

(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

Scheme 88: Initial trial reaction.

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

1%F NMR spectrum revealed a number of encouraging signals (Figure 68).
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Figure 68: °F NMR spectrum of the crude reaction mixture of the cyclisation of 115aa/115b under

gold(l) catalysed conditions.

Two chemically distinct products dominated the reaction mixture. The integration shows
that the corresponding fluorine for the signal at -98 ppm overlaps that with the signal at -
115.4 ppm. Again, large 2Jr.r couplings are observed along with further splitting in each
resonance resulting in well resolved splitting patterns. The crude material was purified

by flash column chromatography to afford a colourless solid.

The solid material was recrystallized by vapour diffusion (CHCls/pentane) and the
molecular structure and relative stereochemistry revealed by X-ray crystallographic
analysis (Figure 69).
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Figure 69: Molecular structure of 202 in the crystal.

HO OH

The crystal contained four crystallographically independent molecules per asymmetric

unit. Three of the molecules were well ordered, corresponding to the hydrated form 202

of the difluoroketone. From previous experience with the o,a-difluoroketones

synthesised from the Saegusa series the presence of this material was not surprising.

194

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

ketone 200aa. It was clear from the °F NMR spectrum of the crystal that two species

were present (Figure 70).

Figure 70: *°F NMR spectrum of the crystal consisting of 200aa and 202.
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The resonance at -112.9 ppm represents the axial fluorine of the ketone with well
resolved 3Jur(trans-diaxial) couplings ((Je.n = 28.9 Hz) whilst the signal at -115.4 ppm
represents the equatorial fluorine of the ketone which is poorly resolved due to the
smaller 3Jue(gauche) couplings ((Jen = 5.1 Hz).>® As expected the hydrate signal
dominates and is represented by a complex dABq splitting (Figure 70). It was not
possible to isolate the material corresponding to the signal at -98 ppm in the crude °F
NMR spectrum; however, this was anticipated to correspond to the alternative
diastereoisomer (Figure 71).

O
E OH

A
200ab

Figure 71: Alternative diastereoisomer 200ab potentially formed from cyclisation.

This result was especially pleasing as it demonstrated that cyclisation of a difluorinated
enol acetal derivative at ambient temperature was feasbile. Attention then turned to
probing the reaction further and examined the effects of changing the reaction solvent.
Toste et al. had also previously employed a DCM:H20 solvent system to conduct their

232

silyl enol ether carbocyclisations.”>* It was surprising to find that this simple solvent

switch had a significant impact on the current reaction system (Figure 72).
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Figure 72: *F NMR spectrum of crude reaction mixture of cyclisation conducted in DCM:H.0.

The signals corresponding to ketone 200aa were still present; however, the signal at -98
ppm which we believed to be the alternative diastereoisomer was now absent. Unusually,
despite the presence of water, no hydrate signals were observed, and a completely new
product was now present at -120 ppm which dominated the reaction mixture. By TLC
the major product of the reaction was noticeably less polar than the previously isolated
a-hydroxy ketone 200aa. It was initially believed that cleavage of the a-hydroxy
functionality had occurred; however, the major product was revealed as tricyclic acetal

203 by X-ray crystallographic analysis (Figure 73).
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Figure 73: Molecular structure of 203 in 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 disordered (Figure 74).

Disordered
Structure

chair/chair

chair/boat 77

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 the methine carbon which bears the methyl
group. This would be consistent with the presence of two different conformers, the
chair/chair and chair/boat decalin structures. There is also the potential to have
diastereoisomers for each of these species allowing the possibility of up to four different
structures (Figure 75).
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Figure 75: Calculated structures for potential conformers/diastereoisomer combinations for acetal

203; from top left going clockwise: chair/chair (methyl up), chair/chair (methyl down), chair/boat
(methyl up), chair/boat (methyl down). Calculations were run at the B3LYP/6-31G", M06/6-31G" and
oB97XD/6-31G" levels of theory.

Variable temperature (VT) °F NMR experiments were carried out (Figure 76) to

attempt to observe conformational interconversion in solution.
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Figure 76: Heated VT-NMR experiment on acetal 203.
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
remained largely unaffected strongly suggesting conformational interconversion of one
species. Cooling the sample also had a considerable impact on the appearance of the '°F

NMR spectrum (Figure 77).
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Figure 77: Sub-ambient VT-NMR experiment on acetal 203.
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Peak resolution was observed at 214 K; however, it was not possible to achieve
temperatures lower than this with the current NMR instrument. Unfortunately, complete
resolution of individual conformer signals could not be observed by VT-NMR. The
potential for conformers and diastereoisomers has made the characterisation of acetal
203 particularly challenging. Based on this, DFT calculations to confirm whether or not
multiple chair/boat/diasterecisomer conformations are energetically feasible were carried
out (Table 12).

Table 12: DFT calculations on acetal 203 (Spartan 10. 6-31G* basis, gas phase).

AG° (kcal mol™)

Conformation B3LYP/6-31G* M06/6-31G* ©B97X-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 different levels of theory using the Spartan’10
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).

Virtually no difference in energies was observed with the ®B97X-D method, whilst at
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the highest level of theory available (M06/6-31G*) the difference in energy between the
two lowest energy conformations was <1 kcal/mole. The ®B97X-D and M06 methods
offer an advantage over B3LYP as they are able to handle dispersive interactions.
Together with the results from the VT-NMR experiments these electronic structure
calculations provide further evidence for conformational isomers existing in a dynamic

equilibrium.?®

The formation of 203 can be explained by cleavage of the MEM group generating
formaldehyde and methoxyethanol. This can then react with a-hydroxy ketone 200aa to
afford 203. Subsequent cyclisation delivers the observed acetal 203 (Scheme 89).

10 mol% IPr AuClI

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

204
Scheme 89: Formation of acetal 203.

The formation of 203 under the given reaction conditions might appear counterintuitive
as cleavage of the methylenedioxy group is often achieved under aqueous acidic
conditions.?®® However, Hurwitz et al. have previously reported the phosphoric acid
catalysed reaction of formaldehyde with trans-1,2-cyclohexanediol to form similar
dioxole structures.?®” Fortunately, the formation of the tricylic acetal could be inhibited
using the initial DCM:MeOH (10:1) solvent conditions.

It was established that the catalyst loading could be reduced to 5 mol % 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)
Scheme 90: Reaction optimisation for cyclisation of 115aa/ab.

No cyclisation occurred when we employed the commonly used
chloro(triphenylphosphino)gold(l) [(PhsP)AuCl)] and only difluoromethyl ketone 147b
could be detected by *°F NMR (Scheme 91).

MEMO

E OH 5 mol% (Ph;P)AuCl

= 3 equiv.TFA . 100% conversion
F 5 mol% AngF6 by 19F NMR
g DCM:MeOH (10:1)
_ 40°C,5h

115aa + 115ab
Scheme 91: Reaction of 115aa/ab with phosphine ligated Au(l) catalyst.

The bulkier NHC ligand therefore appears to be critical for reactivity within the current
system. N-heterocyclic carbene ligands combine strong c-donating properties with a
steric profile which imparts greater stability and enhanced reactivity to transition metal
complexes. 238239240241 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
acetates 205 (Scheme 92).24

OAc 3 mol% [(L)AuCI] OAc
_—~ 2mol%AgBF, X L = IPr (99%)?
DCE L = PPhs (8%)?
LW (80 °C), 12 min
205 206

Scheme 92: Ligand effects on Au(l) catalysed isomerisations 2 *H 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, or precipitation of

Au(0), factors which would inhibit activity.

At this point in the study, reproducibility problems were noted and it was decided 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 acetal 203 it did not solve the problem completely.
Following aqueous work up of the crude reaction mixtures increased levels of acetal 203
were observed by °F NMR. The a-hydroxy ketone could potentially react further during
the work up process with any traces of paraformaldehyde still present from the reaction.
Attempts to perform alternative ‘dry’ work ups by simply filtering the crude reaction
mixture through celite or by removing the reaction solvent under reduced pressure failed,
and acetal 203 could consistently be detected. It was therefore decided to avoid isolating
200aa and, instead, intercept and transform the ketone functionality in situ. Jackson et
al. have reported that cyclic a-hydroxy ketones can be reduced stereoselectively in
chlorinated hydrocarbon solvents using tetrabutylammonium borohydride (n-
BusNBH,).2*24 Furthermore, the 1,2-diol unit is a motif commonly found in natural
products such as carbohydrates, polyketides and alkaloids.

4.2.3 Developing a one-pot process
The one pot cyclisation/reduction was investigated with excess reducing agent in the first
instance (Table 13, Entry 1).
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Table 13: Reaction conditions screening for one pot cyclisation/reduction of 115aa/ab.

MEMQ oy £ 5 on o
S xcmol% IPrAUCH xx BuNBH, ,
H DCM:MeOH (10:1) H H
“ 40 °C,5eh
115aa + 115ab 200aa + 200ab 207aa + 207ab
Entry Au (mol %) Ag (mol %) TFA equiv. Bza’ji?/H“ 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 P Isolated as a mixture of diastereoisomers

The reduction was successful and difluorinated trans-1,2-diol 207aa was isolated.
Indeed, analysis of the °F NMR spectrum of the crude reaction mixture revealed that
diol 207aa was the major product of the reaction. Although the yield was low in the first
instance, it was reasoned that this could be improved following further optimisation. The
diol functionality proved much easier to handle than the previous difluoroketone motifs
since the potential for acetal formation had been removed. The diol product readily
solidified following chromatography of the crude reaction mixture to form a colourless
solid. From this material it was possible to isolate a single crystal for XRD analysis,
confirming the trans- selectivity of the reduction process (Figure 78).

Figure 78: Molecular structure of 207aa in the crystal.

However, the 1°F NMR spectrum of the crystalline material revealed that two chemically

distinct species were present in a ratio of 44:6 (Figure 79).
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Figure 79: *F NMR spectrum of the crystal 207aa.

Furthermore, the F NMR spectrum of the remaining bulk solid had a similar
appearance, but more of the minor species was now present (18:7). It was believed that
this second species was the alternative diastereoisomer 207ab with the methyl group
adopting the axial position (Figure 80).

F

I

207ab
Figure 80: Alternative diastereoisomer observed.

I

Evidence for this can be inferred from the F NMR spectrum by comparing the
resonances at -93.6 ppm and at -116.7 ppm. These two signals represent the axial
fluorine of each diastereoisomer; however, only the signal at -116.7 ppm has a well
resolved 3Jue(trans) coupling ((Jur = 30 Hz). This 2Ju.r diaxial splitting is absent for the
other diastereoisomer which is represented by a smaller 3Jur(gauche) coupling at -93.6

ppm (3Jur = 17 Hz). It is expected that this diastereisomer would be the minor species as
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there is an energetic penalty for positioning the methyl group in the axial position.
Unfortunately, it was not possible to separate the diastereomeric mixture by
chromatography; however, three successive recrystallizations by vapour diffusion

enabled the successful isolation of the diasteromerically pure trans,trans-diol 207aa.

The stoichiometry of reducing agent could be reduced to three without any detrimental
effect on reaction yield; however, a reduction in yield was observed when two
equivalents of reagent were used (Table 13, Entry 3 and 4). At this point the nature of
the reducing agent was considered. The use of excess acid in the reaction implies that it
could readily react with the reducing agent when added, yet successful reductions were
still observed when equimolar amounts of TFA and n-BusNBH4 were used (Table 13,
Entry 3). Tetrabutylammonium borohydride is known to readily form

2% |toh et al. have also

tetrabutylammonium acyloxyborohydrides in organic acid media.
reported that a combination of sodium borohydride (NaBH4) and TFA forms sodium
trifluoroacetoxyborohydride [NaBH3(O.CCF3)] which readily reduces aromatic and

aliphatic nitriles to the corresponding amines under mild conditions.?*

It is possible that
trifluoroacetoxyborohydride acts as the hydride source in this system. Further
optimisation enabled a reduction in the stoichiometry of TFA to one equivalent and of
reducing agent to two equivalents, without observing any decrease in the rate of
cyclisation (Table 13, Entry 7). At this point in the study it was deemed necessary to
perform the appropriate control reactions before investigating the substrate scope (Table

14).

Table 14: Control reactions.

MEMO ., 0 - 9 o FHo OOHH
F ~ xx mol% IPrAuCl Fjitlo F
xx mol% AgSbFg +
F xx TFA B z
H DCM:MeOH (10:1) H H
Z 40°C, 5h
115aa + 115ab 200aa 202
Entry Au (mol %) Ag (mol %) TFA equiv.  Conversion (%)*
1 5 5 - 100
2 5 - - 0P
3 - 5 - 0P
4 - - 1 0P
5 5 - 1 o°
6 5 1 QP

2 Determined by *F NMR P Only starting material could be detected
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It was surprising to discover that, in the absence of TFA, allylic alcohol 115aa/ab had
been fully consumed and the crude °F NMR spectrum showed a mixture of ketone and
hydrate after 5 hours (Table 4, Entry 1). It was initially thought that the reaction
proceeded through a difluorinated enol intermediate; however, this result strongly
suggests that the difluorinated enol acetal is the nucleophile in the reaction (Figure 81).

OH :OMEM
R Y oH R Y oH
F |/ I/
:4) vs :4)
N H N |i|
AuL AulL

Figure 81: Initially proposed difluorinated enol nucleophile (left) and difluorinated enol acetal

nucleophile (right).

Echavarren et al. have previously demonstrated the effectiveness of enol ether
nucleophiles for cyclisation onto Au(lll) activated alkynes; however, the reactivity of
enol ethers towards cationic gold activated alkenes has not yet been reported.?® As
expected, no product could be detected in the Au(l) and Ag(l) only experiments (Table
14, Entries 2 and 3, respectively).? Interesting results were also observed when allylic
alcohol 115aa/ab was exposed to TFA in the absence and presence of both gold and
silver salts (Table 14, Entries 4, 5 and 6). Acetal protecting groups are known to be
readily cleaved in the presence of TFA and a build-up of DFMK 147b in each reaction

was expected (Figure 82).24

147b
Figure 82: Expected product from TFA control experiments.

Surprisingly, no DFMK could be detected after five hours and only starting material
remained in each reaction mixture. These results provide further evidence that a
difluorinated enol acetal is the active nucleophile. The inclusion of TFA appears to have
no effect on the rate of cyclisation or removal of the MEM protecting group. The
complete removal of this highly corrosive reagent from the reaction mixture undoubtedly
offers a significant practical advantage. Subsequently, optimisation of the one pot

cyclisation/reduction process was revisited (Table 15). The exclusion of TFA allowed
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reduction of the stoichiometry of reducing agent to one whilst improving the reaction
yields previously obtained (Table 15, Entry 1).

Table 15: Reaction conditions screening for one pot cyclisation/reduction of 115aa/ab.

0 OH
MEMO ., - OH L
F - xx mol% IPrAuCl E xx Bu.NBH .
xx mol% AgSbFg t. 18 h
F DCM:MeOH (10:1) E ’ =
H 40 °C, i H H

_ ime

115aa + 115ab 200aa + 200ab 207aa + 207ab

Entry  Au(mol %)  AgSbFes (mol %)  Time (h) Reducing agent  Yield (%)?

1 5 5 5 BusNBH,4 70°
2 2.5 25 5 BusNBH.4 68"
3 1 1 22 BusNBH,4 51°
4 5 5 5 NaBH, 42°

2 |solated yield  Product was isolated as a mixture of trans, trans and trans, cis

diastereoisomers, major isomer shown (2.6:1).

The catalyst loading could be lowered to 2.5 mol % without any effect on the rate of
cyclisation, though a slight decrease in product yield was observed (Table 15, Entry 2).
However, lower catalyst loadings had a significant impact on reaction yield (Table 15,
Entries 4 and 3). Although starting material 115aa/ab was consumed fully purification
proved to be particularly troublesome as an unknown impurity co-eluted with the
product during chromatography. Multiple purifications were required to achieve a
modest yield of 207aa and 207ab; however, 5 mol % catalyst loading appeared to be
optimal. Replacing the reducing agent to an alternative borohydride salt (NaBH4) also
resulted in lower yields (Table 5, Entry 4). It was reasoned that the improved solubility
of BusNBH4 over sodium borohydride in the reaction media accounted for the higher
yield of 207aa and 207ab.

H & H
_?’ “‘
Hd \H
F o~
F
Me )
(o)
H H

Figure 83: Potential reductive stereocontrol via dihydrogen bonding.

Finally, as previously reported by Jackson et al., it is possible that the o-hydroxy

functionality is providing some stereocontrol during the reduction as no cis-diol was
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observed in any of the crude reaction mixtures during the optimisation process.?*® The
potential for dihydrogen bonding between the ring junction hydroxyl group and the hydrogen

atom bonded to boron may account for the trans-diol selectivity observed (Figure 83).

With the optimisation for the cyclisation of allylic alcohol 115aa/ab complete, the
generality of the methodology was tested by synthesising further difluorinated diol

motifs.

4.2.4 Substrate Scope — Allylic Alcohols
A range of difluoroallylic alcohols were prepared in moderate to good yield in order to
probe the cyclisation (Table 16).
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Table 16: Difluorinated allylic alcohols 115 prepared from 114.%

OMEM ) 2.1 equiv. LDA, THF, -78 °C, 30 min  MEMO R,

F.C ii) 1.05 equiv.. allylcyclohexanone, -78 °C, P~ Ra
3 i) warm to rt, 18 h E OH
114 iv) NH4Cl(aq) 115
Electrophile Product Yield drP
MEMO
o) OH
é/v/ 115aa/115ab  69% 19:1
trans:cis
T Y
©/\/ 115ba/115bb 320 ¢ 82:1
trans:cis
(6]
ﬁ‘j/v/ 115ca/115¢ch 56%" 3.5:1
trans:cis
O
(6]
/ .
f‘j/v 115da/115db  42%°%¢ 4.9:1
N trans:cis
Boc =
MEMO
(@]
PO FW 115e 73% -
F OH
o MEMO
F 0, -
P P N 115¢ 64%
F OH
MEMO
O F f
LN _ W 115g 61% i
F OH
o MEMO
P N7 N 115h 319%° -
F OH
Fo N 115i 30%' -
Z F OH
MEMO
o} . . h 4.6:1
M, P N 115ja/115jb 37% g
i 32:1
0/C, € .
é/\ 115ka/115kb  19% et

2 All reactions were carried out with 12 mmol of 114 unless otherwise stated ° dr determined by **F NMR
spectroscopy © Isolated as a mixture of cis- and trans- diastereoisomers, major isomer shown ¢ At 9.5 mmol scale ¢ At

5 mmol scale At 10 mmol scale. 9 At 8 mmol scale. "Isolated as a mixture of (E)- and (2)- diastereoisomers.
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The annelative precursors prepared included the 7-membered ring carbocycle
115ba/115bb as well as the oxygen and nitrogen containing heterocycles 115ca/115cbh
and 115da/115db. Annelative processes benefit from lower reaction entropies; therefore,
it was interesting to determine whether the methodology also tolerated more challenging
annulative cyclisations. In this regard, a further 6 annulative precursors were synthesised
115e-j. Unfortunately both the cyclopropyl and cyclopentane analogues were isolated in
slightly diminished yields. Analysis of the crude °F NMR spectra for both of these
reactions found significant quantities of enol acetal 208 present within the reaction
mixture (Figure 84). The presence of this material indicates that ‘wet’ electrophile had
been added to the reaction. However, after repeating each of the reactions under
stringently dry conditions acetal 208 was continuously detected. It is, therefore, thought
that the pre-existing carbocyclic rings in these ketones might provide significant steric
bulk and impede approach of the in situ generated vinyl lithium nucleophile.

OMEM

Figure 84: Enol acetal product observed in preparation of allylic alcohols 115h and 115i.

A lower yield was also noted for internal alkene 115j. In this case the yield can be
attributed to the more protracted purification required. Following Kugelrohr distillation
(63% initial yield) the product had to be purified further by column chromatography to
achieve a final yield of 37%. Finally, it was also of interest to test the cyclisation with

alkyne containing substrates.

Successful cyclisation of these species would provide ring systems bearing an exocyclic
alkene group which would potentially be useful for further functionalisation. A poor
yield was observed for alkyne-containing allylic alcohol 115k and, again, large
quantities of 208 were detected in the crude reaction mixture by °F NMR. We initially
attributed the lower yield of alkyne 115k with competing deprotonation of the alkynyl
hydrogen of the electrophile. However, diethyl ketone is more acidic than
phenylacetylene in DMSO, (Figure 85).248
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pK, = 28.8 pK, = 27.1
Figure 85: pKa’s of alkyne protons versus C-H bonds adjacent to carbonyl groups in DMSO.

Therefore, it is reasoned that the ketone electrophile must have been ‘wet’ prior to

addition to the reaction mixture.

It should be noted that a significant effort was invested to resolve issues which arose
with regards to allylic alcohol isolation. Initially, crude reaction mixtures were simple to
purify using standard silica gel chromatography following aqueous work up. However,
during the course of the investigation, the reaction mixtures began to turn black in
appearance. The °F NMR spectra of the crude reactions showed only the desired
products; however, attempts to purify these dark mixtures by column chromatography
resulted in isolation of the products as dark orange oils which, although clean by NMR,
were not compatible with the subsequent cyclisation. After attempting various work up
procedures, temperatures, reaction times and reagent addition times it was discovered
that filtering the crude reaction mixtures through a large plug of silica followed by
Kugelrohr distillation allowed the isolation of the products as pale yellow/colourless oils.
With the exceptions of 115da/115db, 1159 and 115k all of the allylic alcohols were

isolated in this manner.

4.2.5 Substrate Scope — Difluorinated Diols

Annelations enabled the synthesis of 4 novel fused bicyclic difluorinated diol systems.
The 6,7-ring system was isolated as a mixture of trans, trans-207ba and trans, cis-207bb
diasteroisomers (Table 17, Entry 2). It was possible to isolate the single trans, trans-
207ba diastereoisomer following repeated recrystallizations of the mixture by vapour
diffusion using chloroform/pentane (7%). Unfortunately, heterocycles 207c and 207d
were isolated in slightly lower yields and diastereoselectivities. The trans, trans
diastereoisomer was still the major species for both systems; however, the cis, cis-
diastereoisomer was now present and could not be separated by chromatography or
recrystallization. The cis,cis stereochemistry was elucidated by careful examination of
both the °F and *H NMR spectra (Figure 86).
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3JFn =20.2 Hz

3Jrn=27.4Hz

Figure 86: Stereochemical Configuration of cis, cis-207d.

Taking nitrogen containing heterocycle 207d as a representative example, the axial
fluorine atom appears as a distinct ddd signal at -116.1 ppm in the °F NMR spectrum
(e = 243.7, 3Jen = 27.4, 20.2 Hz). The retention of two large *Jg diaxial couplings
confirms the cis, cis stereochemistry. Furthermore, the smaller 3Jrn coupling can be
associated through coupling with the hydrogen at the C1 position as the reciprocal 20.2

Hz 3Ju.r coupling can be observed in the *H NMR spectrum.
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Table 17: Scope of one pot cyclisation/reduction method.

i) 5 mol% IPrAuCl

5 mol% AgSbFg g on

DCM:MeOH (10:1), 0.17 M

40°C, 248 h F Ry
ii) 1 equiv. BuyNBH, Me=% —R2

i, 18 h H Rj
207
Entry  Allylic Alcohol Product Yield(%)? dr®
RS o 2.6:1
1 115aa/115ab FjCO 207a 70 . :
s trans,trans:trans,cis
H
R_2 oM 4.9:1
2 115ba/115bb cho w69 .
8 trans,trans:trans,cis
H
OH
AT 6.7:1.4:1
3 115ca/115c¢cb 207¢ 48 ) N
O trans,trans.trans,cis.c1s,Cis
H
OH
AT Lora . 3.4:0.9:1
4 115da/115db 7 50 ) .
_NBoc trans,trans.trans,cis.c1s,Cis
H
OH
F OH d
5 115¢ Fsﬁj— 25 20:1
R 207ea
) OH
E I OH
115e FU 167 >20:1
. 207eb
\F OH
6 115¢ FAGzOH 1 20:1
. 207f
l; OH
OH
7 115g FACQZWQ 63 >20:1
R oH OH
: 1.3:1:0.1
d
8 115h szom 29 trans,cis:trans,trans:cis,cis
. 3.8:1
9 115i 44

) K OH
10 115 F S 0
- 207

trans,trans:cis,trans

3Isolated yield. "Diastereoisomeric ratio determined by °F NMR spectroscopy; for mixtures the major isomer is shown. €10

days reaction time. “Diastereoisomers could be separated by normal phase chromatography. 15 minutes reaction time and

TBAB not added.
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Intriguingly, the cyclisation of 115da/115db required 10 days reaction time, longer than
any other cyclisation (typically 5-21 hours). In an attempt to rationalise this marked
decrease in reactivity DFT calculations were performed to ascertain if there was a
significant difference in energy barrier to product formation between different substrates.
Caclulations on 6 model substrates were conducted using the Spartan’10 program (Table
18).2* The models were selected for computational simplicity. Simple geometry
optimisations were performed using a restricted Hartree-Fock method (RHF/6-31G%*)
followed by single point energy calculations using the T1 thermochemical recipe to
calculate heats of formation using dual basis set RI-MP2 techniques (RRIMP2(FC)/6-
311++G(2df,2p)[6-311G*]).>*°

Table 18: DFT calculations on model annelations (Spartan 10., gas phase).

Model starting H¢° H¢° AHeaction®
material (komolty ~ Modelproduct 5 oy (kJ mol)
H
-29.39 1119.70 190.31
:
112956 219.21 -89.65
1130.23 -219.31 89.16

The results of these calculations showed no difference in energy between the various
transformations, all within computational margin of error (+ 0.5 kcal/mole), indicating
that the observed reactivity difference was not based on the relative thermodynamics of
the product. Although there are no reports in the literature of carbamate groups inhibiting
gold catalysis there are examples whereby carbamate group participation is observed.
Carretero et al. have shown that N-Boc protected alkynylamines can react
intramolecularly to form oxazolidinone derivatives. The reaction proceeds through the
Boc group with the carbonyl oxygen acting as a nucleophile attacking the gold(l)

activated alkyne (Scheme 93).2%
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l 5 mol% PhsPAUCI o] Q
0 5 mol% AgSbFg p— Yo
R1_N ) L R _N R1_N
M—==—-R, DCM,t, 5min. 1 \)\(Rz X Re
n
n=1,2; R, =H, alkyl, aryl i Au | H

R, = H, Ph, CO,Et .
via

Scheme 93: Carbamate group participation in reaction with alkynes (top) and potential intermolecular

interaction in our current system (below).

If such Boc group participation was occurring then this would potentially result in
reaction inhibition. To test this hypothesis a spiking experiment was performed whereby
one equivalent of N-Boc piperidone was used as an additive in one of the known faster

cyclisations (Scheme 94).2%!

o)
MEMO 5 mol% IPrAuCl o

OH 5 mol% AgSbFg F OH
F 1 equiv. N-Boc piperidone F 100% coversion
F DCM:MeOH (10:1) . by "°F NMR
H 40°C,5h H
=
115aa + 115ab 200aa

Scheme 94. Spiking experiment performed to test N-Boc participation.

After five hours reaction time an aliquot of the reaction mixture was taken up and a °F
NMR spectrum obtained. The NMR showed complete conversion to the cyclic ketone
product and effectively rules out carbamate participation/inhibition. Consequently, it was

not possible to rationalise the relative reaction rate for allylic alcohol 115da/115db.

Monomethylated analogue 207e was isolated in good overall yield (56%); however,
characterisation proved complex as the reaction produced 3 different diastereoisomers. A
mixture of trans, trans-207ea and cis, cis-207ec was isolated in 15% vyield (1:1.2
respectively). The stereochemistry of the individual species was elucidated by
examination of both the *F and *H NMR spectra as well as a crucial [*H, °F] HOESY
experiment (Figures 87, 88 and 89).
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Figure 87: *F NMR spectrum in DMSO-ds at 373 K of trans, trans-207ea and cis, cis-207ec.

From the °F NMR spectrum of the mixture a doublet of triplet signal is observed for the
cis,cis axial fluorine at -127.9 ppm ( 2Jrr = 238.7, 3Jrn = 20.3 Hz). This larger 3Jen

coupling and splitting pattern tells us that the axial fluorine is adjacent to two axial

hydrogens at the C1 and C5 positions, thereby setting the stereochemistry at these two

chiral centres. A doublet of doublet signal is observed for the trans,trans axial fluorine at
-114.0 ppm (3Jrr = 243.2, 3Jen = 25.8 Hz). This indicates that there is only one axial
hydrogen adjacent to the fluorine; however, it is unclear whether this is at the C1 or C5

position. To elucidate this analysis of the the 'H NMR spectrum is required (Figure 88).
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Figure 88: Partial *H NMR spectrum of trans, trans-207ea and cis, cis-207ec.

It should be noted from the *H NMR spectrum that a large doublet of doublet signal at
3.48 ppm exists for the C1 hydrogen of the cis, cis isomer. This is formed as a result of a
large *Ju.r 1,2-diaxial coupling (20.3 Hz) followed by a smaller *Ju.r (gauche) coupling
(6.0 Hz). In comparison, this 1,2-diaxial coupling is absent for the C1 hydrogen in the
trans, trans species and a smaller doublet of doublet signal is present at 3.63 ppm (Ju-r
= 8.1, 6.7 Hz). This implies that the hydrogen atom must adopt the equatorial position
and sets the stereochemistry at the C1 position of the trans, trans diastereoisomer. With
the stereochemistry at the C1 and C5 positions elucidated for both species the final C2
stereocentre remains. If the C2 methyl group adopts the axial position a strong HOE
contact would be present between the axial fluorine of each stereoisomer and the CH3
group. A [*H, ®F] HOESY experiment was performed, and revealed that no HOE
contact was observed for either stereocisomer (Figure 89).

152



ppm
r-135

— @4
}-125
No HOE Z

= I

k115
\'b# - -110

— “ [
- -105

No HOE [
- +100

I I T | T T

35 3.0 2.5 20 15 1.0 05 ppm

Figure 89: [*H, °F] HOESY experiment of trans, trans-207ea and cis, cis-207ec.

The result of this experiment shows that the methyl group adopts the equatorial position
for both isomers. The formation of trans diol species 207ea can be rationalised through
dihydrogen bonding; however, this effect must be weak since formation of the cis diol
207ec occurs. It was possible to isolate both trans, trans-207ea and trans, cis-207eb in
diastereoisomerically pure forms. Characterisation of trans, cis-207eb proved less
troublesome and its stereochemistry was confirmed by single crystal X-ray diffraction
(Figure 90).

F Me

trans, cis-207eb

Figure 90: Trans, cis-207eb in the crystal.

A [*H, F] HOESY was also performed on this substrate to test the robustness of the
experiment and a clear HOE cross peak was visible correlating the axial fluorine with the

C2 methyl group (Figure 91).
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Figure 91: [*H, °F] HOESY experiment of trans, cis-207ec.
The formation of this diastereoisomer containing an axial methyl group is unusual. The
cyclohexane A-value for a —CHs group is 7.28 kJ/mol, whereas for an —OH substituent it
is 3.64 kJ/mol.?® The formation of this species is therefore thought to be disfavoured;

however, it was isolated in an overall yield of 16%.
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Annulations required a minimum level of substitution on the chain and a low yield
(11%) was obtained for the least substituted system cis, trans-207f. Surprisingly, it was

the cis-diol that was isolated in this instance.

cal 1 65207-AMC_70_2_Smol 1 1 "CriUsers'sdess\Deskoop\NME Dats Lah Book 44KHE ' I@
H -
H
Me A |
F OH ﬂ“f\ MH "
OH ?? M M ”\J *H )
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Figure 92: 1°F NMR spectrum of crude reaction mixture (above) and pure cis, trans-207f (below).

Comparison of the °F NMR spectrum of the crude reaction mixture and purified cis,
trans-207f may offer some explanation with regards to the lower yield and
stereoselectivity observed. The crude °F NMR spectrum is complex with a number of
peaks containing large 2Jr.r coupling constants. This arises from the presence of multiple
difluorinated cyclic molecules (Figure 92). It appears as though the minor
diastereoisomer has in fact been isolated, the signals of which are barely detectable in the
crude NMR spectrum. Furthermore, one of the major peaks in the crude reaction is a
doublet of triplet signal at -132.8 ppm (2Je¢ = 239.6, ®Je.n = 25.8 Hz). With the retention
of two 3Jr diaxial couplings it is likely that this signal represents the axial fluorine of
the trans, cis diastereoisomer, the isomer that would be expected from the reaction.
Despite the low yield of cis, trans-207f it was not possible to isolate equivalent
unsubstituted cyclic analogues using the Saegusa-Ito methodology so it would appear

that the gold-catalysed cyclisation is more efficient.
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Diastereoisomerically pure cis,trans-207g was isolated from the reaction in good yield.
Out of all the cyclisations performed this particular substrate proceeded with the greatest
overall diastereoselectivity. The stereochemical outcome of this reaction requires some
comment. Firstly, the stereochemistry of the methyl group could be attributed to the
larger overall strain energy (1,3-diaxial interaction) that would arise from having two
axial methyl substituents (each axial methyl group contributing 1.7 kcal/mol strain
energy).? Secondly, none of the trans-diol species was observed from this reaction.
This was a surprising result as, it was reasoned that the a-hydroxyl functionality plays a
role in the facial selectivity of hydride addition through dihydrogen bonding.?*324
However, the observed selectivity for the reduction can be rationalised by application of
the Felkin-Ahn model in the reduction of cyclic ketones.?®* The stereoselectivity of the
reduction is attenuated dramatically upon addition of an axial methyl group at the C-3
position. Wigfield et al. have previously demonstrated that the stereochemical effect of
an equatorial methyl group is minor in comparison to the introduction of axial
substituents at the C-3 and C-5 positions on the cyclohexane ring.?® The bulky
tetrabutylammonium borohydride reagent is expected to preferentially attack the
equatorial face of the ketone, avoiding the steric interaction between the borohydride

molecule and the axial methyl group at C-3 arising from axial face attack (Figure 93).2%

Figure 93: Rationale for observed reduction selectivity with steric interactions upon axial attack (left)

and minimal steric interactions upon equatorial attack (right).

Spiro-cyclopropyl analogue 207h was primarily isolated as a mixture of three
diastereoisomers (29%); however, it was also possible to isolate small quantities of both
trans, cis-207ha (6%) and trans, trans-207hb (5%) as single diastereoisomers (representing
an overall yield of 40%, Figure 94). Once again analysis of this species proved to be
complicated and, due to conformational interconversion, variable temperature (VT) NMR
experiments was necessary.?®” Along with 2D NMR HOESY experiments and single crystal
X-ray diffraction the stereochemistry of each individual species could be confidently

assigned.
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Figure 94: Spiro-cyclopropyl diasterecisomers obtained.

The final diol species formed was spiro-cyclopentyl 207i. This was isolated as a mixture
of both the trans, trans and cis, trans diastereoisomers (3.8:1, respectively). The
stereochemistry of the exocyclic methyl group adjacent to the CF. unit and the
stereochemical outcome of the reduction can be explained by the presence of the axial
CHj> substituent at the C-3 position on the ring.

No HOE UStrong HOE

trans, trans-207i cis, trans-207i
Figure 95: Spiro-cyclopentyl diastereoisomers obtained.

However, the methyl group at the C2 position is found to adopt both the equatorial and
axial position. This was confirmed by a [*H, °F] HOESY experiment where an HOE
correlation was absent for the trans, trans species and present for the cis,trans (Figure
95).

Unfortunately, the reaction did not tolerate internal alkenes and a complex mixture was
returned for the attempted cyclisation of allyl alcohol 115j. This may be attributed partly
to steric effects with the addition of an extra methyl group rendering the olefin too bulky

to act as an effective ligand and, therefore, inhibiting catalysis.

The attempted cyclisation of terminal alkyne 115k initially provided a confusing result.
The starting material was fully consumed after fifteen minutes and the *F NMR
spectrum of the crude reaction mixture revealed no fluorine containing signals. TLC
analysis of the crude reaction mixture revealed a number of spots; however, the major
spot was significantly less polar than the starting material. This non-polar species was
isolated following purification by flash column chromatography. Unfortunately, despite

obtaining good quality NMR data and accurate mass analysis, it was not possible to
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determine the structure of this unknown species. Fortunately, upon leaving the mixture at
0 °C for one year the material solidified and a crystal was grown by slow evaporation
from chloroform/pentane under reduced pressure. X-ray crystallography revealed the

structure to be the bicyclic ester derivative 209 (Scheme 95).

MEMO i) 5 mol% IPrAuCI MeO.__O
OH 5 mol% AgSbFg
F DCM:MeOH (10:1), 0.17 M 0
40 °C, 15 min.
g MeO H
| | 115k 209
29%

7.3:1 (cis:trans)
Scheme 95: Cyclisation of 115k.

After re-examining the NMR data, it was clear that the species existed as a mixture of
diastereoisomers, a doubling up of signals present in the *C NMR spectrum. The second
diastereoisomer in the mixture was trans-209 (Figure 96). The stereochemistry of this
was deduced from the *H NMR spectrum with the exocyclic methoxy group having a

significantly different chemical shift for each individual diastereoisomer.

trans-209

Figure 96: Second diastereoisomer present.

The presence of this exocyclic methoxy group indicates that the alkyne has initially
reacted with methanol present in the reaction media. Unlike alkenes, alkynes are known
to readily react with methanol under gold(l) catalysis.?*®%° However, following this
initial attack a number of steps must follow to afford the final product and a mechanism

is proposed in Scheme 96.

158



F

methanol attack MeO PaN
protodeauration \/\O O

- LAU*, +H*

210

OMe
FLF
H.| (OH
¢ 2 + +
0O s +H +H
-~ -~
[y [y 'LAU [y
MeO H MeO
217
- H,0
OMe -OMe
F F FL _,'4: MeO O
H _ _
O N2 -H* o -F L» o™
MeO H MeO H MeO H
218 219 209

Scheme 96: Proposed mechanism for formation of 209.

Initial coordination of cationic gold to the terminal alkyne followed by nucleophilic
attack of methanol and protodeauration generates enol ether 210. Loss of the MEM
group would afford difluoroenol intermediate 211 which could then re-coordinate with
cationic gold. A resonance contributor for this species could be a [-aurylated
oxacarbenium ion 212 which may be sufficiently long lived to serve as an electrophile
for the subsequent cyclisation. Nucleophilic attack via the oxygen of the enol would
afford pyran 213, which could undergo protodeauration to regenerate cationic gold and
deliver 214. Difluorinated olefin 214 could then be activated and undergo nucleophilic
attack by a second molecule of methanol followed by protodeauration to afford 216.
Protonation of this species followed by loss of water would generate stabilised tertiary
carbocation 218. This species could then lose a proton to afford dihydropyran 219. The
final mechanistic steps involve the elimination of the two fluorine atoms. The first
fluorine is eliminated during the formation of oxocarbenium 220, the development of
conjugation being a driving force for this transformation. This species could then be
attacked by water to afford monofluorinated product 221 which undergoes a second

fluorine elimination to afford the final non-fluorinated product 209.

Although the formation of this particular product is surprising, the result itself was

encouraging as it shows that the gold coordinated alkyne is sufficiently electrophilic to
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interact with an appropriate nucleophile. It was hypothesised that the enhanced reactivity of
the alkyne functionality could be exploited to synthesise alternative difluorinated sugar like

scaffolds.

4.2.6 Difluorinated Pyran Synthesis and Optimisation.

Pyrans are becoming increasingly important heterocyclic scaffolds in medicinal chemistry
and can be found in a variety of bioactive compounds.?® Slight modification of the current
synthetic route would potentially allow access to structurally unique difluorinated pyran
variants (Scheme 97).

R MEMO
F ! OH

F Ri
F o — T YR —

F  OH FaC
223 222|| 115

~wv = new bond made -OMEM = -OCHzo(CHz)ZOMe
Scheme 97: Retrosynthetic route to difluorinated pyrans.

This would be advantageous as it would represent a divergent synthetic strategy whereby
we could synthesise either difluorinated diols or difluorinated pyrans from a common

inexpensive fluorinated starting material.

Allylic alcohol 1151 was synthesised according to the standard procedure in good yield
(Scheme 98).

i) 1.3 equiv. propargyl bromide
0.05 equiv. BuyNHSO,4

MEMO 50 wt% NaOH, 0 °C MEMO
OMEM ) 2.1 equiv. LDA, THF, -78 °C, 30 min F _ R 30 min F R
F4C ii) 1 equiv. heptanal, -78 °C, F OH iyrt, 18 h F fe)
iilwarmtort, 18 h
iv) NH4Cl(aq) R = -(CH,)sCH3 | |
1151 222a
65% 71%

Scheme 98: Synthesis of trial cyclisation substrate 222a.

The propargylation of difluoroallylic alcohols has previously been established by Percy
et al. Simply treating difluoroallylic alcohol 1151 with slight excess of propargyl
bromide in a 50% aqueous solution of sodium hydroxide and a phase transfer catalyst
afforded the desired alkyne product in good yield. Alkyne 222a was chosen as a model
substrate to investigate the cyclisation. The volatility of the cyclised products was
unknown; however, having an elongated carbon chain present in the substrate should
reduce the risk of product loss under reduced pressure. With the alkyne in hand, the

cyclisation was next attempted. Knowing that the alkyne was susceptible to attack from
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methanol, the previously established cyclisation conditions were employed in the
absence of this solvent (Scheme 99).

:XIEMO R 5 mol% IPrAuClI R i R FHO a R
V 5 mol% AgSbFg F F
F O DCM,rt, 4 h o * o)
222a 223a 224a
| R =-(CH,)sCH3 21%

Scheme 99: Initial alkyne cyclisation attempt.

The alkyne was added as a solution in dichloromethane (DCM) to a stirring solution of
the gold and silver catalyst in dichloromethane; however, following addition, the mixture

darkened instantaneously.

In spite of this, it was possible to isolate the cyclised product as a mixture of both the
ketone and corresponding hydrate in an overall yield of 21% (yield based on hydrate
component of the mixture). The yield was low in the first instance; however, this was an
extremely encouraging preliminary result (the reaction could also be performed at room
temperature, an attractive feature from a synthetic perspective). As with the cyclic a, a-
difluoroketones synthesised from the Saegusa-Ito series these cyclic pyrans were also
susceptible to ketone hydration. Unfortunately, it was not possible to isolate a single
molecular species. Attempts to isolate pure ketones by implementing the oven drying
procedure resulted in product decomposition and azeotroping mixtures with toluene were
also unsuccessful. Therefore, it was only possible to isolate mixtures of ketone and
hydrate, and added an extra degree of complexity to the characterisation data collected.
However, it was often possible to recrystallise pure hydrate samples. In most instances
comparison of the NMR spectra obtained for pure hydrates together with the NMR

spectra of mixtures allowed for proton signals to be confidently assigned.

Further optimisation of the reaction primarily focussed on screening solvents for the
reaction (Table 19).
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Table 19: Optimisation of alkyne cyclisation.

OMEM

F\%\(\/\/\ 5 mol% Au catalyst F Q FHO OH
5 mol% AgSbFg R R
F 0] solvent, temp, time ~ Fj/ii\( + Fjﬁ(
rem 0 0
|ﬂ 222a 223a 224a
R = -(CH,)5sCH3
Entry  Au catalyst Temp (°C) Solvent Time (h) Isolated Yield (%)?
1 IPrAuCl rt DCM 4 21
2 IPrAuCl rt Toluene 5 61
3 IPrAuCI rt THF 3 oP
4 IPrAuCI rt 2-MeTHF 21 65
5 IPrAuCl rt CPME 5 61
6 IPrAuCI 40 2-MeTHF 2 49
7 PhsPAuCI rt 2-MeTHF 24 54

2 Yield calculated based on hydrate. ® Polymerisation observed.

Upon switching to toluene the reaction was complete after 5 hours, and a significant
increase in yield was observed (Table 19, Entry 2). Once again, the reaction mixture
darkened following the addition of the alkyne solution; however, the colour change was
not instantaneous and occurred over the course of 2 hours. Whilst toluene appeared
suitable for this particular substrate we found it to be incompatible with others and
instead formed complex mixtures. As the objective was to identify a generic solvent
which was not just substrate specific we decided to continue with further solvent
screening. Initially, the reaction performed in tetrahydrofuran (THF) appeared
promising. Darkening of the reaction mixture was not observed; however, after 3 hours
the mixture had completely polymerised. THF is known to undergo polymerisation in
the presence of catalytic quantities of metal halide salts, therefore the AgSbFs used in the
reaction is likely to be the trigger for this process.?! This unwanted polymerisation
could be avoided by switching to 2-methyltetrahydrofuran (2-MeTHF). After stirring at
room temperature for 21 hours the product was isolated in slightly increased yield
(Table 19, Entry 4).

Unlike the reactions in DCM and toluene the reaction mixture turned silver over the
course of 8 hours. However, after 21 hours the reaction turned dark brown. It appears as
though this colour change is harbinger of reaction completion. Pleasingly, this solvent
was not substrate specific and was compatible with other cyclisations. The ability to
conduct the reaction in this inexpensive, sustainable solvent is an attractive feature of the

methodology.?®? Using cyclopentyl methyl ether (CPME) as an alternative ethereal
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solvent gave similar results to those obtained in toluene (Table 19, Entry 5) and also
proved ineffective with other substrates screened. Following this screen we decided to
use 2-MeTHF as the solvent of choice for moving forward with the investigation.
Increasing the reaction temperature significantly decreased the reaction time; however,
this was accompanied by a lower product yield. PhsPAuCI could also be used as a
catalyst for the reaction; however, the best results were achieved by using IPrAuClI.
Taking into consideration the complexity of the products and the mild reaction
conditions employed, the maximum vyield of 65% was considered acceptable and these

conditions were used to explore the scope of the reaction

4.2.7 Difluorinated Pyran Substrate Scope

A small palette of allylic alcohols and alkyne substrates were synthesised using the
dehydrofluorination/lithiation and propargylation procedures, respectively, described
above (Table 20).
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Table 20 — Alkynes Synthesised to Probe the Cyclisation.

i) 1.30 equiv. propargyl bromide
0.05 equiv. BuyNHSO,

MEMO 50 wt% NaOH, 0 °C MEMO
Fio R _30min Fa R
F o on it18h F 0
115 222|“/
Allyl Alcohol Alkyne Isolated Yield (%)
MEMO
MEMO NG~
PN~ F O 222a 71

F OH 1151 (
I
MEMO
MEMO F\f)\rJ::j
FWO 222b 68
F OH 115m
MEMO (0]
F L 222¢ 88
F on 1150 {/
I
MEMO
MEMO Rjé}\riiij
F 222d 79

= F O

F OH 1150 (
o MEMO CFs
MEMO : NG
P 222¢ 74
F  oH 115p {/
MEMO OMe
MEMO OMe NG~
F 222f 88

4
F OH 1159 M

Overall the alkynes were isolated in good to excellent yields and included carbocyclic
and heterocyclic analogues 222b and 222c respectively. Electron neutral 222d, electron
withdrawing 222e and electron donating 222f aromatic substrates were also produced.

These analogues were especially interesting because between both the Saegusa-Ito and
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gold(l) diol methodology, it had not yet been possible to prepare any compounds which
contained aromatic systems. The alkynes were then exposed to the cyclisation conditions

previously established (Table 21).
Table 21 — Scope of Alkyne Cyclisation.
MEMO 5mol% IPrAuCl g O £10 oH
F\%\(R 5 mol% AgSbFs _ ¢ R ¢ R
F O 2MeTHF, it 21h o * 0

222|” 223 224

Entry Alkyne Product Isolated Yield® Ketone:Hydrate®

HO OH

F
1 222a Fjé/\/\/\ 65¢ 1:1
0 224a
- 9
2 222b E 63 7.3:1
O 223b
FHo OH @)
3 222¢ . 62 0:1
0 224c
FHO OH
4 222d E 52 1:3.8
O 224d

CF3
FHO OH
5 222¢e F 52 1:6.1
0 224e
OMe
H—|O OH
6 222f F 0 -
0 224f

2 Yield is based upon major component. °Ratio determined by **F NMR spectroscopy; for mixtures the major component is
shown. Yield based on hydrate.
Carbocyclic analogue 223b was isolated in comparable yield to the model substrate and,
in this case, the ketone existed as the major component in the mixture. In contrast
heterocycle 224c was isolated exclusively as the hydrate. This material was
recrystallized by vapour diffusion using tetrahydrofuran/pentane and its structure

confirmed by single crystal X-ray diffraction (Figure 97).
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Figure 97: Structure of 224c in the crystal.

There are a number of characteristics associated with this entity which make it an
attractive fragment for drug design. Firstly, the compound is rich in sp® character.
Lovering et al. have found that there is a direct correlation between fraction sp* (Fsp®)
character in a molecule and clinical success.?®® Their studies showed that those species
which contained a higher degree of saturation were more likely to survive the drug
discovery process and less likely to fail during clinical trials. The three dimensional
nature of compounds containing significant Fsp® character is also thought to improve
overall selectivity. Secondly, the molecule contains a variety of hydrogen bond donors
and acceptors. The four oxygen atoms exist as strong hydrogen bond acceptors and,
although weaker, the two fluorine atoms may also provide some degree of hydrogen
bond accepting ability. The two hydroxyl groups will also act as hydrogen bond donors.
Importantly, the total number of hydrogen bond donors and acceptors are acceptable and
fall within the limits set by Lipinski’s rules.”® Finally, the alkene functionality also

provides a useful site for further functionalisation.

It was also pleasing to note that the reaction tolerated aromatic substituents. Phenyl
analogue 224d and electron withdrawing (trifluoromethyl) phenyl 224e were isolated in
good vyield. These were the first examples of a difluorinated cyclic molecule bearing an
aromatic substituent that we had managed to synthesise. Unfortunately, it was not
possible to isolate electron donating analogue 224f. The starting material had been
consumed fully during the reaction; however, the *F NMR spectrum of the crude
reaction mixture was complex. The desired product could be detected; however,
purification proved to be challenging and although a small quantity of 224f was isolated,
it was not of acceptable purity. Overall, this phase of the study showed that the
compounds could be synthesised effectively, and demonstrated the good overall scope

generating a library of complex fluorinated compounds.

The ability to access further novel compounds would of course be an extremely

attractive synthetic feature. The presence of the exocyclic alkene motif within the pyran
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scaffold offers a potential vector for further functionalisation. Sy2’ allylic aminations
have previously been performed on allylic difluoride substrates and it was hypothesised

that the pyran templates offered a unique opportunity to achieve such a transformation.

4.2.8 Allylic Amination

The presence of the allylic difluoride group in the system may present the opportunity
for functionalisation through C-F activation. The C-F bond is one of the strongest bonds
in organic chemistry; however, it has been shown that allylic fluorides can undergo
oxidative addition with palladium(0) to form n3-allylpalladium(Il) compounds.?* This
feature has since been utilised by Gouverneur et al. in the palladium catalysed

265 \When two fluorine atoms are

nucleophilic substitution of allylic monofluorides.
present on the same carbon atom the strength of the C-F bond increases by 10-15
kcal/mol, making oxidative addition more difficult. However, Paquin et al. have shown
that 3,3-difluoropropenes 225 can undergo a palladium catalysed Sn2’ allylic amination

to form B-aminofluoroalkenes 227 (Scheme 100).2%

NR,

c1 I —I+ F
Pd"(dppf
F 25 equiv. NR, Vil
F 2.5 mol % [Pd(dppf)Cl]*CH,Cl, - R,NH F
MeCN, 70 °C, 14-22 h CHF

225 226 227
Scheme 100: Sn2” amination of allylic difluorides.

The reaction is thought to proceed via oxidative addition to generate the palladium =-
allyl complex 226 followed by nucleophilic attack of the amine on C1 to afford amine
227. Using similar conditions the reaction on difluorinated pyran system 223a/224a was
examined (Scheme 101).

E Q FHO OH 3 equiv. Morpholine Q
E R L F R 5 mol % [Pd(dppf)Cl,]*CH,Cl, o/\ F R
o) O MeCN,70°C, 24 h K/N | o)
223a 224a 228
R = -(CH,)5CH; 24%

Scheme 101: SN2’ allylic amination of 223a/224a.

A mixture of hydrate and ketone 223a/224a was exposed to the reaction conditions using
a slightly elevated catalyst loading and increased equivalents of amine. After 24 hours
the starting material had been consumed fully. The °F NMR spectrum was dominated
by a singlet at -141.1 ppm, characteristic of an olefinic C-F system.?®” Although the

crude mixture looked relatively clean by °F NMR the material had to be purified twice
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by flash column chromatography. Pleasingly, it was possible to isolate morpholine
derivative 228 albeit in lower yield. The reaction was repeated a number of times;
however, multiple purifications were required in each case and consequently 24% was
the highest yield which could be obtained. Interestingly, although the reaction was
performed using a mixture of ketone and hydrate full conversion of the starting material
was observed and amine 228 was isolated as a single species. This suggests that the
ketone/hydrate mixture equilibrates in solution to form the ketone which then reacts to
deliver the product enone, the development of conjugation being a driving force for the
reaction. Monofluoroalkenes have found widespread use in medicinal chemistry so the
ability to access such functionality from our difluorinated systems is extremely
advantageous.?®® The reaction was also attempted with piperidine to synthesise amine
derivative 229 (Scheme 102).

o HO OH o o
R R F R 3.0 equiv. Piperidine
F F 5 mol % [Pd(dppf)Cl,]*CHCl, F R
+ L
9 O  MeCN, 70°C, 24 h N | o
223a 224a 229
R = -(CH,)5CH; complex purification

Scheme 102: Attempt to synthesise 229.

Again, the ®F NMR spectrum of the crude reaction mixture was dominated by a single
peak thought likely to correspond to piperdine adduct 229. Unfortunately, it was not
possible to isolate 229 in sufficient purity even after multiple attempts at column
chromatography. Nonetheless, the result from the morpholine experiment demonstrates
an important proof of concept in that the pyran systems could potentially serve as useful
synthetic building blocks.

In summary, this chapter of the thesis has described two methodologies allowing for the
concise synthesis of either difluorinated diol or difluorinated pyran scaffolds (three steps
and four steps, respectively from trifluoroethanol, an inexpensive commercial
feedstock). Both methods utilise difluorinated enol acetals for the first time as atom
efficient carbon nucleophiles. Together with the Saegusa-lto cyclisation the three
methods represent a significant expansion to the field of fluorinated small molecule

synthesis.
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4.3 Conclusions

This chapter has highlighted the progress made in the efforts towards developing more
atom efficient cyclisations based on difluorinated enols. Attempts to translate the
previously established oxidative palladium(ll)-catalysed Saegusa-1to methodology to
enol acetal substrates was unsuccessful and the only product that could be isolated from

these reactions was monofluorinated enone 193 (Scheme 103).

MEMO OH 100 mol% Pd(OAc),
F = 1 equiv. 0.25 M HNO3
F 100 mol% CuCl
g MeCN:H,0 (7:1)
= 70°C, 18 h, O,
115aa + 115ab 193

Scheme 103: Monofluorinated product formed from palladium(ll) chemistry.

Cyclisations could be achieved by utilising a cationic gold(l) cyclisation mediator,
generated from NHC-gold(l) complex [(IPr)AuCI] (IPr = 1,3-bis(2,6-
diisopropylphenyl)imidazole-2-ylidene and chloride abstractor AgSbFs. The annelation
of 115aa/ab proceeded under mild conditions and it was possible to isolate a mixture of

ketone 200aa and the corresponding hydrate 202 (Scheme 104).

:XIEMO OH 5 mol% Au(l) . 9 o HO OH
% 5 mol% Ag(l) R OH
F 3 equiv. TFA F + F
& DCM:MeOH (10:1) 8 2
_ 40°C,5h H
115aa + 115ab 200aa 202

46% (based on hydrate)
Scheme 104: Cyclisation of 115aa/115ab.

Unfortunately, it proved difficult to isolate a single molecular entity and attempts to dry
the material in a vacuum oven (1 mbar, 40 °C) led to product decomposition.
Reproducibility issues were also encountered and the presence of tricyclic acetal 203 in

crude reaction mixtures was also detected (Figure 98).
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Figure 98: Tricyclic acetal 203 formed from cyclisation reactions.

The formation of this product could be suppressed by reducing the ketone in situ to
afford difluorinated diol 207aa. Surprisingly, the cyclisation could be performed in the
absence of TFA, a result which strongly suggests that the reaction proceeds through an

enol acetal nucleophile rather than the difluoroenol (Figure 99).

:OH :OMEM
Y oH R Y OH

F_— F\—
) v 9]

T
T

N N

AuL AuL
Figure 99: Hypothesised difluoroenol (left) and enol acetal (right) nucleophiles.
The method developed involves a gold(l)-catalysed one pot cyclisation/reduction under
mild, acid free, conditions and low catalyst loadings, delivering difluorinated diols in
good yields and moderate diastereoselectivities. The cyclisation also boasts a number of
significant advantages, such as, improved atom economy, ambient temperatures, and the
requirement of fewer protecting groups. The diols synthesised include examples of

spirocyclic, heterocyclic and monocyclic compounds (Figure 100).

L . OH o
F F F
W
207c 207f 207i

Figure 100: Diols synthesised using one pot cyclisation/reduction method.

The reaction was found not to tolerate internal alkenes and an unusual non-fluorinated

pyran was formed when an alkyne was subjected to the reaction conditions (Figure 101).
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MeO O

o
MeO H
cis-209

Figure 101: Pyran formed from attempted alkyne cyclisation.

Using similar catalytic conditions alkyne substrates were successfully cyclised to
construct difluorinated pyran scaffolds. The alkynes could be cyclised at room
temperature in 2-methyltetrahydrofuran to afford products rich in functionality and sp?
character and are difficult to access by other methods. However, the pyrans were often
isolated as mixtures of both ketone and hydrate, and it proved difficult to establish a
method whereby a single species could be isolated. The reaction tolerated alicyclic,
carbocyclic and heterocyclic substituents, and it was also possible to synthesise

compounds containing aromatic substituents (Figure 102).

O
HO_OH HO_ OH -HO_OH
R
F F F
O o O
R= -(CH2)5CH3
224a 224c 224d

Figure 102: Pyrans synthesised from alkyne cyclisation.

The Sn2’ allylic amination was also successful and delivered monofluorinated
morpholine derivative 228. Removal of the a,a-difluoro group also meant that the
product could be isolated as a single species, greatly simplifying characterisation. There
is also the potential for further derivatisation of this species with the a, B-unsaturated

carbonyl functionality providing a potentially useful synthetic handle.

Overall, this chapter has clearly demonstrated the synthetic utility of difluorinated enol
acetals and a divergent synthetic strategy has been created which allows for the

construction of complex fluorinated fragments (Scheme 105).

171



i) 5 mol% IPrAucCI

0] MEMO Ri 5 mol% AgSbFg OH = novel cyclization
Ri  5mol% IPrAuCi R, DCM:MeOH (10:1), 0.17 M R 2 PH  u sustainable starting material
R, 5 mol% AgSbFe = % 40°C,2-48 h . F "Ry u challenging substrates
X 2-MeTHF, 0.17 M F ii) 1 equiv. BuyNBH, o X = mild conditions
n,21h r,18 h
X=0 / / X = CH,

alkene or alkyne
Scheme 105: Divergent synthesis of difluorinated pyrans and diols.
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4.4. Overall Conclusions and Future Work

4.41 Conclusions
The work described in this thesis has highlighted the development of three methods for
the synthesis of selectively difluorinated cyclic molecules which bear close resemblance

to fluorinated sugar analogues (Scheme 106).

Saegusa lto:

F R, 10 mol% Pd(OAc),
= 100 mol% CuCl _F R
F MeCN (Air Sparged)
70°C,18 h
112 / 113

One-pot alkene cyclisation reduction:

MEMO o i) 5 mol% IPrAuCl H

H " 5 mol% AgSbF, F OH
F~ R1  DCM:MeOH (10:1), 0.17 M E /R
£ 40 °C, 2-48 h 1

ii) 1 equiv. Buy,NBH,

IIO

115 rt,18 h 207

Alkyne cyclisation:

MEMQ 5 mol% IPrAuCl Q £1Q OH
5 mol% AgSbFg

F\H\<
@) 2-MeTHF, 0.17 M +

R1
=
F rt,21 h O O
2224 223 224

Scheme 106: Cyclisations developed.

The Saegusa-1to cyclisation allowed for the concise synthesis of difluorinated
cyclohexenones 113. The silyl enol ether precursors 112 were prepared in good yield
from trifluoroethanol derivative 111 by utilising a transacylation protocol followed by
trapping of the in situ generated enolate with chlorotriethylsilane. A combination of
palladium(ll) acetate and copper(l) chloride proved the most effective redox system for
the cyclisation.  Both annulations and annelations were performed and lower catalyst
loadings (5 mol % Pd(OACc)2) could be employed for annelative processes. Following
effective sequestration of the metal contaminants using scavenger silica (SPM32 or
STAB3) the cyclic difluoroketones 113 were isolated in good yield by simply triturating
crude reaction mixtures with pentane. The ketones often crystallised as the hydrate;
however, rigorous oven drying allowed for the isolation of difluoroketones as single

species. The least substituted system underwent cyclisation followed by fluorine
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elimination and oxidation to afford a Wacker product with reversed regiochemistry 150
(Figure 103).

F ODEC

J 150

Figure 103: Monofluorinated product isolated from Saegusa-Ito investigation.

The synthesis of sulfide analogue 113i was unsuccessful, presumably due to the
coordinating ability of sulfur with palladium. Instead, preparation of the sulfone
analogue prevented catalyst inhibition enabling access to bicyclic sulfone 113j (Figure
104).

F ODEC
F
S50
H (@]
113i 113j
Not Successfully
isolated isolated

Figure 104: Sulphur based analogues.

In an effort to establish a more atom efficient cyclisation method the cyclisation of
difluorinated enol acetals 115 was investigated. Difluoroallylic alcohols 115 were
synthesised from trifluoroethanol derivative 114. Purification of these precursors by
Kugelrohr distillation was critical in order for a successful cyclisation to be achieved.
The oxidative palladium(ll) chemistry developed for the Saegusa-Ito cyclisation could
not be translated across to difluorinated enol acetals. A cyclisation was achieved by
using stoichiometric quantities of palladium(ll) acetate; however, the product isolated
was monofluorinated enone 193. Switching the transition metal catalyst to gold(l)
greater led to greater success. A combination of 1,3-bis(2,6-diisopropylphenyl-imidazol-
2-ylidene)gold(l) chloride (IPrAuCl) and silver hexafluoroantimonate (AgSbFs) ensured
a successful cyclisation and the difluoroketone was isolated as a mixture of ketone
200aa and hydrate 202 (Figure 105).
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HO OH HO OH

iebek sl

200aa
Figure 105: Products isolated from initial enol acetal cyclisation studies.

OI,

Oven drying of the mixture resulted in product decomposition and mixtures of
diastereoisomers of ketone and hydrate presented complex data sets. Furthermore,
tricyclic acetal 203 was a common side product of the reaction and it was not possible to
inhibit its formation. To overcome this issue, the ketone functionality was reduced in situ
to afford difluorinated diols 207 in a one pot cyclisation reduction method. The reaction
could be performed under mild acid free conditions providing strong evidence for an
enol acetal nucleophile operating within the system. A range of diol fragments were
synthesised in moderate to good yields and diastereoselectivities. The stereochemistry of
diol structures were revealed through a combination of X-ray crystallography, NMR and
2D [*H, **F]-HOESY analysis. The presence of axial substituents on the ring and the a-
hydroxy functionality also appear to provide some level of stereocontrol. The cyclisation
did not tolerate internal alkenes and cyclisation of a terminal alkyne led to the formation

of an unusual non-fluorinated pyran 209 (Figure 106).

MeO o

o
MeO H
cis-123
Figure 106: Non-fluorinated pyran isolated from alkyne cyclisation.

Slight modification of the synthetic route enabled access to structurally complex
difluorinated pyran templates. Alkyne substrates were cyclised at room temperature in 2-
Methyltetrahydrofuran, an inexpensive sustainable solvent. In each case, the pyrans were
isolated as mixtures of ketone and hydrate 223/224. Attempts to oven dry these mixtures
led to product decomposition. The reaction tolerated electron withdrawing aromatic
substituents; however, electron donating groups led to the formation of complex

mixtures.

Finally, the synthetic applicability of difluorinated pyrans was demonstrated. Pyran
223a/224a was further functionalised by using an Sn2’ allylic amination procedure,

allowing for the synthesis of monofluorinated morpholine derivative 228 (Figure 107).
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Overall, this result demonstrates a valuable proof of concept whereby difluorinated
pyran templates could potentially serve as useful synthetic building blocks.

O
OFR
AT

998 R =-(CH2)sCHs

Figure 107: Product of pyran functionalisation isolated.

4.4.2 Future Work

The results of these investigations have opened up a number of different avenues for
further work. The nature of the catalytically active species in the Saegusa-Ito cyclisation
is currently unknown. The results from the screening experiments suggest that a
bimetallic Pd/Cu species could be playing an important role in the redox system.
Moreover, there is precedent for Pd/Cu bimetallic species to act as catalysts in the
oxidation of alkenes.’®® UV-visible spectroscopic studies could be conducted to gain
insight into the nature of the catalytic species present in the reaction. Monitoring the
optical absorption of Cu(l) and Cu(ll) species over the course of the reaction would
enable quantitation of their concentrations. The d° configuration of Cu(ll) could also be
utilised for monitoring the reaction by EPR analysis and could provide a useful tool for

further mechanistic studies.*®*

Explaining the formation of enal 150 from the cyclisations of 113b is not trivial and it
appears that a classic Wacker mechanism is not in operation. Repeating the reaction in
the presence of a radical scavenger (TEMPO) could confirm whether or not enal 150 is

formed as a result of a radical mechanism.

It would also be interesting to determine whether the Saegusa methodology could be
further expanded. Recently, Bdackvall et al. have reported the in situ
carbocyclisation/carbonylation of enallenes to form heavily functionalised
cyclopentenones (Scheme 107).2%°
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EtO,C X 5 mol% Pd(TFA)
- 1.1 equiv. BQ
+ _—Ph

CcO
toluene, rt, 3 h

2 EtO,C

EtO,C Pd(TFA)
via
0]
TESO E O
F _ ODEC ODEC
+ = pp 10mol%Pd(OAC), i
F 100 mole% CuCl
/ MeCN (Air sparged)
70°C, 18 h g ®)
' =
CcO Ph
O

F
via F ODEC | 22
XPd

Scheme 107: Potential expansion of Saegusa methodology.

If a similar Pd intermediate was also present under the cycloalkenylation reaction
conditions then this carbonylation/coupling procedure could potentially provide access

to fluorinated molecules with an even greater degree of functionality.

In relation to the gold(l) methodology, it would be interesting to investigate whether an
asymmetric synthetic route would be possible. The resolution of difluoroallylic alcohols

has previously been demonstrated by Takagi et al (Scheme 108).27

OH F

P PCL CICHZOC(:) F HO F
Ph)\H\F o > Ph(/S)\*%\F + Ph)R\*%\F
¢ (R)
+ 1.5 equiv. CIQJ\O/\ F
i-Pr,0, 35 °C
PCL = Pseudomonas cepacea lipase
Scheme 108: Chiral resolution of difluoroallylic alcohols.

(-) 32% (95% ee) unreacted
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Allylic alcohols were resolved through a lipase catalysed trans-esterification whereby
the S-enantiomer of the racemic mixture reacted preferentially over the R-enantiomer.
These species could then be separated and the S-allylic alcohol isolated after hydrolysis
of the ester with LiOH. It would be best to test this asymmetric route on the alkyne
cyclisation since the cyclised product contains only one stereocentre (Scheme 108).

OMEM OMEM OMEM FHO OH
Fa - Ph F Ph _ F\%\/ Ph . Ph
Resoluion | : Propargylation L (_) Cyclisation (_)
F OH eg.enzyme F OH (

Scheme 108: Potential enantioselective route to pyrans.

Monitoring of the reaction by NMR might also give further insight into the nature of the
nucleophile in the gold(l) catalysed cyclisation. At low acid concentrations we have been
able to detect the formation of difluoroenol 192 before tautomerisation to the ketone
occurs. The difluoroenol intermediate contains two fluorine atoms attached to a sp?
hybridised carbon, typically characterised by smaller 2Je values. If the reaction is
proceeding through a difluoroenol intermediate this would be readily detected by °F
NMR. However, if this species is not being formed then only direct formation of the
cyclised product with two fluorine atoms attached to a sp* hybridised carbon should be
observed, characterised by larger 2Jg.r values (Scheme 109).

. OMe
F LOMEM 0 o >
F\ R
) Cyclisation F
: i —_—
+ H
AulL AulL
MeOz
¢
H
Q {OH ‘o
Foop FF > OH Rl
— . .
) Cyclisation F
—_— I —_—
& R
ol ‘Aul AuL

Scheme 109: Possible reaction through enol acetal (top) or enol (bottom).
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Further functionalisation of the pyran scaffolds could also be investigated. An interesting
reaction to conduct is the addition of vinyl lithium to the the carbonyl group of the
pyran. Previous work within the group has successfully added this reagent to cyclic
ketones to form oxy-Cope rearrangement precurors. These then successfully rearranged
to form fluorinated cyclodecenones (Scheme 110).2* Addition of vinyl lithium to our
pyran scaffolds would afford products posessing a similar oxy-Cope pattern. If these
rearranged it would allow access to larger 8 membered ring systems bearing an exocyclic
gem difluormethylene group, although formation of this fluorinated sp? centre may prove

thermodynamically challenging.?’

Previous Work:

ODEC ODEC
F N
= L Oxy-Cope F
Fo NH,CI (aq) I
Potential route:
@) R
o FH 0 — HO R
R . R 74 o)
F R LN F Oxy-Cope ? 0
—_— O __________ > T‘
O NH,4CI (aq) \ \
F F
F F

Scheme 110: Oxy-Cope reaction performed by Percy group (top) and potential route to larger ring

systems (bottom).
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6. Chapter 4: Experimental

All characterisation data spectra for all synthesised compounds and Cartesian coordinates are
compiled as Supplimentary Information and available on request.

6.1 General Experimental

NMR spectra were recorded on Bruker DPX-400, AV-500 and Avance-l1+ 600
spectrometers. H, *°F and 3C NMR spectra were recorded using the deuterated solvent
as the lock and the residual solvent as the internal reference. The multiplicities of the
spectroscopic data are presented in the following manner: s = singlet, d = doublet, dd =
double doublet, dt = doublet of triplets, dq = doublet of quartets, dquint = doublet of
quintets, ds = doublet of sextets, qd = quartet of doublets, gt = quartet of triplets, ddt =
doublet of double triplets, ddd= doublet of doublet of doublets, dddd = doublet of double
doublet of doublets, dddt = doublet of double doublet of triplets, dddg = doublet of
double doublet of quartets, tdd = triplet of doublet of doublets, td = triplet of doublets, ts
= triplet of septets, tt = triplet of triplets t = triplet, q = quartet, m = multiplet and br. =
broad. Unless stated otherwise, all couplings refer to 2] homocouplings. IR spectra were
recorded on an ATR IR spectrometer, the samples were loaded directly onto a diamond
anvil cell either as a neat oil or solid. UV/Vis Spectra were recorded on a Varian Cary®
50 UV-Vis Spectrophotometer using Quartz UV cuvettes (1.2 cm diameter) in MeCN.
Melting points were recorded on a Griffin melting point apparatus and are uncorrected.
GC/MS spectra were obtained on an instrument fitted with a DB5-type column (30 m x
0.25 um) running a 40—320 °C temperature program, ramp rate 20 °C min ~* with helium
carrier gas flow at 1 cm® min~t. Chemical ionisation (CI) (methane/ammonia) and
Electron lonisation (EI) mass spectra were recorded on either an Agilent Technologies
5975C mass spectrometer or a FINNIGAN MAT 95 high resolution double focussing
(BE) mass spectrometer (EPSRC National Mass Spectrometry Service Centre, Swansea).
HRMS measurements were obtained from a Waters GCT Premier MS (ClI), Finnigan
Mat 95 XP (EI-MS and/or APCI-MS), Thermo Scientific LTQ Orbitrap XL via Advion
TriVersa NanoMate infusion (ESI) or Waters Xevo G2-S Atmospheric Solids Analysis
Probe (APCI, Positive mode, Xevo) spectrometers (EPSRC National Mass Spectrometry
Service Centre, Swansea). Thin layer chromatography was performed on pre-coated
aluminium-backed silica gel plates (E. Merck AG, Darmstadt, Germany. Silica gel 60
F254, thickness 0.2 mm). Visualisation was achieved using potassium permanganate dip
or UV detection at 254 nm. Column chromatography was performed on silica gel

(Zeochem, Zeoprep 60 HYD, 40-63 um) using a Biichi Sepacore system. Hexane was
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distilled before chromatography. Carbon, Hydrogen and Nitrogen analysis was carried
out on a Perkin Elmer 2400 Series Il CHNS Analyser (data acquired by Alexander J.
Clunie). Metal salts (palladium(ll) acetate (reagent grade, 98%), copper(l) chloride
(ReagentPlus®, >99%), copper(ll) chloride (97%), copper(l) acetate (97%), copper(ll)
acetate (98%), palladium(Il) chloride (> 99.9%)) were purchased from Sigma Aldrich
and used as received. [(IPr)AuCl] (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-
ylidene, 95%) and AgSbFs (98%) were purchased from Strem Chemicals and used as
received. THF was dried using a PureSolv system from Innovative Technology, Inc..
Diisopropylamine was distilled from 4A molecular sieves (30 °C/140 mbar) and stored
under nitrogen over 4A molecular sieves. All other chemicals were purchased from
Sigma Aldrich, Alfa Aesar, or Fluorochem. All compounds were named according to the
ChemDraw Professional 15.0 package and checked against Scifinder® chemical
database. Metal scavenging silica 3-Mercaptopropyl ethyl sulfide Silica (SPM32; silica
size: 60-200 microns; pore size: 60 A; loading: 0.8 mmol/g) and triamine ethyl sulphide
amide silica (STA3 silica size: 60-200 microns; pore size: 60A; loading: 0.9 mmol/g)
was purchased from PhosphonicS Ltd. CuCl, was dried by heating to 150 °C for 48
hours. DMF was distilled from CaH» (50 °C/18 mbar) and stored under nitrogen over
CaHo,. Chlorotrimethylsilane was distilled from CaH; (60 °C/430 mbar) and stored under
nitrogen over CaH> in the refrigerator.

Crystal data measurements were performed with Oxford Diffraction or Rigaku
instruments. The datasets for 113h and 224c were collected by the NCS, University of
Southampton and all other datasets were measured in-house at the University of
Strathclyde. Structure solution was by direct methods with the SIR and SHELXS
programs and refinement utilised SHELXL-97 (performed by Dr Alan Kennedy).?"3%
All structures were refined to convergence against F2 and used all independent
reflections. Selected crystallographic and refinement parameters are given below. LDA
and n-Butyllithium (2.5 M solution in hexanes) was titrated according to the method of
Duhamel and Plaquevent.?”®
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6.2 Compounds from Chapter 1

6.2.1 Preparation of electrophiles
Penten-1-al (S1)%

0]

AN

Allyl vinyl ether (5.6 g, 64 mmol) was added to a microwave vial and capped. The vial
was placed in a Biotage Microwave and irradiated with stirring for six hours at 150 °C to
afford penten-1-al (5.6 g). The material (S1) was used directly in the next reaction
without further purification.

dH (400 MHz, CDClz): 9.81 (t, J = 1.9 Hz, 1H), 5.86 (dt, J = 16.9, 10.3, 6.6 Hz, 1H),
5.13-5.01 (m, 2H), 2.63-2.52 (m, 2H), 2.49-2.36 (m, 2H) ppm.

The data was consistent with that reported by Murphy.?’

1-(1-Allylcyclopropyl)ethan-1-one (S2)?"

N

0
The synthesis was based on the method described by Schmalz et al.?”’

Trimethylsulfoxonium iodide (15 g, 68 mmol) was taken up in DMSO (220 mL) with
stirring and the flask was placed in a water bath at room temperature. Sodium hydride
(2.7 g of a 60 % dispersion in mineral oil, 68 mmol) was added in one portion and the
mixture was stirred until foaming ceased and all the solid had dissolved (1 hour). 3-
methylene-5-hexen-2-one (7.5 g, 60 mmol) was added in a continuous stream and the
yellow mixture was stirred overnight. The mixture was poured into water (1250 mL) and
extracted with pentane (5 x 100 mL). The combined organic extracts were dried
(MgSO0s.), filtered and the solution was concentrated carefully at 770 mBar to ca. 15 mL
(using a rotary evaporator with a DriKold trap). The colourless residue was distilled
through a 20 x 1 cm Vigreux column under reduced pressure to afford ketone S2 (3.19 g,
43 %) as a colourless liquid,

bp 43-45 °C / 6 mmHg.

R¢=0.36 (20 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & 5.81 (ddt, J = 16.3, 11.1, 6.3 Hz, 1H), 5.09-5.00 (m, 2H),
2.39 (br. d, J = 6.3 Hz, 2H), 2.05 (s, 3H), 1.23, 1.22 (ABq, Jas = 3.7 Hz, 2H), 0.81, 0.79
(ABq, Jas = 3.7 Hz, 2H) ppm;

3C NMR (100 MHz, CDCls): 5 =208.3, 133.5, 116.3, 37.3, 30.9, 25.4, 15.6 ppm;
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v/(neat) = 3078, 3007, 2909, 1686, 1418, 1362, 1140, 1003, 914 cm™;
HRMS (EI-MS): calcd for CgH130, 125.0961 [M+H]*, found: 125.0960;
MS (CI): m/z (%): 125 (9) [M+H]*, 83 (100) [M-CaHs] ;

tr (GC) = 7.49 minutes.

1-(3-Propenyl)cyclopentanecarboxylic acid (S3)%"8

o)
Carboxylic acid S3 was prepared according to the method of Cameron and co-

workers.?”® A solution of cyclopentane carboxylic acid (10 g, 88 mmol) in THF (30 mL)
was added dropwise over 30 minutes to a stirred solution of LDA (136 mL of a 1.35 M
solution in THF/heptane/ethylbenzene, 184 mmol) in THF (228 mL) at 0 °C. After this
time, the reaction mixture was heated to 60 °C over 30 minutes and left for a further 30
minutes at this temperature. The reaction was cooled to 0 °C then allyl bromide (7.6 mL,
88 mmol) was added dropwise over 20 minutes. The reaction was allowed to warm to
room temperature and stirred for 18 h. Sodium hydroxide (300 mL of a 0.5 M aqueous
solution) was added and the aqueous phase separated. The organic phase was extracted
with sodium hydroxide (3 x 150 mL of a 0.5 M aqueous solution). The aqueous layer
was washed with diethyl ether (150 mL), then acidified to pH 1 (indicator paper) with a
minimum volume of concentrated HCI (ca. 75 mL). The product was extracted into
dichloromethane (4 x 100 mL) and the organic extracts were combined, dried (MgSOa)
then concentrated under reduced pressure. The crude reaction mixture was purified by
distillation to afford the desired product as a light yellow oil. (7.14 g, 53 %, 90 % purity
by *H NMR and GC).

b.p. =182 °C/0.28 mmHg;

R¢=0.2 (20 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 11.76 (br. s, 1H), 5.78 (ddt, J = 16.9, 10.2, 7.0 Hz, 1H),
5.16-4.99 (m, 2H), 2.39 (dt, J = 7.0, *J = 1.1 Hz, 2H), 2.19-2.02 (m, 2H), 1.72-1.44 (m,
6H) ppm;

3C NMR (100 MHz, CDCls): 5 = 184.3, 134.6, 117.7, 53.4, 42.6, 35.6, 25.1 ppm;
v/(neat) = 3200-2800 (broad, s), 1693, 1405, 1232, 916 cm™;

MS (CI): m/z (%): 155 (27) [M+H]*, 137 (9) [M-OH], 109 (100) [M-CO.H];

tr (GC) = 10.19 minutes.
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1-(1-Allylcyclopentyl)ethan-1-one (S4)%"

s

o}
Ketone (S4) was prepared according to the method of Kim and co workers.

Methyllithium (81 mL of a 1.4 M solution in diethyl ether, 114 mmol) was added rapidly

279

to a stirred solution of carboxylic acid S3 (4.4 g, 28.5 mmol, 90% pure by *H NMR and
GC) in THF (300 mL) at 0 °C. After 2 hours at 0 °C, freshly distilled chlorotrimethyl
silane (122 mL, 0.96 mol) was added rapidly while stirring continued and a precipitate
formed. The ice bath was removed and the reaction mixture was allowed to warm to
room temperature before being left to stir for one hour further. Hydrochloric acid (200
mL of 1 N aqueous solution) was added and the resulting two phase system stirred at
room temperature for thirty minutes. The mixture was transferred into a separating
funnel and extracted with diethyl ether (4 x 200 mL). The combined organic extracts
were washed with water (150 mL), dried (MgSOa) and filtered. The bulk solvent was
carefully removed under reduced pressure (40 °C, 150 mmHg) and the crude product
was purified by distillation to afford S4 as a colourless oil (3.06 g, 78 %).

b.p. =44 °C /2 mmHg;

R¢=0.4 (10 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.65 (ddt, J = 16.9, 10.2, 7.0 Hz, 1H), 5.11-4.99 (m,
2H), 2.39 (dt, J = 7.0, *J = 1.3 Hz, 2H), 2.15 (s, 3H), 2.09-1.96 (m, 2H), 1.72-1.44 (m,
6H) ppm;

13C NMR (100 MHz, CDCls): 8 =211.9, 134.6, 117.4, 59.9, 42.6, 34.1, 25.8, 25.1 ppm;
v/(neat) = 2954, 2872, 1703, 1441, 1357, 1141, 916 cm™;

HRMS (EI-MS): calcd for C1oH160, [M+H]": 152.1201, found: 152.1205;

MS (CI): m/z (%): 181 (5) [M+C2Hs]", 153 (100) [M+H]", 135 (33), 109 (20) [M-
CoH:0];

tr (GC) = 9.47 minutes.
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2-Allyltetrahydropyranone (S5)%°

0
("

(0)
Ketone S5 was prepared according to the method of Bilodeau and co-workers.?® A
mixture of allyl alcohol (0.71 g, 12.2 mmol), tetrahydropyran-4-one (3.69 g, 36.7 mmol),
DL-proline (0.43 g, 3.67 mmol), Xantphos (0.355 g, 0.61 mmol) and
(allylpalladium)chloride dimer (0.112 g, 0.30 mmol) in DMSO (50 mL) was degassed by
two freeze-pump-thaw cycles (to 0.15 mmHg). The stirred dark orange mixture was
heated to 70 °C overnight. The yellow suspension was cooled to room temperature and
poured into water (400 mL). The mixture was extracted with diethyl ether (5 x 50 mL)
and the combined organic extracts were washed with a mixture of brine and water (1:1,
100 mL) and dried (Mg2SO4). The solvent was removed under reduced pressure to afford
the crude pyranone as a yellow oil (2.09 g). The crude product was purified by flash
column chromatography (90 g cartridge, 12 % ethyl acetate in hexane) to afford
pyranone S5 as a mobile colourless oil (1.12 g, 22 % based on tetrahydropyranone).
R¢=0.33 (15 % ethyl acetate in hexane);
'H NMR (400 MHz, CDCls): 6 5.77 (dddd, J = 17.1, 10.4, 8.0, 6.2 Hz, 1H), 5.12-5.03
(m, 2H), 4.24-4.14 (m, 2H), 3.77 (ddd, 2J = 11.4, J = 10.5, 3.7 Hz, 1H), 3.45 (dd, 2J =
11.4, J = 9.1 Hz, 1H), 2.68-2.53 (m, 3H), 2.45 (dt, 2J = 14.7, 3.6 Hz, 1H), 2.10-1.99 (m,
1H) ppm;
13C NMR (100 MHz, CDCls): § =207.2, 135.1, 116.7, 72.0, 68.4, 50.6, 42.3, 30.0 ppm;
v/(neat) = 2968, 2916, 2851, 1713, 1641, 1229, 1200, 1157, 1099, 974, 916 cm™;
MS (CI): m/z (%): 141 (95) [M+H]";
tr (GC) = 8.49 minutes.
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tert-Butyl 3-allyl-4-oxopiperidine-1-carboxylate (S6)

dj/v/
oo

Ketone S6 was prepared as for (pyranone S5) from allyl alcohol (0.226 mL, 3.32
mmol), 1-Boc-4-piperidone (2.00 g, 10.0 mmol), DL-proline (0.115 g, 1.00 mmol),
Xantphos (0.096 g, 0.166 mmol) and (allylpalladium)chloride dimer (0.031 g, 0.083
mmol) in DMSO (20 mL). The mixture was degassed by two freeze-pump-thaw cycles
(to 0.15 mmHg). The stirred dark orange mixture was heated to 70 °C overnight. The
yellow suspension was cooled to room temperature and poured into water (100 mL). The
mixture was extracted with diethyl ether (5 x 20 mL) and the combined organic extracts
were washed with a mixture of brine and water (1:1, 50 mL) and dried (MgSQO4). The
solvent was removed under reduced pressure to afford the crude piperidone as a pale
orange oil (2.07 g). The crude product was purified by flash column chromatography (90
g cartridge, 20 % ethyl acetate in hexane) to afford S6 as a clear mobile oil (0.97 g, 40 %
based on Boc-piperidone).

R¢=0.31 (20 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCl3): § = 5.72 (dddd, J = 17.2, 9.9, 7.4, 6.6 Hz, 1H), 5.15-4.89
(m, 2H), 4.42-3.79 (m, 2H), 3.51-3.14 (m, 1H), 3.14-2.69 (m, 1H), 2.63-2.19 (m, 4H),
2.13-1.82 (m, 1H), 1.44 (s, 9H) ppm;

13C NMR (100 MHz, CDCl3): & = 208.6, 154.4, 134.8, 117.4, 80.3, 49.5, 47.7, 43.6,
40.7, 31.3, 28.3 ppm,;

v/(neat) = 2974, 2930, 1692, 1416, 1366, 1238, 1162 cm™;

HRMS (NSI-ES): calcd for CgH14NO3, 184.0968 [M+H]*, found: 184.0963;

MS (CI): m/z (%): 184 (79) [M-CsHe+2H]*, 140 (80) [M-CsHoO,+2H]*, 57 (100)
[CaHo];

tr (GC) = 12.53 minutes.
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2-Allyl tetrahydrothiopyranone (S57)%!

@)

(™
S
Ketone S7 was prepared according to the method of Miftakhov and co-workers.

281
Tetrahydrothiopyranone (6.00 g, 52 mmol) in THF (20 mL) was added dropwise to a
stirring solution of LDA (45.9 mL of a 1.47 M solution in THF/heptane/ethylbenzene) in
THF (100 mL) at -78 °C over 15 minutes. The reaction mixture was warmed to -40 °C
and stirred at this temperature for 60 minutes. The mixture was cooled to -78 °C before
adding allyl bromide (5.7 mL, 67.6 mmol) dropwise over 10 minutes. The stirred pale
yellow solution was allowed to warm slowly to ambient temperature (19 °C) overnight.
The pale orange solution was quenched with ammonium chloride (200 mL of a saturated
aqueous solution) and extracted with ethyl acetate (4 x 150mL). The organic extracts
were combined, dried (MgSOa) and concentrated under reduced pressure to afford the
crude product as a dark orange oil (8.74 g). The crude product was purified by flash
column chromatography (90 g, 10% diethyl ether in hexane) to afford S7 as a mobile
yellow oil (1.85 g, 23 %).

R¢=0.35 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): § = 5.70 (dddd, J = 17.2, 10.5, 7.8, 6.5 Hz, 1H), 5.14-4.94
(m, 2H), 3.07-2.81 (m, 3H), 2.79-2.46 (m, 5H), 2.19-2.03 (m, 1H) ppm;

13C NMR (100 MHz, CDCls): & =209.4, 135.1, 117.3, 52.2, 43.9, 35.2, 33.6, 30.8 ppm;
v/(neat) = 2904, 1705, 1422, 1273, 914 cm™;

MS (CI): m/z (%): 185 (17) [M+CzHs]*, 157 (90) [M+H]";

tr (GC) = 10.67 minutes.

The data was consistent with that reported by Seto and co-workers.?®2

2-Allyl tetrahydrothiopyranone dioxide (S8)%*

o)

(I

TN

O O

Ketone S8 was prepared according to the method of Miyazawa and co workers.?®® A
solution of sodium metaperiodate (11.58 g, 54 mmol) in water (72 mL) was added
dropwise over 30 minutes to a stirring solution of allyl tetrahydrothiopyranone 157 (2.82

g, 18 mmol) in methanol (90 mL) at room temperature. The mixture was stirred
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vigorously as a precipitate formed upon addition of periodate. Following addition the
reaction mixture was heated to 60 °C for 18 hours. The reaction was cooled to room
temperature and the methanol removed under reduced pressure. Chloroform (100 mL)
was added to the residue and the mixture was stirred and filtered to remove sodium
iodate. The solids were washed with chloroform (200 mL) and the combined organic
extracts were dried (MgSOs). Removal of the solvent under reduced pressure afforded an
orange solid (3.09 g) which was crystallized from dichloromethane/hexane (0.977 g, 29
%) to afford the product as a white granular solid. The mother liquor was concentrated to
afford an orange solid which was again crystallized from dichloromethane/hexane (0.339
g, 10 %). The liquor was evaporated to dryness and the remaining residue was purified
by flash column chromatography (90 g cartridge, 25 % acetone/hexane) to afford the
product as a white granular solid (0.597 g, 18 %). The ketone was dried in a vacuum
oven (40 °C, 0.75 mmHg) for 1 week before being used in the next step of the reaction.
m.p. = 92-94 °C (dichloromethane/hexane);

R¢= 0.6 (40 % acetone in hexane);

'H NMR (400 MHz, CDCls): § = 5.65 (dddd, J =, 17.8, 10.8, 8.2, 6.9 Hz, 1H), 5.22-5.02
(m, 2H), 3.51-3.25 (m, 3H), 3.25-3.04 (m, 3H), 2.80 (dt, 2J = 15.0, J = 4.4 Hz, 1H), 2.67-
2.52 (m, 1H), 2.24-2.10 (m, 1H) ppm;

13C NMR (100 MHz, CDCls): & =203.6, 133.3, 119.1, 54.2, 50.3, 46.2, 37.9, 32.6 ppm;
v/(neat) = 2995, 2943, 1712, 1288, 1122, 912, 852 cm™%;

HRMS (CI): calcd for CgH1sNOsS, 206.0851 [M+NH4]*, found: 206.0848;

MS (CI): m/z (%): 217 (2) [M+CzHs]*, 189 (14) [M+H]";

tr (GC) = 12.62 minutes

elemental analysis calcd (%) for CsH1203S: C, 51.05; H, 6.43; found: C, 49.89; H, 6.20.
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6.2.2 General Procedure A — Silyl Enol Ether Preparation
1,1-Difluoro-2-(triethylsilyloxy)-3-(N,N-diethylcarbamoyloxy)-3-methyl hepta-1,6-
diene (112a)

Y7
Iy

Carbamate 111 (0.88 mL, 5 mmol) was added dropwise over 5-6 minutes at -78 °C by
syringe to a stirred solution of LDA (6.7 mL of a 15 M solution in
tetrahydrofuran/heptane/ethylbenzene, 10.0 mmol) in THF (11 mL). The clear brown
solution was stirred for 2 hours at -78 °C, clearing to a dark orange solution during this
time. 5-hexen-2-one (0.54 g, 5.5 mmol) was added neat in a stream over 1 minute. The
mixture was stirred at -78 °C for 1 hour while the brown colour faded to yellow or
orange, then brought to 0 °C in an ice bath over 1 hour further. Chlorotriethylsilane (0.84
mL, 5 mmol) was added in one portion. The yellow solution was allowed to warm
slowly to room temperature (15 °C) overnight. After 18 hours, the mixture was
concentrated under reduced pressure (40 °C, 150-75 mmHg, then 0.1 mmHg) to remove
the THF, then treated with hexane (10 mL) to precipitate lithium salts. The suspension
was transferred by pipette onto a pad of silica gel (10 g), which had been conditioned
with 10 % diethyl ether in hexane, in a sinter funnel (30 mm diameter). The crude
product was eluted by washing with 10 % diethyl ether in hexane (200 mL) and the
eluent was evaporated under reduced pressure to afford crude silyl enol ether 112a (1.3
g) as a mobile clear yellow oil. The crude silyl enol ether was purified by flash column
chromatography (90 g silica, 10 % diethyl ether in hexane) to afford 112a as a colourless
oil (1.31 g, 67 %)

R¢=0.25 (5 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCls): 5 = 5.82 (ddt, J = 16.7, 10.2, 6.6 Hz, 1H), 5.07-4.99 (m,
1H), 4.98-4.92 (m, 1H), 3.42-3.07 (m, 4H), 2.16-2.01 (m, 2H), 1.99-1.88 (m, 2H), 1.61
(d, 3Jnr = 4.0 Hz, 3H), 1.10 (t, J = 7.1 Hz, 6H), 0.97 (t, J = 7.9 Hz, 9H), 0.73-0.64 (m,
6H) ppm;

3C NMR (125 MHz, CDCls): & = 154.0, 153.6 (dd, YJcr = 284.1, 279.8 Hz), 138.2,
115.7 (dd, 2Jcr = 32.3, 16.7 Hz), 114.5, 80.1 (t, *Jc.r = 3.5 Hz), 41.3, 38.1, 28.1, 22.3 (d,
*Jcr=6.9 Hz), 13.9, 13.4, 6.6, 5.1 ppm;
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19 NMR (376 MHz, CDCla): 8 = -102.1 (d, 2J = 86.9 Hz, 1F), -112.0 (dq, 2J = 86.9 Hz,
*Je. = 4.0 Hz, 1F) ppm;

v/(neat) = 2957, 1703, 1418, 1258, 1169 cm™;

HRMS (NSI-ES): calcd for C19H3sF2NO3Si, 392.2427 [M+H]", found: 392.2427,

MS (CI): m/z (%): 392 (22) [M+H]*, 362 (9) [M-CzHs], 350 (19) [M-CsHs], 100 (100)
[CONETt;].

1,1-Difluoro-2-((triethylsilyl)oxy)-3-(N,N-diethylcarbamoyloxy)-hepta-1,6-diene
(112b)

7

F _ O\H/Nv
F O
=

Prepared as for 112a from carbamate (1.76 mL), LDA (13.8 mL of a 1.45 M solution in
THF/heptane/ethylbenzene, aldehyde S1 (1.18 mL, 12 mmol) and TES-CI (1.68 mL, 10
mmol) in THF (22 mL). Crude product (3.90 g) was purified by flash column
chromatography (90 g cartridge, 8 % diethyl ether in hexane) to afford 112b (2.36 g, 63
%) as a colourless oil.

R¢=0.23 (10 % diethyl ether in hexane);

'H NMR (400 MHz, CDCl3): & = 5.79 (ddt, J = 16.9, 10.0, 7.0, 1H), 5.27 (tdd, J = 7.5,
“Jur = 3.4, 2.5 Hz, 1H), 5.05-4.98 (m, 1H), 4.98-4.94 (m, 1H), 3.48-3.29 (m, 2H), 3.28-
3.08 (m, 2H), 2.13-1.99 (m, 2H), 1.94-1.74 (m, 2H), 1.10 (t, J = 7.25 Hz, 6H), 0.96 (t, J
=7.92 Hz, 9H), 0.75-0.60 (m, 6H) ppm;

13C NMR (100 MHz, CDCls): § = 154.9, 153.6 (t, Ycr = 284.6 Hz), 137.3, 115.1, 112.3
(dd, 2Jc¢ = 37.8, 15.2 Hz), 70.2 (t, *Jc-r = 3.8 Hz), 41.6, 40.9, 30.2, 29.4, 13.9, 13.3, 6.4,
4.9 ppm;

19F NMR (376 MHz, CDCl3): 6 = -103.2 (d, 2J = 74.8 Hz, 1F), -115.0 (dd, 2J = 74.9 Hz,
“Jen = 3.4 Hz, 1F) ppm; the 2.5 Hz “Jur = splitting could not be resolved in the 376
MHz °F NMR spectrum;

v/(neat) = 2956, 2878, 1759, 1703, 1424, 1266, 1167 cm™;

HRMS (APCI-MS): calcd for C1sH33F2NOsSi, 378.2271 [M+H]*, found: 378.2264;

MS (CI): m/z (%): 378 (23) [M+H]*, 336 (10) [M-C3Hs], 100 (100) [CONEt;].
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1,1-Difluoro-2-((triethylsilyl)oxy)-3-(N,N-diethylcarbamoyloxy)-4,4-dimethyl-hepta-
1,6-diene
(112c)

¥

Prepared as for 112a from carbamate (0.88 mL), LDA (12.2 mL of a 0.82 M solution in
THF/Hexanes, 10 mmol), 2,2-dimethyl-4-pentenal (0.56 g, 5.0 mmol) and TES-CI (0.84
mL, 5 mmol) in THF (11 mL). Crude product (1.75 g) was purified by flash column
chromatography (90 g cartridge, 7 % diethyl ether in hexane) to afford 112c¢ (1.35 g, 67
%) as a pale yellow oil.

R¢= 0.3 (5 % diethyl ether in petroleum ether);

'H NMR (400 MHz, CDCls): & = 5.82 (ddt, J = 17.5, 10.0, 7.3 Hz, 1H) 5.11-5.07 (m,
1H), 5.07-5.03 (m, 1H), 5.02-4.97 (m, 1H), 3.63-3.33 (m, 2H), 3.28-3.09 (m, 2H), 2.15,
2.09 (dABq, Jag = 13.6, J = 7.4 Hz, 2H), 1.23-1.09 (m, 6H), 1.04-0.94 (m, 15H), 0.78-
0.61 (m, 6H) ppm;

13C NMR (100 MHz, CDCls): & = 154.2, 153.5 (t, Ycr = 284.2 Hz), 133.9, 117.0, 111.5
(dd, e = 35.2, 14.7 Hz), 75.1 (t, 3Jcr = 3.5 Hz), 43.3, 41.0, 40.3, 37.7, 23.2, 22.7,
13.5,12.7, 5.9, 4.4 ppm;

19F NMR (376 MHz, CDCl3): 6 = -103.7 (d, 2J = 77.7 Hz, 1F), -114.6 (dd, 2J = 77.7 Hz,
*Jen = 2.9 Hz, 1F) ppm; the 2.9 Hz “Jur = splitting could not be resolved in the 376
MHz °F NMR spectrum;

v/(neat) = 2967, 1701, 1425, 1263, 1167, 1063, 1003, 914, 731 cm™;

HRMS (NSI-ES): calcd for CaHssF2NOsSi, 406.2584 [M+H]*, found: 406.2578;

MS (CI): m/z (%): 406 (34) [M+H]*, 376 (19) [M-CzHs], 364 (26) [M-CsHs], 100 (100)
[CONETt;].
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1,1-Difluoro-2-(triethylsilyloxy)-3-(N,N-diethylcarbamoyloxy)-3-methyl-4-

(cyclopropyl) hepta-1,6-diene (112d)

W

Prepared as for 112a from carbamate (0.88 mL), LDA (6.9 mL of a 1.45 M solution in
THF/heptane/ethylbenzene, 10 mmol), ketone S2 (0.68 g, 5.5 mmol) and TES-CI (0.84
mL, 5 mmol) in THF (11 mL). Crude product (2.13 g) was purified by flash column
chromatography (90 g cartridge, 9 % diethyl ether in hexane) to afford 112d (1.28 g, 61
%) as a colourless oil.

R¢=0.37 (10 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.65 (dddd, J = 14.6, 12.0, 7.4, 5.2 Hz, 1H), 5.01-4.97
(m, 1H), 4.96-4.91 (m, 1H), 3.44-2.93 (m, 4H), 2.25 (d, J = 7.4 Hz, 2H), 1.69 (d, 5Jnr =
5.5 Hz, 3H), 1.09 (t, J = 7.1 Hz, 6H), 0.97 (t, J = 7.9 Hz, 10H), 0.75-0.64 (m, 6H), 0.61-
0.52 (m, 1H), 0.46-0.37 (m, 1H), 0.36-0.27 (m, 1H) ppm;

13C NMR (100 MHz, CDCls): & = 153.9 (dd, YJcr = 283.7, 278.6 Hz), 153.5, 135.6,
116.7, 115.2 (dd, 2Jcr = 33.0, 17.5 Hz), 80.7 (t, 3Jcr = 4.7 Hz), 41.4, 41.1, 36.7, 26.7,
20.8 (d, “Jc.r = 8.3 Hz), 14.2, 13.4, 8.0, 6.6, 5.5, 5.1 ppm;

19 NMR (376 MHz, CDCl3): 6 = -102.4 (d, 2J = 88.9 Hz, 1F), -112.1 (dq, %J = 88.9 Hz,
*Jr. = 5.5 Hz, 1F) ppm;

v/(neat) = 2957, 2359, 1701, 1418, 1258, 1171, 1022 cm™;

HRMS (NSI-ES): calcd for C21H3sF2NOsSi, 418.2584 [M+H]*, found: 418.2583;

MS (CI): m/z (%): 418 (4) [M+H]", 388 (5) [M-CzHs], 376 (2) [M-CsHs], 301 (5) [M-
CsH1oNO3], 100 (100) [CONEt;].
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1,1-Difluoro-2-(triethylsilyloxy)-3-(N,N-diethylcarbamoyloxy)-3-methyl-4-
(cyclopentyl) hepta-1,6-diene (112e)

Prepared as for 112a from carbamate (0.88 mL), LDA (6.7 mL of a 1.5 M solution in
THF/heptane/ethylbenzene, 10 mmol), ketone S4 (0.85 g, 5.5 mmol) and TES-CI (0.84
mL, 5. mmol) in THF (11 mL). Crude product (2.06 g) was purified by flash column
chromatography (90 g cartridge, 8 % diethyl ether in hexane) to afford 112e (0.85 g, 38
%) as a mobile yellow oil

R¢=0.67 (20 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.88 (dddd, J = 14.5, 11.2, 9.2, 6.8 Hz, 1H), 5.13-4.96
(m, 2H), 3.43-3.03 (m, 4H), 2.24 (d, J = 6.9 Hz, 2H), 2.11-1.96 (m, 1H), 1.96-1.81 (m,
1H), 1.67 (d, %Ju.r = 3.6 Hz, 3H), 1.61-1.37 (m, 6H), 1.12 (t, J = 7.2 Hz, 6H), 0.98 (t, J =
7.9 Hz, 9H), 0.79-0.66 (m, 6H) ppm;

13C NMR (100 MHz, CDCla): & = 154.0, 153.7 (dd, Ycr = 283.3, 276.9 Hz), 136.5,
116.8, 115.9 (dd, 2Jcr = 30.7, 16.7 Hz), 84.3 (d, 3Jcr = 4.8 Hz), 54.9, 41.7, 41.4, 41.1,
32.5, 32.3, 26.4, 26.3, 20.0 (d, *Jc.r = 5.8 Hz), 14.1, 13.4, 6.7, 5.3 ppm;

19F NMR (376 MHz, CDCl3): 6 = -103.7 (d, 2J = 93.1 Hz, 1F), -112.5 (dd, 2J = 93.1, 5Jn.
r=3.6 Hz) ppm;

v/(neat) = 2958, 2880, 1746, 1705, 1420, 1256, 735 cm™™;

HRMS (NSI-ES): calcd for CasHaF2NOsSi, 446.2897 [M+H]*, found: 446.2890;

MS (Cl): m/z (%): 446 (5) [M+H]", 416 (2) [M-CHs], 404 (18) [M-CzHs], 100 (100)
[CONETt;].
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Trans-2-allyl-1-(2°,2°-difluoro-1’-((triethylsilyl)oxy)ethenyl)-1-(N,N-
diethylcarbamoyloxy)cyclohexane (trans-112f) and cis-2-allyl-1-(2°,2’-difluoro-1°-
((triethylsilyl)oxy)ethenyl)-1-(N,N-diethylcarbamoyloxy)cyclohexane (cis-112f)

Prepared as for 112a from carbamate (0.88 mL), LDA (6.8 mL of a 1.47 M solution in
THF/heptane/ethylbenzene, 10 mmol), 2-allylcyclohexanone (0.76 g, 5.5 mmol) and
TES-CI (0.84 mL, 5 mmol) in THF (11 mL). Crude product (2.20 g) was purified by
flash column chromatography (90 g cartridge, 9 % diethyl ether in hexane) to afford an
inseparable mixture of trans-112f and cis-112f (1.54 g, 71 %, 19 : 1) as a pale yellow
oil.

Ri=0.27 (5 % diethyl ether in petroleum ether);

'H NMR (400 MHz, CDCls): 8 = 5.75 (dddd, J = 16.5, 10.7, 8.4, 5.9 Hz, 1H), 5.08-5.00
(m, 1H), 5.00-4.96 (m, 1H), 3.45-3.14 (m, 4H), 2.89 (br. d, J = 14.4 Hz, 1H),2.46-2.32
(m, 1H), 1.97-1.83 (m, 1H), 1.82-1.63 (m, 4H), 1.62-1.49 (m, 1H), 1.45-1.22 (m, 3H),
1.21-1.08 (m, 6H), 1.00 (t, J = 8.1 Hz, 9H), 0.80-0.63 (m, 6H) ppm;

Major trans-diastereoisomer 112f (assigned on the basis of § and intensity) *C NMR
(100 MHz, CDCl3): & = 153.7, 153.5 (dd, Jc.r = 282.8, 277.7 Hz), 137.6, 115.6, 114.5
(dd, 2Jcr = 30.7, 16.7 Hz), 81.8 (d, ®Jcr = 4.2 Hz), 42.9, 415, 41.3, 34.7, 30.3, 26.9,
25.0,21.0,14.1, 14.0, 13.3, 6.6, 5.1 ppm;

19F NMR (376 MHz, CDCls): & = -102.6 (d, 2J = 92.3 Hz, 1F), -114.4 (br. d, 2 = 92.3
Hz, 1F) ppm;

Minor cis-diastereoisomer 112f (assigned on the basis of 6 and intensity)

13C NMR (100 MHz, CDCls): 154.5 (dd, YJc.r = 286.0, 279.7 Hz), 137.5, 115.7, 82.9 (t,
3)cr=5.2 Hz), 41.1, 39.5, 31.9, 25.7, 25.6, 22.9, 19.1 ppm;

19F NMR (376 MHz, CDCls): & = -100.4 (d, 2J = 81.7 Hz, 1F), 110.5 (d, 2J = 81.7 Hz,
1F) ppm;

v/(neat) = 2936, 1703, 1416, 1248, 1169 cm™;

HRMS (NSI-ES): calcd for C22HoF2NOsSi, 432.2740 [M+H]*, found: 432.2738;

Major trans-diastereoisomer 112f
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MS (CI): m/z (%): 432 (14) [M+H]", 402 (4) [M-C2Hs], 390 (48) [M-CsHs], 315 (11)
[M-CsH10NO2], 100 (100) [CONEt;];

Minor cis-diastereoisomer 112f

MS (Cl): m/z (%): 432 (1) [M+H]", 402 (11) [M-CzHs], 390 (4) [M-CsHs], 315 (16) [M-
CsH10NO2], 100 (38) [CONEt;]

Trans- 2-allyl-1-(2°,2°-difluoro-1°-((triethylsilyl)oxy)ethenyl)-1 -(N,N-
diethylcarbamoyloxy) tetrahydropyran (trans-112g) and cis-2-allyl-1-(2°,2’-
difluoro-1’-((triethylsilyl)oxy)ethenyl)-1 -(N,N-diethylcarbamoyloxy)
tetrahydropyran (cis-112g)

Prepared as for 112a from carbamate (1.14 mL), LDA (10.5 mL of a 1.24 M solution in
THF/heptane/ethylbenzene, 13 mmol), ketone S5 (1.02 g, 7.2 mmol) and TES-CI (1.09
mL, 6.5 mmol) in THF (14 mL). Crude product (2.58 g) was purified twice by flash
column chromatography (90 g cartridge, 20 % diethyl ether in hexane) to afford trans-
1129 (1.34 g, 43 %) and cis-112g (0.087 g, 3 %) as clear mobile oils.

Major trans-diastereoisomer 112g

R¢=0.55 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): 8 = 5.73 (dddd, J = 16.2, 10.9, 7.5, 6.0 Hz, 1H), 5.12-4.97
(m, 2H), 3.86-3.69 (m, 2H), 3.67-3.44 (m, 2H), 3.40-3.16 (m, 4H), 2.87-2.58 (m, 1H),
2.41-2.26 (m, 1H), 2.27-2.06 (m, 2H), 2.02-1.84 (m, 1H), 1.19 (t, J = 7.2 Hz, 3H), 1.13
(t, J=7.2 Hz, 3H), 1.00 (t, J = 7.9 Hz, 9H), 0.78-0.68 (m, 6H) ppm;

13C NMR (100 MHz, CDCl3): & = 153.2 (dd, “Jcr = 283.7, 279.4 Hz), 152.9, 135.9,
115.9, 113.0 (dd, 2Jcr = 30.4, 17.1 Hz), 78.9 (d, 3Jcr = 4.5 Hz), 66.6, 62.9, 41.3, 41.1,
40.9, 30.0, 29.7, 13.7, 12.8, 6.1, 4.7 ppm;

19F NMR (376 MHz, CDCls): & = -101.2 (d, 2J = 91.4 Hz, 1F), -112.9 (br. d, 2J = 91.4
Hz, 1F) ppm;

v/(neat) = 2958, 2876, 1705, 1418, 1257, 1171 cm™;

HRMS (APCI-MS): calcd for C21H3sF2NQ4Si, 434.2533 [M+H]*, found: 434.2523;

195



MS (CI): m/z (%): 434 (1) [M+H]", 404 (1) [M-CzHs], 392 (3) [M-CsHs], 100 (39)
[CONEL];

Minor cis-diastereoisomer 1129

Rf = 0.51 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): § = 5.73 (dddd, J = 17.9, 9.9, 7.2, 6.0 Hz, 1H), 5.20-4.98
(m, 2H), 3.92-3.71 (m, 3H), 3.64-3.51 (m, 1H), 3.51-3.05 (m, 4H), 2.75-2.61 (m, 1H),
2.44-2.26 (m, 1H), 2.15-2.03 (m, 1H), 2.02-1.84 (m, 2H), 1.21 (t, J = 7.4 Hz, 3H), ), 1.13
(t, J=7.2 Hz, 3H), 0.98 (t, J = 7.9 Hz, 9H), 0.79-0.57 (m, 6H) ppm;

13C NMR (150 MHz, CDCls): & = 153.6 (dd, YJcr = 286.8, 281.7 Hz), 152.5, 135.7,
115.8, 112.8 (dd, 2Jcr = 32.3, 17.5 Hz), 79.6 (t, 3Jc-r = 4.9 Hz), 63.6, 62.1, 40.3, 40.2,
40.0, 30.2, 26.4 (d, “Jcr = 10.4 Hz), 13.3, 12.3, 5.6, 4.1 ppm;

9 NMR (376 MHz, CDCl3): & = -99.3 (d, 2J = 79.2 Hz, 1F), -109.6 (d, 2J = 79.2 Hz,
1F) ppm;

v/(neat) = 2958, 2876, 1699, 1418, 1258, 1158 cm™;

HRMS (APCI-MS): calcd for C21H3sF2NQ4Si, 434.2533 [M+H]*, found: 434.2521;

MS (CI): m/z (%): 434 (1) [M+H]*, 404 (1) [M-C2Hs], 392 (2) [M-CsHs], 100 (57)
[CONETt;].

trans-tert-Butyl  -2-allyl-1-(2°,2’-difluoro-1’-((triethylsilyl)oxy)ethenyl)-1  -(N,N-
diethylcarbamoyloxy) piperidine-1-carboxylate (trans-112h) and cis- tert-Butyl -2-
allyl-1-(2°,2’-difluoro-1°-((triethylsilyl)oxy)ethenyl)-1  -(N,N-diethylcarbamoyloxy)
piperidine-1-carboxylate (cis-139h).

Prepared as for 112a from carbamate (0.88 mL), LDA (6.9 mL of a 1.45 M solution in
THF/heptane/ethylbenzene, 10 mmol), ketone S6 (1.38 g, 5.8 mmol) and TES-CI (0.84
mL, 5 mmol) in THF (11 mL). Crude product (2.46 g) was purified by flash column
chromatography (90 g cartridge, 10 % ethyl acetate in hexane) to afford to afford an
inseparable mixture of trans-112h and cis-112h (1.52 g, 57 %, 87 : 13) as a viscous
yellow oil;

R¢=0.45 (20 % ethyl acetate in hexane);
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'H NMR (400 MHz, C¢D4Cl,, 373 K): & = 5.75 (ddt, J = 16.7, 10.2, 6.5 Hz, 1H), 5.03
(br. d, J = 16.7 Hz, 1H), 4.96 (br. d, J = 10.2 Hz, 1H), 3.82 (app. dd, J = 13.5, 3.9 Hz,
1H), 3.68 (app. dt, J = 13.7, 4.6 Hz, 1H), 3.35-2.99 (m, 6H), 2.83-2.58 (m, 1H), 2.47-
2.27 (m, 1H), 2.22-1.85 (m, 3H), 1.42 (s, 9H), 1.02 (t, J = 7.0 Hz, 6H), 0.92 (t, J = 7.6
Hz, 9H), 0.66 (g, J = 7.6 Hz, 6H) ppm;

Major trans-diastereoisomer 112h (assigned on the basis of § and intensity) 3C NMR
(100 MHz, CeDsClz, 373 K): & = 154.4, 154.0 (dd, Ncr = 284.3, 280.8 Hz), 153.1,
136.3, 116.0, 114.5 (dd, 2Jcr = 30.8, 17.3 Hz), 78.9, 44.0, 42.1, 41.6, 39.9, 31.4, 30.0,
28.2,13.5, 6.3, 5.4 ppm;

19F NMR (376 MHz, CsD4Clz, 373 K): & = -101.2 (d, 2J = 88.3 Hz, 1F), -111.8 (d, 2J =
88.7 Hz, 1F) ppm;

Minor cis-diastereoisomer 112h (assigned on the basis of § and intensity) *C NMR (100
MHz, CsD4Cl, 373 K): 8 = 136.5, 116.4, 80.4 (d, 3Jc.r = 4.9 Hz), 41.3, 31.3 ppm;

19 NMR (376 MHz, CsD4Clo, 373 K): & = -100.2 (d, 2J = 82.7 Hz, 1F), -110.1 (d, 2] =
82.3 Hz, 1F) ppm;

v/(neat) = 2956, 2876, 1697, 1416, 1249, 1171 cm’;

HRMS (NSI-ES): calcd for C2sHasF2N20sSi, 533.3217 [M+H]", found: 533.3208;

MS (NSI-ES): m/z (%): 533 (100) [M+H]".

Trans-2-allyl-1-(2°,2°-difluoro-1’-((triethylsilyl)oxy)ethenyl)-1 -(N,N-
diethylcarbamoyloxy) tetrahydrothiopyran (trans-112i) and cis-2-allyl-1-(2°,2’-
difluoro-1’-((triethylsilyl)oxy)ethenyl)-1 -(N,N-diethylcarbamoyloxy)
tetrahydrothiopyran (cis-112i)

Prepared as for 112a from carbamate (0.88 mL), LDA (6.7 mL of a 1.5 M solution in
THF/heptane/ethylbenzene, 10 mmol), ketone S7 (0.86 g, 5.5 mmol) and TES-CI (0.84
mL, 5 mmol) in THF (11 mL). Crude product (2.56 g) was purified by flash column
chromatography (90 g cartridge, 10 % diethyl ether in hexane) to afford an inseparable
mixture of trans-112i and cis-112i (1.55 g, 69 %, 92 : 8) as a viscous yellow oil

R¢=0.43 (20 % diethyl ether in hexane);
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IH NMR (400 MHz, CDCl3): & = 5.73 (dddd, J = 14.2, 11.9, 8.8, 5.6 Hz, 1H), 5.16-5.00
(M, 2H), 3.51-3.06 (M, 5H), 2.87-2.57 (M, 3H), 2.54-2.40 (m, 2H), 2.33-2.14 (m, 2H),
2.11-1.87 (m, 1H), 1.19 (t, J = 7.2 Hz, 3H), 1.13 (t, J = 7.2 Hz, 3H), 1.00 (t, J = 7.9 Hz,
9H), 0.80-0.66 (m, 6H) ppm;

Major trans-diastereoisomer 112i (assigned on the basis of § and intensity) *C NMR
(100 MHz, CDCls): & = 153.4 (dd, YJc.r = 284.4, 279.6 Hz), 153.2, 136.4, 116.8, 114.1
(dd, 2Jer = 30.4, 17.0 Hz), 80.8 (d, %o = 4.8 Hz), 43.2, 41.6, 41.4, 34.1, 32.4, 27.9,
23.3,14.1, 13.2, 6.6, 5.1 ppm;

19F NMR (376 MHz, CDCls): § = -102.6 (d, 2J = 92.1 Hz, 1F), -114.4 (br. d, 2J = 92.1
Hz, 1F) ppm;

Minor cis-diastereoisomer 112i (assigned on the basis of § and intensity) **C NMR (100
MHz, CDCls): & = 154.3 (dd, Ncr = 286.8, 281.2 Hz), 136.5, 114.7 (dd, 2Jcr = 32.1,
17.7 Hz), 8L.2 (t, {e.r = 4.8 Hz), 41.3, 38.9, 30.7, 26.7, 26.6, 26.4, 22.9, 14.2, 13.2, 6.6,
5.1 ppm;

19F NMR (376 MHz, CDCls): = -100.4 (d, 2J = 82.8 Hz, 1F), -110.5 (d, 2] = 82.8 Hz,
1F) ppm;

v/(neat) = 2954, 2874, 1703, 1416, 1255, 1167, 734 cm™;

HRMS (APCI-MS): calcd for C21H3sF2NO3SSi, 450.2299 [M+H]*, found: 450.2304;

MS (CI): miz (%):478 (12) [M+CzHs]*, 450 (20) [M+H]*, 420 (6) [M-CzHs], 408 (20)
[M-CsHs], 100 (100) [CONEL].

Trans-2-allyl-1-(2°,2°-difluoro-1’-((triethylsilyl)oxy)ethenyl)-1 -(N,N-
diethylcarbamoyloxy) dioxidotetrahydrothiopyran (trans-112j) and cis-2-allyl-1-
(2°,2’-difluoro-1’-((triethylsilyl)oxy)ethenyl)-1 -(N,N-diethylcarbamoyloxy)
dioxidotetrahydrothiopyran (cis-112j).

Prepared as for 112a from carbamate (0.84 mL), LDA (8.7 mL of a 1.1 M solution in
THF/heptane/ethylbenzene, 9.6 mmol), ketone S8 (1.01 g, 5.3 mmol) and TES-CI (0.81
mL, 4.8 mmol) in THF (10.6 mL). Crude product (2.11 g) was purified by flash column
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chromatography (90 g cartridge, 30 % diethyl ether in hexane) to afford an inseparable
mixture of trans-112j and cis-112j (0.58 g, 25 %, 84 : 16) as a viscous yellow oil
R¢=0.3 (50 % diethyl ether in hexane);

'H NMR (400 MHz, CDCla): & = 5.68 (dddd, J = 17.2, 10.1, 9.3, 5.7 Hz, 1H), 5.22 (br.
d, J=17.2 Hz, 1H), 5.17 (br. d, J = 10.1 Hz, 1H), 3.56-3.23 (m, 4H), 3.23-3.00 (m, 4H),
2.99-2.87 (m, 1H), 2.81-2.65 (m, 1H), 2.64-2.53 (m, 1H), 2.52-2.35 (m, 1H), 2.22-2.05
(m, 1H), 1.16 (t, J = 7.3 Hz, 3H), 1.11 (t, J = 7.3 Hz, 3H), 0.94 (t, J = 8.0 Hz, 9H), 0.76-
0.60 (m, 6H) ppm;

Major trans-diastereoisomer 112j (assigned on the basis of & and intensity) *C NMR
(100 MHz, CDCl3): 8 = 154.1 (dd, Ycr = 286.5, 281.8 Hz), 152.8, 134.8, 119.3, 113.6
(dd, 2Jc-r = 32.7, 19.6 Hz), 79.7 (t, *Jcr = 4.8 Hz), 48.0, 47.4, 42.4, 41.7, 41.6, 30.5, 25.0
(d, “Jcr = 10.6 Hz), 14.2, 13.3, 6.5, 5.1 ppm;

19 NMR (376 MHz, toluene-ds, 363K): & = -100.4 (d, 2J = 84.5 Hz, 1F), -110.6 (d, 2J =
84.5 Hz) ppm;

Minor cis-diastereoisomer 112j (assigned on the basis of & and intensity) *C NMR (100
MHz, CDCls): & = 153.3 (dd, YJcr = 283.9, 280.1 Hz), 152.9, 134.2, 118.7, 112.9 (dd,
2Jcr = 30.7, 18.6 Hz), 78.9 (d, *Jcr = 4.9 Hz), 51.2, 46.9, 42.0, 34.0, 28.9, 14.1, 13.2
ppm;

19 NMR (376 MHz, toluene-ds, 363 K): & = -101.6 (d, 2J = 91.6 Hz, 1F), -112.5 (d, 2J =
91.6 Hz) ppm;

v/(neat) = 2956, 2876, 1749, 1703, 1422, 1258, 1134, 736 cm™™;

HRMS (NSI-ES): calcd for C21HasF2NOsSSi, 482.2203 [M+H]*, found: 482.2193;

MS (NSI-ES): m/z (%): 482 (100) [M+H]*.

6.2.3 General procedure B: Preparation of a,a-difluoroketones

3,3-Difluoro-1-methyl-4-methylene-2-oxocyclohexyl diethylcarbamate (113a).

0

Y

F O S
o% A

Palladium(Il) acetate (10 mol %, 22.4 mg) and copper(l) chloride (100 mol %, 99 mg)
were suspended in dry acetonitrile (4 mL) that had been sparged with air for 30 minutes
through a drawn out pipette. The suspension was warmed to 70 °C then a solution of silyl
enol ether 112a (1.00 mmol, 0.391 g) in dry acetonitrile (1.6 mL) added via syringe in a

constant stream. The mixture was then stirred at 70 °C for 18 hours under an air
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condenser and open to the atmosphere. The reaction mixture was concentrated and
transferred by pipette onto a plug of celite. The product was eluted from the celite with
diethyl ether (50 mL). The crude product was taken up in diethyl ether (10 mL) and
PhosphonicS STA3 scavenger silica was added. The mixture was stirred for 30 minutes,
then the mixture filtered through a 20 um polyethylene frit and washed with diethyl ether
(50 mL). The solvent was removed under reduced pressure to afford crude product as an
oil. Trituration in pentane afforded a granular colourless amorphous solid which was
dried in a vacuum oven (40 °C, 0.75 mmHg, 48 hours) to afford ketone 113a (0.141 g,
52 %).

Rf = 0.25 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.53 (app. d, “Jur = 4.00 Hz, 1H), 5.25 (br. s, 1H),
3.44-3.11 (m, 4H), 2.90-2.66 (m, 1H), 2.54-2.26 (m, 2H), 1.74-1.58 (m, 1H), 1.54 (s,
3H), 1.15 (t, J = 7.4 Hz, 3H), 1.09 (t, J = 7.5 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls): & = 194.2 (dd, e = 26.0, 23.2 Hz), 154.7, 141.1 (t, 2Jcr
=20.5 Hz), 115.5 (t, 3Jc.r = 7.8 Hz), 114.2 (dd, YJcr = 257.0, 253.5 Hz), 82.1, 42.0, 41.5,
38.2, 26.5 (d, 3Jcr = 7.8 Hz), 21.5, 14.0, 13.2 ppm;

19F NMR (376 MHz, CDCl3): & = -103.7 (d, 2J = 250.4 Hz, 1F), -117.6 (d, 2J = 250.4 Hz,
1F) ppm;

v/(neat) = 2984, 2939, 1749, 1686, 1429, 1281, 1117 cm™;

HRMS (EI-MS): calcd for C13H20F2NO3, 276.1406 [M+H]*, found: 276.1402;

MS (C1): m/z (%): 304 (11) [M+CHs]*, 276 (100) [M+H]*, 100 (94) [CONEt.];

tr (GC) = 12.64 minutes;

elemental analysis calcd (%) for CisHigF2NO3: C, 56.72; H, 6.96; N, 5.09; found: C,
56.62; H, 6.72; N, 5.10. This analysis was obtained for the amorphous solid obtained

following chromatography so no melting point was recorded.

5,5-Difluoro-2,2-dimethyl-4-methylene-6-oxocyclohexyl diethylcarbamate (113c)

- 9 g
- o_N_~
LY

Ketone (113c) was prepared by general procedure B from 112c (0.5 g, 1.23 mmol) with
palladium(ll) acetate (5 mol %, 0.0138 g) and copper(l) chloride (100 mol %, 0.122 g) in
acetonitrile (6.6 mL) that had been sparged with air for thirty minutes through a drawn

out pipette. The usual work-up, according to 113a, afforded a pale yellow oil which was
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triturated with pentane and dried in a vacuum oven (40 °C, 0.75 mmHg, 48 hours) to
afford 113c as a pale yellow crystalline solid (0.255 g, 72 %).

m.p. = 79-80 °C (recrystallised from hot pentane as a colourless plate);

Rt = 0.25 (40 % diethyl ether in petroleum ether);

'H NMR (400 MHz, CDCl3): & = 5.53 (br. d, “Jur = 5.4 Hz, 1H), 5.51 (d, *Jur =5.6
Hz, 1H), 5.34 (g, “Jn-r = 2.8, 3= 2.80 Hz, 1H), 3.45-3.21 (m, 4H), 2.70 (br. d, 2J = 14.7
Hz, 1H), 2.29 (dd, 2J=14.7, 2Jur = 4.8 Hz, 1H), 1.32-1.08 (m, including 1.20 (s, 3H),
6H), 0.82 (s, 3H) ppm;

13C NMR (400 MHz, CDCls): & = 192.6 (dd, 2Jcr = 30.7, 23.3 Hz), 153.8, 136.9 (t, 2Jcr
= 20.2 Hz), 117.9 (t, 3Jc-r = 7.4 Hz), 114.2 (dd, Yc.r = 264.4, 241.5 Hz), 80.6 (t, *Jcr =
3.1 Hz), 41.9 (d, 3Jcr= 4.1 Hz), 41.2, 38.2, 26.5, 19.3, 13.5, 12.9 ppm (the signal at 41.2
appears for both CH> carbons of the DEC group);

9 NMR (376 MHz, CDCls): & = -97.8 (dddq, 2J = 252.8 Hz, “Jr.+ = 5.6, 5.4, 2.8 Hz,
1F), -129.9 (d, 2J = 252.8 Hz, 1F) ppm;

v/(neat) = 2974, 2935, 1766, 1699, 1433, 1178, 1054, 970, 843 cm™;

HRMS (EI-MS): calcd for C14H22F2NO3, 290.1562 [M+H]*, found: 290.1563;

MS (Cl): m/z (%): 318 (3) [M+CzHs]", 290 (28) [M+H]", 100 (100) [CONE:];

tr (GC) = 12.80 minutes;

elemental analysis calcd (%) for Ci1sH21F2NO3: C, 58.12; H, 7.32; N, 4.84; found: C,
57.47; H, 7.30; N, 4.87.

The identity of this ketone (113c) was confirmed by XRD analysis (m.p. = 79-80 °C
(pentane)); Crystal data for 113c: C14H21F2NOs, crystal size 0.45 x 0.40 x 0.35 mm?®, M =
289.32, monoclinic, space group P2i/c, unit cell dimensions a = 10.1058(3), b =
13.9164(3), ¢ = 11.7612(4) A, a = 90°, B = 110.367(3)°, y = 90°, V = 1550.64(8) A3, Z =
4, Deaic = 1.239 Mg m, F(000) = 616, u(Mo-Ka) = 0.102 mm™*, T = 123(2) K, 12336
total reflections measured, 4041 independent, (Rinx = 0.0167). Final R indices (for
reflections with 1 > 24(1)) were R1 = 0.0341, ®R2 = 0.0933; R indices (all data) R1 =
0.0464, ®R2 = 0.0964.
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6,6-Difluoro-4-methyl-7-methylene-5-oxospiro[2.5]octan-4-yl diethylcarbamate
(113d)

. K
PO

Ketone (113d) was prepared by general procedure B from 112d (0.513 g, 1.23 mmol)
with palladium(Il) acetate (10 mol %, 0.0276 g) and copper(l) chloride (100 mol %,
0.122 g) in acetonitrile (6.6 mL) that had been sparged with air for thirty minutes
through a drawn out pipette. The usual work-up, according to 113a, afforded a pale
yellow oil which was triturated with pentane and dried in a vacuum oven (40 °C, 0.75
mmHg, 48 hours) to afford 113d as a light tan-coloured granular amorphous solid (0.247
g, 67 %).

Rt = 0.30 (20 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCls): & = 5.56 (br. d, “Jur = 5.2 Hz, 1H), 5.15 (app. q, “Ju-r =
2.2,%)=2.2Hz, 1H), 3.48-3.10 (m, 5H), 1.56 (dd, 2J = 14.4, *Jur = 3.7 Hz, 1H), 1.29 (s,
3H), 1.19 (t, J = 7.2 Hz, 3H), 1.14 (t, J = 7.2 Hz, 3H), 1.00-0.92 (m, 1H), 0.67-0.59 (m,
1H), 0.59-0.52 (m, 1H), 0.34-0.25 (m, 1H) ppm;

13C NMR (100 MHz, CDCls): & = 193.1 (dd, 2Jcr = 27.1, 23.2 Hz), 154.8, 140.1 (t, 2Jcr
=20.7 Hz), 115.1 (t, 3Jcr = 7.9 Hz), 114.1 (dd, YJcr = 258.9, 250.9 Hz), 84.6, 42.1, 41.5,
37.2(d, *Jcr=3.6 Hz), 26.4, 15.1, 14.1, 13.2, 9.9, 9.4 ppm;

19 NMR (376 MHz, CDCl3): 6 = -99.4 (d, %) = 247.4 Hz, 1F), -121.4 (d, 2 = 247.7 Hz,
1F) ppm (the °F-tH splittings are not resolved in the 376 MHz **F NMR spectrum);
v/(neat) = 2978, 2937, 1745, 1692, 1428, 1284, 1115, 768 cm™;

HRMS (NSI-ES): calcd for C1sH2F2NO3, 302.1562 [M+H]", found: 302.1565;

MS (CI): m/z (%): 330 (2) [M+C2Hs]*, 302 (20) [M+H]", 100 (100) [CONEL,] ;

202



tr (GC) = 13.59 minutes;

elemental analysis calcd (%) for CisH21F2NOz: C, 59.79; H, 7.02; N, 4.65; found: C,
59.14; H, 6.99; N, 4.24. This analysis was obtained for the amorphous solid obtained
following chromatography so no melting point was recorded.

8,8-Difluoro-6-methyl-9-methylene-7-oxospiro[4.5]decan-6-yl diethylcarbamate
(113e)

o O /—
FF o>~N\—

Ketone (113e) was prepared by general procedure B from 112e (0.416 g, 0.91 mmol)
with palladium(ll) acetate (10 mol %, 0.0204 g) and copper (I) chloride (100 mol %,
0.091 g) in acetonitrile (4.9 mL) that had been sparged with air for thirty minutes
through a drawn out pipette. The usual work-up, according to 113a, afforded a colourless
oil which was triturated with pentane and dried in a vacuum oven (40 °C, 0.75 mmHg,
48 hours) to afford 113e as a colourless granular amorphous solid (0.216 g, 72 %).

Rt = 0.50 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): § = 5.58 (br. d, “Jur = 5.3 Hz, 1H), 5.19 (app. q, *Jur =
2.5, %) = 2.5 Hz, 1H), 3.42-3.12 (m, 4H), 2.97 (br. d, 2J = 13.70 Hz, 1H), 2.11 (dd, 2J =
13.7, “Jur = 4.4 Hz, 1H), 2.08-1.97 (m, 1H), 1.78-1.44 (m, including 1.52 (s, 3H), 5H),
1.36-1.24 (m, 1H), 1.24-1.14 (m, including 1.17 (t, J = 7.0 Hz, 3H), 1H), 1.11 (t, J = 7.0
Hz,3H) ppm;

13C NMR (100 MHz, CDCls): & = 194.4 (dd, XJcr = 26.1, 22.9 Hz), 154.7, 139.3 (t, 2Jcr
=20.2 Hz), 116.8 (t, 3Jcr = 7.9 Hz), 114.4 (dd, YJcr = 260.6, 250.8 Hz), 87.3, 52.5, 42.2,
41.6, 39.9 (d, 3Jc-r = 4.1 Hz), 35.5, 30.9, 26.1, 25.8, 15.5, 14.2, 13.2 ppm;

9F NMR (376 MHz, d-toluene, 363K): & = -97.3 (d, 2J = 247.9 Hz, 1F), -123.1 (d, 2 =
247.9 Hz, 1F) ppm (the **F-tH splitting was not resolved in the °F NMR spectrum).
v/(neat) = 2956, 2872, 1740, 1697, 1422, 1125, 1076, 946 cm™;

HRMS (NSI-ES): calcd for C17H26F2NO3, 330.1873 [M+H]", found: 330.1875;

MS (CI): m/z (%): 358 (3) [M+CzHs]", 330 (49) [M+H]", 100 (60) [CONE:];

tr (GC) = 15.03 minutes;

elemental analysis calcd (%) for Ci7H2sF2NO3: C, 61.99; H, 7.65; N, 4.25; found: C,
61.94; H, 7.89; N, 4.20. This analysis was obtained for the amorphous solid obtained

following chromatography so no melting point was recorded.
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(4aS*,8aS*)-3,3-Difluoro-2-methylene-4-oxooctahydronaphthalen-4a(2H)-yl
diethylcarbamate (113f)

T

Ketone (113f) was prepared by general procedure B from cis/trans-112f (0.524g, 1.22
mmol) with palladium(Il) acetate (5 mol %, 0.0137 g) and copper(l) chloride (100 mol
%, 0.121 g) in acetonitrile (6.6 mL) that had been sparged with air for thirty minutes
through a drawn out pipette. The usual work-up, according to 113a, afforded a pale
yellow oil which was triturated with pentane and dried in a vacuum oven (40 °C, 0.75
mmHg, 48 hours) to afford 113f as a colourless crystalline solid (0.272 g, 71 %).

NB When the reaction was run in acetonitrile (6.6 mL) that had been sparged with air for
thirty minutes through a drawn out pipette under balloon pressure of oxygen the reaction
was complete in 5.5 hours. The usual work up afforded a pale yellow oil which was
triturated with pentane and dried in a vacuum oven (40 °C, 0.75 mmHg, 48 hours) to
afford 113f as a colourless crystalline solid (0.212 g, 55 %).

m.p. = 56-58 °C (recrystallised from pentane as a colourless plate);

Rt = 0.48 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.53 (br. d, “Ju.r = 5.50 Hz, 1H), 5.23 (app. g, *J = 2.5,
*Jur = 2.50 Hz, 1H), 3.52-3.15 (m, 4H), 2.67 (br. t, J = 13.3, 2J = 13.3 Hz, 1H), 2.48-
2.35 (m, 1H), 2.20 (1H, dt, 2J= 13.3, “Jur = 4.0, J = 4.0 Hz, 1H), 1.84-1.25 (m, 8H),
1.22 (t, J = 7.3 Hz, 3H), 1.12 (t, J = 7.3 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls): 6 = 194.2 (dd, 2Jc-r = 25.9, 22.6 Hz), 153.9, 140.3 (dd, 2Jc-
F=21.8, 19.2 Hz), 114.8 (dd, 3Jcr = 9.2, 6.7 Hz), 114.1 (dd, YJcr = 261.5, 250.8 Hz),
82.4,45.9,41.7,41.133.2 (d, 3Jc.r = 3.9 Hz), 27.8, 27.7, 24.4,19.7, 13.7, 12.7 ppm;

19F NMR (376 MHz, CDCl3): & = -97.7 (dddd, 2J = 244.1 Hz, “Jr.4 = 5.5, 4.0, 2.5 Hz,
1F), -124.8 (dt, 2 = 244.1, “Jen = 3.4 Hz, 1F) ppm;

v/(neat) = 2934, 1745, 1693, 1429, 1284, 1169, 1071 cm™;

HRMS (EI-MS): calcd for C16H24F2NO3, 316.1719 [M+H]", found: 316.1712;

MS (Cl): m/z (%): 344 (6) [M+CzHs]", 316 (74) [M+H]", 100 (64) [CONEt:];

tr (GC) = 14.80 minutes;
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elemental analysis calcd (%) for CisH23F2NO3: C, 60.94; H, 7.35; N, 4.44; found: C,
60.58; H, 7.17; N, 4.26. This analysis was obtained for the amorphous solid obtained
following chromatography so no melting point was recorded.

The identity of this ketone (113f) was confirmed by XRD analysis (m.p. = 100-102 °C
(pentane)); Crystal data for 113f: C16H23F2NOs3, crystal size 0.25 x 0.10 x 0.03 mm?®, M
315.35, monoclinic, space group P2i/c, unit cell dimensions a = 14.1022(6), b
10.8667(4), ¢ = 11.1450(5) A, o= 90°, p = 106.851(4)°, y = 90°, V = 1634.57(11) A®, Z =
4, Deaic = 1.281 Mg m™, F(000) = 672, u(Mo-Ka) = 0.865 mm™, T = 123(2) K, 6606 total
reflections measured, 3202 independent, (Rine = 0.0199). Final R indices (for reflections
with | > 26(1)) were R1 = 0.0486, ®R2 = 0.1319; R indices (all data) R1 =0.0534, ®R2 =
0.1377.
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(4aS*,8aR*)-6,6-Difluoro-7-methylene-5-oxooctahydro-4aH-isochromen-4a-yl
diethylcarbamate (113g)

w
Ketone (113g) was prepared by general procedure B from trans-112g (0.432 g, 1.00
mmol) with palladium(Il) acetate (5 mol %, 0.0112 g) and copper(l) chloride (100 mol
%, 0.099 g) in acetonitrile (5.5 mL) that had been sparged with air for thirty minutes
through a drawn out pipette. The usual work-up, according to 113a, afforded a pale
yellow oil which was triturated with pentane and dried in a vacuum oven (40 °C, 0.75
mmHg, 48 hours) to afford 113g as a light-tan coloured granular solid (0.285 g, 90 %).
m.p. = 96-98 °C (recrystallised from pentane as a tanned plate);

Rt =0.17 (20 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCls): & = 5.61 (br. d, *Jur = 5.0 Hz, 1H), 5.31 (q, *J = 2.5, *Ju-r
= 2.5 Hz, 1H), 4.00-2.90 (m, 1H), 3.83 (dd, 2J = 11.3, J = 4.7 Hz, 1H), 3.72-3.55 (m,
2H), 3.46-3.15 (m, 4H), 2.59 (br. t, J = 13.6, 2J = 13.6 Hz, 1H), 2.33-2.14 (m, 3H), 1.26
(t, = 7.6 Hz, 3H), 1.15 (t, J = 7.6 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls): & = 192.2 (dd, XJcr = 26.6, 23.6 Hz), 153.6, 139.4 (t, 2Jcr
= 20.6 Hz), 116.0 (dd, %Jcr = 9.2, 6.4 Hz), 113.8 (dd, Jcr = 262.2, 251.3 Hz), 79.9,
66.1, 62.3, 45.0, 41.9, 41.2, 28.4, 28.1 (d, *Jc.r = 3.9 Hz), 13.8, 12.6 ppm;

19F NMR (376 MHz, CDCl3): & = -97.1 (dddd, 2J = 246.6 Hz, “Jr.4 = 5.0, 4.2, 2.5 Hz,
1F), -124.1 (dt, 2J = 246.6, *Jr-+ = 3.0 Hz, 1F) ppm;

v/(neat) = 2961, 2878, 1751, 1693, 1433, 1076, 760 cm™;

HRMS (NSI-ES): calcd for C1sH22F2NQ4, 318.1511 [M+H]", found: 318.1512;

MS (ClI): m/z (%): 346 (12) [M+CzHs]", 318 (100) [M+H]", 100 (58) [CONEL;];

tr (GC) = 14.81 minutes;

elemental analysis calcd (%) for CisH21FoNOa: C, 56.77; H, 6.67; N, 4.41; found: C,
56.60; H, 6.58; N, 4.29.
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The identity of this ketone (113g) was confirmed by XRD analysis (m.p. = 100-102 °C
(diethyl ether)). Crystal Data for 113g: CisH21F2NO4, crystal size 0.40 x 0.20 x 0.15mm?,
M = 317.33, monoclinic, space group P21/n, unit cell dimensions a = 6.9457(7)A, b =
9.2125(10)A, ¢ =24.170(3)A, o = 90°, B = 94.349(11)°, y = 90°, V = 1542.1(3)A3, Z = 4,
peac = 1.367Mg m=3, F(000) = 672, w(Mo-Ka) = 0.114mm™, T = 123(2)K, 7683
reflections measured, 3609 independent, (Rint = 0.0331]. Final R indices [I > 2¢6(1)] R1 =
0.0467, ®R2 = 0.1032; R indices (all data) R1 = 0.0652, ®R2 = 0.1180.

tert-Butyl (4aS*,8aR*)-4a-((diethylcarbamoyl)oxy)-6,6-difluoro-7-methylene-5-
oxooctahydroisoquinoline-2(1H)-carboxylate (113h)

A

Ketone (113h) was prepared by general procedure B from cis/trans-112h (0.534g, 1.0
mmol) with palladium(Il) acetate (5 mol %, 0.0112 g) and copper(l) chloride (100 mol
%, 0.099 g) in acetonitrile (5.5 mL) that had been sparged with air for thirty minutes
through a drawn out pipette. The usual work-up, according to 113a, afforded a colourless
oil which was triturated with pentane and dried in a vacuum oven (40 °C, 0.75 mmHg,

48 hours) to afford 113h as a colourless granular amorphous solid (0.302 g, 73 %).
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m.p. = 112-114 °C (recrystallised from diethyl ether as colourless needles);

Rt = 0.28 (20 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCls, 323K): § = 5.57 (br. d, *Ju-+ = 5.3 Hz, 1H), 5.27 (app. q, *J
= 2.4,%Jur = 2.4 Hz, 1H), 4.35-3.88 (m, 2H), 3.54-3.07 (m, 4H), 2.89 (br. t, 2J = 13.0, J
=13.0 Hz, 2H), 2.63 (br. t, 2J = 13.0, J = 13.0 Hz, 1H), 2.35 (dt, %) = 14.6, °Jn.r = 2.3 Hz,
1H), 2.26 (dt, 2J = 14.0, J = 4.0, “Jur = 4.0 Hz, 1H), 1.98 (app. td, 20 = 14.1,J=14.1,J =
5.3 Hz, 1H), 1.72 (app. tt, J = 13.0, J = 4.1 Hz, 1H), 1.46 (s, 9H), 1.22 (t, J = 7.2 Hz,
3H), 1.13 (t, J = 7.2 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls, 323K): & = 192.6 (dd, 2Jc.r = 26.5, 23.6 Hz), 154.5, 154.0,
139.8 (t, 2cr = 21.2 HZ), 116.3 (dd, *Jc-r = 9.3, 6.8 Hz), 114.3 (dd, Jcr = 261.5, 250.9
Hz), 81.2, 80.2, 45.1, 43.7, 42.4, 41.6, 38.7, 30.3 (d, ®*Jcr = 4.0 Hz), 28.3, 14.1, 13.0
ppm;

19 NMR (376 MHz, CDCls): & = -97.6 (d, 2J = 245.2 Hz, 1F), -124.6 (d, %) = 245.5 Hz,
1F) ppm (the *°F-1H splitting was not resolved in the *°F NMR spectrum); the F NMR
gave a clear well resolved spectrum at RT and did not require heating. *H and **C NMR
resolved slightly better when heated to 323K;

v/(neat) = 2978, 2861, 1755, 1418, 1171, 1067 cm™;

HRMS (NSI-ES): calcd for CoHz1F2N20s, 417.2196 [M+H]", found: 417.2185;

MS (NSI-ES): m/z (%): 417 (100) [M+H]*;

tr (GC) = 11.31 minutes;

elemental analysis calcd (%) for C2oH30F2N2Os: C, 57.68; H, 7.26; N, 6.73; found: C,
57.38; H, 7.25; N, 6.37.

The identity of this ketone (113h) was confirmed by XRD analysis (m.p. = 112-114 °C
(diethyl ether)). Crystal Data for 113h: CyoHsoF2N2Os crystal size size 0.42 x 0.11 x
0.0lmm3, M = 416.46, monoclinic, space group P21l/c, unit cell dimensions a =
18.5262(8)A, b = 9.2405(3)A, ¢ = 12.7026(5)A, o = 90°, B = 102.088(4)°, v = 90°, V =
2126.36(14)A3, Z = 4, pcalc = 1.301Mg m-3, F(000) = 888, p(Mo-Ka) = 0.104mm-1, T
= 100(2)K. Crystal was twinned by a 180 ° rotation about 1 0 0 . The measured data was
thus processed to give a hklf 5 formatted file containing 6337 reflections. The BASF
refined to 0.2522(14). Final R indices [I > 26(I)] R1 = 0.0946, ®R2 = 0.1864; R indices
(all data) R1 =0.1076, ®R2 = 0.1916. The resulting structure is of relatively low quality

but is adequate for the assignment of the trans ring junction stereochemistry.
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Attempted preparation of (4aS*,8aS*)-6,6-Difluoro-7-methylene-5-oxooctahydro-
4aH-isothiochromen-4a-yl diethylcarbamate (113i)

I

Palladium(Il) acetate (5 mol %, 0.0138 g) and copper(l) chloride (100 mol %, 0.122 g)
were suspended in dry acetonitrile (4 mL) that had been sparged with air for 30 minutes
through a drawn out pipette. The suspension was warmed to 70 °C then a solution of silyl
enol ether 112i (1.23 mmol, 0.553 g) in dry acetonitrile (2.6 mL) added via syringe in a
constant stream. The mixture was then stirred at 70 °C for 144 hours under an air
condenser and open to the atmosphere. The reaction mixture was concentrated and
transferred by pipette onto a plug of celite. The crude material was eluted from the celite
with diethyl ether (50 mL). The crude material was taken up in diethyl ether (10 mL) and
PhosphonicS STA3 scavenger silica was added. The mixture was stirred for 30 minutes,
then the mixture filtered through a 20um polyethylene frit and washed with diethyl ether
(50 mL). The solvent was removed under reduced pressure to afford a complex mixture
by ®F NMR in which 112i had been fully consumed but only trace amounts of 113i
could be detected with characteristic signals at -98.6 (d, 2J = 245.8 Hz, 1F), -124.8 (d, 2J
= 245.8 Hz, 1F) ppm.

(4aS*,8aS*)-6,6-Difluoro-7-methylene-2,2-dioxido-5-oxooctahydro-4aH-
isothiochromen-4a-yl diethylcarbamate (trans-113j) and (4aS*,8aR*)-6,6-difluoro-
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7-methylene-2,2-dioxido-5-oxooctahydro-4aH-isothiochromen-4a-yl
diethylcarbamate (cis-113j)

o) o)
o) _— o) _—
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N N
F F
L_ _s=0 + S=0
z \ \
H O H O

Ketone (as a mixture of trans-113j and cis-113j) was prepared by general procedure B
from cis/trans-112j (0.508 g, 1.05 mmol) with palladium(Il) acetate (5 mol %, 0.0118
g) and copper(l) chloride (100 mol %, 0.104g) in acetonitrile (5.6 mL) that had been
sparged with air for thirty minutes through a drawn out pipette. The usual work-up,
according to 113a, afforded a pale yellow solid which was recrystallized with
dichloromethane/hexane and dried in a vacuum oven (40 °C, 0.75 mmHg, 48 hours) to
afford an inseparable mixture of trans-113j and cis-113j (0.17 g, 44 %, 87:13) as pale
yellow crystalline needles.

m.p. = 180-182 °C (dichloromethane/hexane);

Rt = 0.29 (40 % ethyl acetate in hexane);

The following signals were attributed to both the minor cis-diastereoisomer 113j and
major trans-diastereoisomer 113j *H NMR (400 MHz, CDCls): & = 3.45-2.27 (env,
24H), 1.28-1.07 (m, 12H);

The following signals were attributed to the major trans-diastereoisomer 113j (assigned
on the basis of § and intensity) *H NMR (400 MHz, CDCls): & = 5.72 (app. d, *Jur =
3.30 Hz, 1H), 5.37 (br. s, 1H), 3.65-3.48 (m, 1H), 2.24-2.08 (m, 1H) ppm;

13C NMR (100 MHz, CDCla): & = 192.0 (t, 2c.r = 25.7 Hz), 153.4, 136.6 (t, 2Jcr = 20.5
Hz), 118.8 (t, 3Jcr = 7.2 Hz), 113.1 (t, YJcr = 257.0Hz), 79.9, 49.8, 47.5, 42.0, 41.3,
40.5, 31.5, 29.2, 13.6, 12.6 ppm;

19F NMR (376 MHz, (CD3),S0, 373 K): § = -105.6 (br. d, 2J = 249.3 Hz, 1F), -110.3 (br.
d, 2J = 249.3 Hz, 1F) ppm (the *F-1H splittings are not resolved in the 376 MHz °F
NMR spectrum);

The following signals were attributed to the minor cis-diastereocisomer 113j (assigned on
the basis of § and intensity) *H NMR (400 MHz, CDClz): § = 5.65 (br. d, “Jur =5.00
Hz, 1H),5.30 (s, 1H);

13C NMR (100 MHz, CDClg): & = 152.9, 137.2 (t, 2Jc.r = 21.1 Hz), 117.6 (t, 3Jcr = 7.1
Hz), 79.0, 51.1, 45.8, 43.3, 42.2, 41.4, 32.0 (d, 3Jc.r = 4.4 Hz), 27.0, 13.8, 12.5 ppm;
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F NMR (376 MHz, (CD3),S0, 373 K): § = -97.3 (dddd, 2 = 242.9, “J.n = 5.0, 3.3, 2.5
Hz, 1F), -123.0 (d, 2J = 242.9 Hz, 1F) ppm;

v/(neat) = 2978, 2941, 1740, 1698, 1433, 1318, 1288, 1133, 1098 cm™;

HRMS (NSI-ES): calcd for C1sH22F2NOsS, 366.1181 [M+H]", found: 366.1183;

Major trans- diastereoisomer 113j

MS (CI): m/z (%): 394 (14) [M+C,Hs]*, 366 (100) [M+H]*, 100 (100) [CONE;];

tr (GC) = 16.66 minutes;

Minor cis- diastereoisomer 113j

MS (CI): m/z (%): 394 (15) [M+C;Hs]*, 366 (100) [M+H]*, 100 (100) [CONEL,];

tr (GC) = 16.84 minutes;

satisfactory elemental analysis could not be obtained for this compound; calcd (%) for
CisH21F2NOsS: C, 49.31; H, 5.79; N, 3.83; found: C, 48.84; H, 5.49; N, 3.74.

6.2.4 Synthesis of reverse Wacker oxidation product.
3-Fluoro-4-formyl-2-oxocyclohex-3-en-1-yl diethylcarbamate (150)
O

F ODEC
Ox

Palladium(Il) acetate (10 mol %, 0.0224 g) and copper(l) chloride (100 mol % 0.099 g)
were suspended in dry acetonitrile (4 mL) that had been sparged with oxygen through a
drawn out pipette. The resulting mixture was stirred at 70 °C for 5 minutes then a
solution of difluorinated silyl enol ether 112b (0.377 g, 1 mmol) in acetonitrile (1.4 mL)
was added in a stream via syringe. The suspension was stirred at this temperature for 48
hours under an air condenser and open to the atmosphere. The reaction mixture was then
concentrated under reduced pressure and diethyl ether (20 mL) was added. The resulting
suspension was transferred by pipette onto a plug of celite (3.4 g) and the crude product
eluted by washing with diethyl ether (60 mL). The mixture was placed over 3-
mercaptopropyl ethyl sulfide silica (SPM32, 0.79 g) and the mixture was stirred for 30
minutes before being filtered through a 20 um polyethylene frit and the silica washed
with diethyl ether (50 mL). The ether phases were combined and evaporated to dryness
under reduced pressure to afford a viscous orange oil. The crude product was purified by
flash column chromatography (8g cartridge, 20 % acetone in hexane) to afford 150 as a
pale orange oil (0.0214 g, 8 %).

R¢=0.37 (30 % acetone in hexane);
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'H NMR (400 MHz, CDCls): & = 10.36 (s, 1H), 5.43 (dd, J = 13.4, 5.2 Hz, 1H), 3.55-
3.15 (m, 4H), 2.90-2.73 (m, 1H), 2.57-2.46 (m, 1H), 2.45-2.36 (m, 1H), 2.24-2.06 (m,
1H), 1.18 (t, J = 6.84 Hz, 6H) ppm;

13C NMR (100 MHz, CDCls): & = 189.8 (d, 2Jc-r = 20.2 Hz), 188.8 (d, 3Jcr = 10.1 Hz),
157.2 (d, Wcr = 288.3 Hz), 154.3, 129.7, 74.3 (d, 3Jc.r = 5.3 Hz), 42.3, 41.5, 27.8, 17.9,
13.9, 13.3 ppm;

1SF NMR (373 MHz, CDCls): & =-131.1 (t, “Jr-n = 6.8 Hz) ppm;

Vl(neat) = 2974, 2876, 1682, 1428, 1271, 1169, 1065 cm™:;

HRMS (NSI): calcd for C1sH33sF2NO3Si , 258.1136 [M+H]*, found: 258.1138;

MS (C1): m/z (%): 286 (3) [M+C2Hs]", 258 (10) [M+H]*, 100 (100) [CONEL;];

tr (GC) = 13.64 minutes;

UV/Vis (MeCN): LA™ () =257 nm (53 170).

6.2.5 Synthesis of 1-chloro-1,1-difluoro-2-oxo-3-(N,N-diethylcarbamoyloxy)-hepta-
1,6-diene (157)

Chlorodifluoromethylketone 157 was prepared according to the method of Ito and co-
workers.}® CuCl, was dried by heating to 150 °C for 48 hours. Silyl enol ether 112b
was added to a solution of CuCl, (0.403 g, 3 mmol) in freshly distilled DMF (4 mL)
(0.377 g, 1 mmol) dropwise at room temperature. The mixture was stirred at room
temperature for 3 hours and at 50 °C for 0.5 hours and then quenched with ice-cold
water (15 mL). The mixture was extracted with diethyl ether (4 x 20 mL) and washed
with 5% Aqueous HCI (15 mL) and brine (15 mL). The organic extracts were dried with
MgSO4 and concentrated under reduced pressure to afford the crude product as a dark
red oil (0.262 g). The residue was purified by Kugelrohr distillation. Impurities were
distilled off (7 mbar, 134 °C) to afford 157 as a dark red oil (0.151 g, 51 %)

R¢=0.29 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.81 (ddt, J = 17.9, 12.5, 5.5 Hz, 1H), 5.40 (dd, J = 8.5,
*Jur = 3.8 Hz, 1H), 5.16-4.98 (m, 2H), 3.52-3.14 (m, 4H), 2.34-2.14 (m, 2H), 2.13-1.87
(m, 2H), 1.29-1.03 (m, 6H) ppm;

13C NMR (100 MHz, CDCl3): & = 189.7 (t, 2Jc.r = 29.5 Hz), 154.4, 136.1, 119.6 (t, “Jcr
=307.3 Hz), 116.3, 73.3,42.2, 41.5, 30.1, 29.3, 13.9, 13.3 ppm;
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19F NMR (373 MHz, CDCls): 8 = -64.9, -65.1 (ABq, Jas = 166.8 Hz, 2F) ppm (The “°F-
H splitting was not resolved in the *F NMR)

v/(neat) = 2980, 2937, 1668, 1431, 1273, 1169, 1130, 916, 767 cm™;

HRMS [NSI (M+H) found: 298.1019, Calc. for C12H1s*CIF2NO3: 298.1016];

MS (CI): miz (%): 326 (22) [M+C,Hs]*, 298 (88) [M+H]*, 262 (19) [M-CI], 100 (100)
[CONEL,];

tr (GC) = 11.65 minutes;

6.2.6 Synthesis of rearrangements products
1,1-Difluoro-2-(triethylsilyloxy)-1-(N,N-diethylcarbamoyloxy)-3-methyl hepta-2E,6-
diene (163a) and 1,1-difluoro-2-(triethylsilyloxy)-1-(N,N-diethylcarbamoyloxy)-3-
methyl hepta-2Z,6-diene (163b).

-@ -,

Si
\ i - _Si
\/N\H/O N . \ O\ __
O FF \/N\[(OM
O F F

A

A solution of 112a (0.391 g, 1 mmol) in toluene (2.5 mL) was irradiated at 120 °C for 8
hours in a sealed microwave vial. The tube was cooled to room temperature and the vial
cap was pierced with a syringe containing a dry scrub (KF). Cold sodium hydrogen
carbonate (5 mL of a saturated aqueous solution) was then added to the vial via syringe.
The quenched reaction mixture was stirred for 5 minutes then the vial was opened and
the solution was extracted with toluene (3 x 3 mL). The combined organic extracts were
dried (MgS0.), filtered and concentrated under reduced pressure to afford a pale orange
oil (0.258 g). The crude product was purified by flash column chromatography (40 g
cartridge, 7 % diethyl ether in hexane) to afford an inseparable mixture of 163a and
163b as a colourless oil (0.159 g, 41 %, 77:23).

R¢=0.45 (20 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): 8 = 5.73 (dddd, J = 17.0, 10.1, 7.0, 6.0 Hz, 1H), 5.16-4.88
(m, 2H), 3.46-3.20 (m, 4H), 2.38-2.24 (m, 2H), 2.23-2.11 (m, 2H), 1.79 (t, °Jur = 2.6
Hz, 3H, minor Z-diastereoisomer), 1.73 (t, °Ju.r = 2.3 Hz, 3H, major E-diastereoisomer),
1.16 (t, J=7.2 Hz, 6H), 0.99 (t, J = 7.9 Hz, 9H), 0.73 (q, J = 7.9 Hz, 6H) ppm;

Major E-diastereoisomer 163a (assigned on the basis of & and intensity) *C NMR (100
MHz, CDCls): & = 149.1, 137.7, 136.3 (t, 2Jcr = 32.9 Hz), 121.3 (t, 3Jcr = 3.1 H2),
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119.2 (t, Yo = 265.4 Hz), 114.1, 41.2, 31.9, 30.5 (t “Jor = 3.1 Hz), 16.8, *13.4, *12.5,
6.1, 4.7 ppm;

F NMR (373 MHz, CDCls): & = -66.9 (s) ppm (the °F-'H splitting was not resolved in
the °F NMR spectrum);

Minor Z-diastereoisomer 163b (assigned on the basis of & and intensity) **C NMR (100
MHz, CDCls): § = 148.9, 137.6, 136.0 (t, 2Jcr = 32.0 Hz), 120.6 (t, 3Jcr = 3.1 H2),
119.1 (t, Yer = 265.4 Hz), 114.0, 41.3, 31.7, 30.6, 15.1 (t, “Jc.r = 3.00 Hz), *13.4, *12.5,
6.2, 4.7 ppm;

F NMR (373 MHz, CDCls): & = -67.6 (s) ppm (the '°F-H splitting was not resolved in
the F NMR spectrum);

v/(neat) = 2958, 2880, 1740, 1072, 733 cm;

HRMS (NSI): calcd for C19H36F2NO3Si, 392.2427 [M+H]*, found: 392.2421;

MS (CI): m/z (%): 392 (14) [M+H]*, 350 (28) [M-CsHs], 100 (100) [CONEL];

tr (GC) = 14.63 minutes;

*the signals at 13.4 and 12.5 are associated with the two CH3 carbons of the DEC group

in both diastereoisomers.

6.2.7 Synthesis of 1-Chloro-1,1-difluoro  -3-(N,N-diethylcarbamoyloxy)-3-
methylhepta-1,6-dien-2-one (164)
o

e

F 0

=
Chlorodifluoromethylketone 164 was prepared according to the method of Ito and co-
workers.8 Silyl enol ether 112a (0.626 g, 1.6 mmol) was added dropwise to a solution
of copper(Il) chloride (1.000 g, 7.4 mmol ) in freshly distilled DMF (6.4 mL) at room
temperature. The mixture was stirred at room temperature for 3 hours then at 50 °C for 4
hours, then quenched with ice-water (50 mL). The mixture was extracted with diethyl
ether (5 x 10 mL), then the extracts were combined and washed with hydrochloric acid
(30 mL of a 5 % aqueous solution) followed by brine (30 mL). The combined organic
extracts were dried (MgSQO4) and concentrated under reduced pressure to afford the
crude product as a dark red oil (0.467 g). The residue was purified by flash column
chromatography (40 g cartridge, 5-8 % diethyl ether in hexane) to afford 164 as a
colourless oil (0.126 g, 25 %)
R¢=0.44 (20 % diethyl ether in hexane);
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'H NMR (400 MHz, CDCls): § = 5.88-5.73 (m, 1H), 5.07 (m, 1H), 5.01 (m, 1H), 3.37-
3.18 (m, 4H), 2.21-2.05 (m, 3H), 1.99-1.80 (m, 1H), 1.59 (s, 3H), 1.20-1.07 (m, 6H)
ppm;

13C NMR (100 MHz, CDCls): & = 189.4 (t, 2Jc-r = 27.5 Hz), 154.9, 137.0, 121.1 (t, Jcr
=310.4 Hz), 115.4, 82.9, 42.4, 41.7, 35.3, 27.5, 20.9, 13.9, 13.2 ppm;

19F NMR (376 MHz, CDCl3): § = -61.8, -62.0 (ABg, Jag = 165.6 Hz) ppm:;

vl(neat) = 2976, 2935, 1747, 1682, 1433, 1286, 1152, 769 cm™;

HRMS (NSI-ES): calcd for C13H21*CIF2NOs, 312.1173 [M+H]*, found: 312.1174;

MS (CI): m/z (%): 340 (6) [M+C2Hs]", 312 (73) [M+H]*, 276 (15) [M-CI], 100 (76)
[CONEL];

tr (GC) = 12.26 minutes.

6.3 Compounds from Chapter 2

6.3.1 General Procedure C — Allylic Alcohol Preparation
Trans-2-allyl-1-(2,2-difluoro-1 ((2-methoxyethoxy)methoxy)ethenyl) cyclohexan-1-
ol (trans-115aa) and cis-2-allyl-1-(2,2-difluoro-1’ ((2-
methoxyethoxy)methoxy)ethenyl) cyclohexan-1-ol (cis-115ab)

115aa 115ab

Allyl alcohols 115aa and 115ab were prepared according to the method of Percy and co-

workers. '

n-Butyllithium (12.9 mL of a 1.94 M solution in hexanes, 25 mmol) was
added dropwise to a solution of diisopropylamine (3.70 mL, 26 mmol) in THF (12 mL)
at -78 °C. Following addition the reaction vessel was transferred to an ice bath and
allowed to warm to 0 °C and stirred at this temperature for 45 minutes. The flask was
then re-cooled to -78 °C and acetal 114 (1.90 mL, 12 mmol) was added dropwise over 15
minutes. The dark orange suspension was stirred at -78 °C for 30 minutes, then
allylcyclohexanone (1.97 mL, 13.2 mmol) was added. The reaction mixture was allowed

to warm to rt overnight; the reaction mixture turned homogeneous and darkened over
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this time. The mixture was quenched with saturated aqueous ammonium chloride (30
mL) and extracted with ethyl acetate (4 x 60mL). The combined organic extracts were
dried (MgSO.), filtered and concentrated to afford crude allylic alcohols 115aa and
115ab (3.23 g) as a dark brown oil. The material was taken up in dichloromethane and
transferred by pipette to a glass sinter funnel (diameter 7.5 cm) containing a pad of silica
(54 g). The product was then eluted from the plug with 70 % diethyl ether/hexane (600
mL). The solvent was evaporated under reduced pressure to afford the product as a pale
orange oil (2.93 g). The crude allylic alcohol was purified by Kugelrohr distillation to
afford an inseparable mixture of trans-115aa and cis-115ab as a pale yellow oil (2.53 g,
69 %, 95:5).

b.p. =97 °C/0.04 mmHg;

R¢=0.27 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): 8 = 5.77 (dddd, J = 17.0, 10.1, 8.5, 5.8 Hz, 1H), 5.06-4.95
(m, 2H), 4.93 (app. s, 2H), 3.94-3.81 (m, 2H), 3.62-3.54 (m, 2H), 3.40 (s, 3H), 2.62 (br.
s, 1H), 2.29-2.16 (m, 1H), 1.98-1.88 (m, 1H), 1.86-1.08 (envelope, 9H) ppm;

13C NMR (100 MHz, CDCls): & = 154.4 (t, Ycr = 287.1 Hz), 137.6, 121.5 (dd, 2Jc =
33.1, 10.3 Hz), 115.8, 98.7 (t, “Jcr = 4.2 Hz), 73.7 (d, 3Jcr = 5.6 Hz), 71.6, 68.9, 58.9,
41.9 (d, YJc.r = 4.8 Hz), 37.1 (t, “Jc-r = 2.9 Hz), 35.2, 26.4, 25.3, 21.2 ppm;

Major trans-diastereoisomer 115aa (assigned on the basis of § and intensity) °F NMR
(376 MHz, CDCls): 8 =-98.8 (d, 2J = 73.4 Hz, 1F), -103.6 (d, ) = 73.4 Hz, 1F) ppm;*
Minor cis-diastereoisomer 115ab (assigned on the basis of § and intensity) °F NMR
(376 MHz, CDCls): 8 =-97.5 (d, 2J = 68.6 Hz, 1F), 104.4 (d, 2J = 68.6 Hz, 1F) ppm;
v/(neat) = 3450, 2934, 1738, 1450, 1104, 1059 cm™;

HRMS (NSI): calcd for CisH2sF204N, 324.1981 [M+NH4]*, found: 324.1983;

MS (CI): m/z (%): 201 (14) [M-C4HeOs]", 89 (100) [C4aHoO2]", 59 (85) [C3H;O]*;**

tr (GC) = 13.17 minutes.

* this is by comparison with compounds from the Saegusa-Ito series (See compound
112f).194

** the cis- and trans-stereoisomers appeared as one peak by GC.
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6.3.2 Synthesis of difluoromethylketone 147b
trans-1-(2-allyl-1-hydroxycyclohexyl)-2,2-difluoroethan-1-one (147b)

OOH

Difluoromethyl ketone 147b was prepared according to the procedure of Percy and co-
workers.? A mixture of 115aa and 115ab (0.306 g, 1 mmol) was taken up in Methanol
(2 mL) and added to a round bottom flask. The mixture was cooled to 0 °C using an ice
bath. Chlorotrimethylsilane (0.076 mL, 0.6 mmol) was added in one portion and the
resulting pale yellow solution stirred at ambient temperature for 4 hours. After
consumption of starting material (by TLC), the reaction was concentrated to afford a
pale yellow oil (0.220 g). The crude material was purified by flash column
chromatography (40 g cartridge, 20 % diethyl ether in hexane) to afford 147b as a
colourless oil (0.132 g, 61 %).

R¢=0.44 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCl3): & = 6.23 (dd, 2Ju.r = 53.9, 52.4 Hz, 1H), 5.68 (dddd, J =
14.2, 10.5, 8.5, 8.3 Hz, 1H), 5.07-5.02 (m, 1H), 5.02-4.99 (m, 1H), 2.63 (br. s, 1H),
2.14-2.01 (m, 1H), 2.01-1.91 (m, 2H), 1.85-1.51 (envelope, 6H), 1.48-1.24 (m, 1H) ppm;
3C NMR (100 MHz, CDCls): § = 202.6 (t, 2Jc.r = 21.9 Hz), 136.0, 116.8, 108.1 (dd, “Jc.
r=252.0, 250.1 Hz), 80.8, 41.2, 35.6, 35.1, 26.2, 24.6, 19.7 ppm;

19F NMR (376 MHz, CDCl3): § = -125.3 (dd, 2 = 317.5, 2Jen = 52.7 Hz, 1F), -129.3
(dd, 23 = 317.5, *Jr. = 53.5 Hz, 1F) ppm;

v/(neat) = 3650-3350 (broad), 2939, 1744, 1452, 1063, 994 cm™™;

HRMS (EI): calcd for C11H16F20;,218.1118 [M], found: 218.1120;

MS (CI): m/z (%): 219 (100) [M+H]"*, 201 (44) [M-OH]*;

tr (GC) = 10.40, 10.49 minutes.*

*The material, though present as a unique chemical species by °F, ©*C and 'H NMR,
appeared as 2 peaks in the GC-MS with identical fragmentation patterns (ion mass and

relative abundance).
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6.3.3 Synthesis of monofluorinated enone 193
(4aS*,8aS*)-2-fluoro-8a-hydroxy-3-methyl--hexahydronaphthalen-1(4H)-one (193)

OOH

5

-
©
w

Palladium(Il) acetate (100 mol %, 0.448 g) and copper(l) chloride (100 mol %, 0.200 g)
were suspended in a mixture of acetonitrile and water (7 mL, 6:1). An oxygen balloon
was attached and the suspension was warmed to 70 °C. A solution of allyl alcohol 115aa
and 115ab (0.612 g, 2 mmol) in acetonitrile (1 mL) was added via syringe in a constant
stream and the mixture was stirred at 70 °C for 18 hours under balloon pressure of
oxygen. The reaction was allowed to cool to room temperature then taken up in ethyl
acetate (40 mL) and transferred to a separating funnel containing distilled water (150
mL). The organic layer was separated and the aqueous layer extracted with ethyl acetate
(4 x 40 mL). The original organic layer and the extracts were combined and washed with
saturated aqueous sodium bicarbonate (40 mL), dried (MgSOa), filtered and concentrated
under reduced pressure to afford the crude product as a dark orange oil (0.217 g). The
crude material was purified by flash column chromatography (40 g silica, 5-15 %
acetone in hexane) to afford 193 as a colourless solid (0.100 g, 25 %). The solid was
purified further by vapour diffusion (CHCIls/Pentane) to afford 193 as colourless plates
(0.080 g, 20 %).

m.p. = 98-100 °C (chloroform/pentane vapour diffusion);

R¢ = 0.67 (40 % acetone in hexane);

'H NMR (400 MHz, CDCl3): & = 2.62-2.45 (m, 1H), 2.21-2.00 (m, 2H), 1.94 (d, “Jur =
2.1 Hz, 3H), 1.92-1.82 (m, 1H), 1.82-1.48 (envelope, 6H), 1.44-1.18 (m, 2H) ppm;

13C NMR (100 MHz, CDCl3): & = 190.0 (d, 2Jc-r = 16.8 Hz), 148.5 (d, “Jc.r = 254.1 Hz),
136.8 (d, 2Jc-F = 10.2 Hz), 72.2 (d, 3Jc-r = 4.0 Hz), 40.7, 33.2 (d, 3Jcr = 3.3 Hz), 31.1,
26.4,24.7,19.9, 15.4 (d, *Jc-r = 5.7 Hz) ppm;

F NMR (376 MHz, CDCl3): 5 = -138.9 (s) ppm;

v/(neat) = 3600-3200 (broad), 2941, 1751, 1677, 1647, 1167, 899, 826 cm™™;

HRMS (NSI): calcd for C11H1sFO,, 199.1129 [M+H]*, found: 199.1129;

MS (CI): m/z (%): 227 (1) [M+C2Hs]*, 199 (14) [M+H]*, 181 (100) [M-OH]";

tr (GC) = 12.69 minutes;

218



elemental analysis calcd (%) for C11H1sFO2: C, 66.65; H, 7.63; found: C, 66.46; H, 7.65.
The identity of this enone (193) was confirmed by XRD analysis (m.p. = 98-100 °C
(chloroform/pentane)). Crystal Data for 193: C1:H1sFO;, crystal size 0.25 x 0.18 x 0.03
mmS, M = 198.23, triclinic, space group P-1, unit cell dimensions a = 9.3298(5) A, b =
10.0084(13) A, ¢ = 11.3166(7) A, o = 85.740(9)°, B = 74.091(5)°, y = 86.732(7)°, V =
1012.68(16) A%, Z =4, pcaic = 1.300 Mg m3, F(000) = 424, p(Mo-Ka) = 0.100 mm™, T =
123(2)K, 6571 reflections measured, 6571 independent, (Rinx = 0.0000]. Final R indices
[1>20()] R1 =0.0481, ®R2 = 0.1040; R indices (all data) R1 =0.1050, ®R2 = 0.1234.

6.3.4 Synthesis of Wacker oxidation product 195aa and 195ab
trans-1-((1S*,25*)-2-(2,2-difluoro-1-((2-methoxyethoxy)methoxy)vinyl)-2
hydroxycyclohexyl)propan-2-one  (trans-195aa) and  cis-1-((1R*,2S*)-2-(2,2-
difluoro-1-((2-methoxyethoxy)methoxy)vinyl)-2  hydroxycyclohexyl)propan-2-one
(cis-195ab)

Trans- and cis- methyl ketone 195aa and 195ab were prepared according to a method

similar to that reported by Ito and co-workers.?® Palladium(Il) chloride (37 mol %,
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0.066 g) and copper(ll) acetate hydrate (200 mol %, 0.363 g) were suspended in a
mixture of N,N-dimethylacetamide and water (3.4 mL, 7.5:1 v/v). A solution of allyl
alcohol 115aa and 115ab (0.306 g, 1 mmol) in N,N-dimethylacetamide (1 mL) was
added dropwise via syringe and the resulting solution stirred at room temperature under
balloon pressure of oxygen for 48 hours The reaction mixture was filtered through a plug
of Celite and the filtrate was diluted with ethyl acetate (50 mL). The organic layer was
washed thoroughly with water (4 x 50 mL) before being separated, dried (MgSO4) and
concentrated to afford a dark red oil (0.207 g). The crude material was purified by flash
column chromatography (40 g silica, 35 % diethyl ether in hexane) to afford an
inseparable mixture of trans-195aa and cis-195ab (<95 % purity) as a yellow oil (0.104
g, 32 %, 81:19).

Rf = 0.40 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): § = 5.09-4.83 (m, 2H), 3.97-3.79 (m, 2H), 3.61-3.51 (m,
2H), 3.40 (s, 3H), 3.11 (br. s, 1H), 2.58 (dd, 2J = 17.5, J = 3.0 Hz, 1H), 2.42 (dd, 2J =
17.5,J=8.8 Hz, 1H), 2.13 (s, 2H), 1.89-1.13 (envelope, 10H) ppm;

13C NMR (100 MHz, CDCls): & = 207.8, 153.6 (t, Jc.r = 288.5 Hz), 120.7 (dd, 2Jcr =
32.2, 10.2 Hz), 97.8 (t, “Jcr = 3.5 Hz), 72.1 (d, 3Jcr = 5.5 Hz), 70.6, 68.0, 57.9, 44.3,
37.0 (d, “Jcr = 4.5 Hz), 35.7, 29.6, 26.5, 24.1, 20.1 ppm;

Major trans-diastereoisomer 195aa (assigned on the basis of intensity) °F NMR (376
MHz, CDCls): § =-98.1 (d, 2J = 71.9 Hz, 1F), -102.9 (d, 4 = 71.9 Hz, 1F) ppm;

Minor cis-diastereoisomer 195ab (assigned on the basis of intensity) *°F NMR (376
MHz, CDCls): § =-94.7 (d, 2J = 64.3 Hz, 1F), 102.5 (d, 2J = 64.3 Hz, 1F) ppm;

v/(neat) = 3650-3200 (broad), 2926, 1734, 1712, 1102, 1059, 948, 849 cm™™;

MS (CI): m/z (%): 265 (1) [M-C3Hs0]", 229 (2) [M-C3HsO2F]", 89 (100) [CsHO2]", 59
(86) [C3H/0O]";

tr (GC) = 13.02 minutes.

HRMS could not be obtained for this compound. The sample was taken up in DCM and
analysed by ammonia Cl on a Thermo MAT 95 and by positive ion APCI (ASAP) on a
Waters Xevo G2-S. Although the intact molecular species was not observed, intense ions

were Yyielded that could not be readily assigned.
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6.3.5 Synthesis of a-hydroxy ketone 200aa and hydrate 202

Preparation of (3R*,4aS*,8aS*)-2,2-difluoro-8a-hydroxy-3-
methyloctahydronaphthalen-1(2H)-one (200aa) and (3R*,4aS*,8aS*)-2,2-difluoro-3-
methyloctahydronaphthalene-1,1,8a-triol (202)

O HO OH
F ] OH F \/ OH
F F
+
¥ H
200aa 202

1,3-Bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g)
was taken up in dichloromethane (1 mL) and added via syringe to dichloromethane (3.4
mL). The solution was stirred at room temperature then a solution of silver
hexafluoroantimonate(V) (5 mol %, 0.017 g) in methanol (0.6 mL) was added as a
stream via syringe. An off-white precipitate formed after the addition was complete. An
air condenser (open to the atmosphere) was fitted, and the suspension was heated to 40
°C. A solution of allyl alcohol 115aa and 115ab (0.306 g, 1 mmol) in dichloromethane
(1 mL) was added in a stream via syringe. The solution was stirred at this temperature
for 30 minutes, then trifuoroacetic acid (0.23 mL, 3 mmol) was added dropwise. The
mixture was stirred at 40 °C for 18 hours, then transferred by pipette to a glass sinter
funnel (diameter 4.2 cm) containing a pad of celite (7 g). The celite plug was washed
with diethyl ether (150 mL). The filtrate was concentrated to afford a pale yellow oil
(0.285 g). This oil was taken up diethyl ether (50 mL) and the solution was washed with
sodium bicarbonate (20 mL of a saturated aqueous solution). The organic layer was
separated, dried (MgSO4) and concentrated to afford the crude product as a dark red
solid (0.292 g). The material was taken up in dichloromethane and transferred by pipette
to a glass sinter funnel (diameter 2.3 cm) containing a pad of silica (5 g). Catalyst
residues were removed by eluting with dichloromethane (20 mL). The product was then
eluted from the plug with 3 % methanol in dichloromethane (50 mL). The solvent was
evaporated under reduced pressure to afford the product as a pale yellow solid below a
yellow oil. The material was filtered and washed with pentane at the pump to afford a
mixture of 200aa and 202 as a colourless solid ((0.109 g, 46 %) based on hydrate 202).
m.p. = 76-78 °C (recrystallised from chloroform/pentane vapour diffusion as a colourless
prism);

Rs=0.31 (30 % ethyl acetate in hexane);
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The following signals were attributed to both the minor ketone 200aa and major hydrate
202 *H NMR (400 MHz, CDCls): § = 2.34-1.86 (m, 2H), 1.86-1.22 (envelope, 16H);
The following signals were attributed to the major product hydrate 202 (assigned on the
basis of d and intensity)

'H NMR (400 MHz, CDClg): § = 3.42 (s, 1H), 2.93 (s, 1H), 1.08 (d, J = 6.9 Hz, 3H)
ppm;

13C NMR (100 MHz, CDCla): § = 122.3 (t, Ncr = 253.5 Hz), 93.3 (t, 2Jcr = 22.8 Hz),
74.8, 38.1, 34.3 (t, Ycr = 22.8 Hz), 31.3 (d, *Jc-r = 7.6 Hz), 30.9, 27.0, 24.9, 19.8, 11.5
(t, 3Jcr = 4.4 Hz) ppm;

F NMR (376 MHz, CDCls): = -122.0 (one half of a double ABq, Jag = 247.5, 3Je.n =
10.3 Hz, 1F), -122.4 (one half of a double ABq, Jag = 247.5, 3Jr.n = 23.2 Hz, 1F) ppm;
The following signals were attributed to the minor product ketone 200aa (assigned on
the basis of 6 and intensity)

'H NMR (400 MHz, CDClg): § = 1.20 (d, J = 6.8 Hz, 3H) ppm;

13C NMR (100 MHz, CDCl3): & = 197.2 (t, 2Jcr = 22.0 Hz), 117.0 (dd, YJcr = 259.6
,253.5 Hz), 75.9, 44.1, 40.0 (dd, 2Jc.r = 23.2, 19.8 Hz), 32.1 (d, 3Jcr = 6.4 Hz), 28.6,
26.2,24.7,19.4,11.3 (d, *Jc-r = 7.4 Hz) ppm;

19F NMR (376 MHz, CDCl3): 5 = -112.9 (dd, 2J = 256.9, 3Jr1 = 28.9 Hz, 1F), -115.4 (dt,
2] = 256.9, *Jr.n = YJen = 5.1 Hz, 1F) ppm;

v/(neat) = 3650-3100 (broad), 2934, 1742, 1459, 1074, 996, 976 cm™;

HRMS (ASAP): calcd for C11H1sF20, 201.1091 [M+H-H-0 ], found: 201.1096;

MS (EI): m/z (%): 218 (4) [M]*;

tr (GC) = 11.26 minutes;

The identity of the mixture (200aa and 202) was confirmed by XRD analysis (m.p. = 76-
78 °C (chloroform/pentane)). Crystal Data for 200aa and 202: C11H17.46F2025, crystal
size 0.3 x 0.2 x 0.03 mm?®, M = 233.28, triclinic, space group P-1, unit cell dimensions a
=11.3756(5) A, b = 11.9233(5) A, ¢ = 18.6426(8) A, o= 73.326(4)°, p = 78.588(4)°, y =
70.646(4)°, V = 2270.56(19) A%, Z = 8, peac = 1.365 Mg m™, F(000) = 994, u(Mo-Ka)
0.117 mm?, T = 123(2)K, 19665 reflections measured, 9971 independent, (Rint
0.0317]. Final R indices [I > 2o(1)] R1 = 0.0642, ®R2 = 0.1707; R indices (all data) R1
0.0889, ®R2 = 0.1944. The resulting structure was of relatively low quality but was

adequate for the assignment of the trans ring junction stereochemistry.
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6.3.6 Synthesis of tricyclic acetal 203
Preparation of (3aS*,5R*,6aS*,10aS*)-4,4-difluoro-5-methyloctahydro-3aH-
naphtho[1,8a-d][1,3]dioxol-3a-ol (203)

o1
FHO" O
F
A
203

1,3-Bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g)
was taken up in dichloromethane (1 mL) and added via syringe to dichloromethane (3.4
mL). The solution was stirred at room temperature then a solution of silver
hexafluoroantimonate(V) (5 mol %, 0.017 g) in methanol (0.6 mL) was added as a
stream via syringe. An off-white precipitate formed after the addition was complete. An
air condenser (open to the atmosphere) was fitted, and the suspension was heated to 40
°C. A solution of allyl alcohol 115aa and 115ab (0.306 g, 1 mmol) in dichloromethane
(1 mL) was added in a stream via syringe. The solution was stirred at this temperature
for 30 minutes before adding trifuoroacetic acid (0.23 mL, 3 mmol) dropwise. The
mixture was stirred at 40 °C for 18 hours. After this time the reaction mixture was
transferred by pipette to a glass sintern filled with celite (7 g) and the celite plug washed
with diethyl ether (150 mL). The filtrate was concentrated to afford a dark orange oil
(0.292 g). This oil was taken up diethyl ether (50 mL) and washed with an aqueous
saturated solution of sodium bicarbonate (20 mL). The organic phase was separated,
dried over magnesium sulphate and concentrated to afford the crude product as a pale

yellow oil (0.292 g). The crude material was purified by flash column chromatography
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(40 g silica, 25 % ethyl acetate in hexane) to afford 203 as a colourless oil which
solidified upon freezing to afford 203 as colourless needles (0.046 g, 19 %).

m.p. = 52-54 °C (colourless plated crystals were grown by slow evaporation from 25 %
ethyl acetate in hexane under reduced pressure);

R¢ = 0.29 (100 % dichloromethane);

The following signals were attributed to both conformers: *H NMR (400 MHz, CDCls):
§=5.21(d, % = 7.4 Hz, 1H), 5.12 (d, 2J = 7.4 Hz, 1H), 3.31 (br. d, *Ju-r = 5.3 Hz, 1H),
2.98 (br. s, 1H), 2.57-2.31 (m, 1H), 2.16-1.20 (envelope, 11H), 1.10 (d, J = 7.4 Hz, 3H)
ppm;

The following signals were attributed to one conformer solution

13C NMR (100 MHz, CDCls): & = 122.2 (t, Nc.r = 251.4 Hz), 99.5 (t, 2Jc-r = 23.5 Hz),
92.2, 85.0, 36.4, 31.1 (d, 3Jc.r = 6.8 Hz), 29.9 (t, 2cr = 21.3 Hz), 28.9, 27.6, 25.2, 21.9,
13.5 (t, *Jc.r = 4.8 Hz) ppm;

°F NMR (376 MHz, CDCls): § =-119.0, (app. d, 2J = 250.5 Hz, 1F), -120.7, (app. d, 2
= 250.5 Hz, 1F) ppm ;

The following signals were attributed to the second conformer in solution

13C NMR (150 MHz, CDCls): & = 122.1 (dd, YJcr = 255.5, 249.7 Hz), 100.0 (t, 2Jcr
25.3 Hz), 93.5 (d, “2Jcr = 2.9 Hz) , 82.1, 39.7, 36.0 (t, 2Jcr = 22.3 Hz) , 32.0 (d, %Jcr
7.1 Hz), 28.3, 27.2, 25.5, 20.7, 12.3 (t, *Jc-r = 4.6 HZ) ppm;

19F NMR (376 MHz, CDCls): 6 = -119.3, (dd, 2J = 247.3, 3Jr.4 = 29.3 Hz, 1F), -120.8,
(dd, 2 = 247.3, 3Je+ = 25.6 Hz, 1F) ppm;

v/(neat) = 3600-3200 (broad), 2926, 1742, 1448, 1087, 981 cm™;

HRMS (ASAP): calcd for C1oH1sF203, 248.1224 [M], found: 248.1228;

MS (El): m/iz (%): 202 (4) [M-CH20.]*, 181 (100) [M-CH4O:F]*, 151 (21) [M-
C2HeO3F]";

tr (GC) = 11.41 minutes;

The identity of acetal (203) was confirmed by XRD analysis. Crystal Data for 203:

C12H1sF20s, crystal size 0.24 x 0.10 x 0.06 mm?®, M = 248.26, monoclinic, space group
P21/, unit cell dimensions a = 6.1120(4) A, b = 11.9285(4) A, ¢ =32.307(2) A, a =90°, B
= 93.037(5)°, y = 90°, V = 2352.1(3) A%, Z = 8, peac = 1.402 Mg m3, F(000) = 1056,
u(Mo-Ka) = 0.119 mm™, T = 123(2)K, 21617 reflections measured, 5081 independent,
(Rint = 0.0627]. Final R indices [l > 25(1)] R1 = 0.0745, ®R2 = 0.1808; R indices (all
data) R1 = 0.1266, ®R2 = 0.2160. The resulting structure is of relatively low quality but

is adequate for the assignment of the trans ring junction stereochemistry.
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6.3.7 General Procedure D — Difluorinated Diol Preparation

Preparation of (1R*3R*4aS* 8aS*)-2,2-difluoro-3-methyloctahydronaphthalene-
1,8a(1H)-diol (207aa) and (1R*,35*,4aS*,8aS*)-2,2-difluoro-3-
methyloctahydronaphthalene-1,8a(1H)-diol (207ab)

OH

F ?HOH R OH
. F
+ \\\\ z
i H
XX XX

1,3-Bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g)
was taken up in dichloromethane (1 mL) and added via syringe to dichloromethane (3.4
mL). The solution was stirred at room temperature then a solution of silver
hexafluoroantimonate(V) (5 mol %, 0.017 g) in methanol (0.6 mL) was added as a
stream via syringe. An off-white precipitate formed after the addition was complete. The
flask was fitted with an air condenser (open to the atmosphere), and the suspension was
heated to 40 °C. A solution of allyl alcohol 115aa and 115ab (0.306 g, 1 mmol) in
dichloromethane (1 mL) was added in a stream via syringe. After stirring for 5 hours at
40 °C the reaction was allowed to cool to room temperature. Solid tetrabutylammonium
borohydride (0.258 g, 1 mmol) was added to the flask in small portions. A slight
effervescence was observed as the reducing agent was added and the reaction mixture
darkened from colourless to dark brown. The reaction mixture was then allowed to stir at
room temperature for 18 hours, then was quenched with hydrogen peroxide (10 mL of a

3 wt % aqueous solution), followed by sodium hydroxide (5 mL of a 10 wt % aqueous
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solution). The mixture was transferred to a separating funnel and the organic layer was
removed. The aqueous layer was extracted with dichloromethane (4 x 40 mL). The
combined organic extracts were then washed with sodium sulfite (10 mL of a saturated
aqueous solution). The organic layer was separated, dried (MgSO4) and concentrated
under reduced pressure to afford the crude product as aviscous pale yellow oil (0.280 g).
The crude material was purified by flash column chromatography (40 g silica, 2 %
acetone in dichloromethane) to afford an inseparable mixture of trans,trans-207aa and
trans,cis-207ab as a colourless solid (0.154 g, 70 %, 2.6:1).

Rf = 0.47 (5 % acetone in dichloromethane);

The following signals were attributed to both the minor trans,cis-diastereoisomer 207aa
and major trans,trans-diastereoisomer 207ab *H NMR (400 MHz, CDCls): § = 3.60-
3.47 (m, 1H), 2.42-2.17 (m, 1H), 1.97-1.27 (envelope, 17H) ppm;

The following signals were attributed to the major trans,trans-diastereoisomer 207aa
(assigned on the basis of d and intensity)

'H NMR (400 MHz, CDCla): & = 2.14 (t, J = 2.8 Hz, 1H), 1.06 (d, J = 6.9 Hz, 3H) ppm;
13C NMR (100 MHz, CDCls): & = 124.0 (t, }Jc-r = 248.2 Hz), 74.2 (dd, 2Jc.r = 27.7, 21.4
Hz), 72.7 (d, ®Jc.r = 5.2 Hz), 36.6, 33.7, 32.8 (t, 2Jc.r = 21.4 Hz), 32.6 (d, *Jc-r = 8.5 H2),
26.6, 25.1, 19.8, 11.2 (d, *Jc-r = 5.6 Hz) ppm;

F NMR (376 MHz, CDCls): & = -105.9 (dg, 2J = 256.5, 3Jr.n = “Je.n = 4.8 Hz, 1F), -
116.6 (ddt, 2J = 256.5, 3Jr.n = 30.3, 3Jrn = “Jrn= 7.6 Hz, 1F) ppm;

The following signals were attributed to the minor trans,cis-diastereoisomer 207ab
(assigned on the basis of & and intensity)

'H NMR (400 MHz, CDCls): 6 =2.11 (t, J = 2.7 Hz, 1H) ppm;

13C NMR (100 MHz, CDCls): & = 123.4 (dd, Ycr = 253.8, 242.5 Hz), 75.3 (dd, 2Jcr =
28.9, 21.7 Hz), 72.3 (d, 3Jcr = 5.8 Hz), 35.1 (dd, 2Jc.r = 23.4, 21.0 Hz), 31.1, 30.8 (d,
3Jcr= 7.3 Hz), 26.8, 25.3,19.9, 14.2 (dd, 3Jcr = 9.4, 3.7 Hz) ppm;

F NMR (376 MHz, CDCls): & = -93.6 (ddt, 2J = 261.3, 3Jrn = 17.6, 2Jrn = “Jrn= 8.0
Hz), -104.5 (d, 2J = 261.3 Hz) ppm;

v/(neat) = 3608, 3450, 2919, 1446, 1069, 985 cm™;

HRMS (ASAP): calcd for C11H17F202,219.1197 [M-H]", found: 219.1194;

MS (E1): m/z (%): 220 (3) [M]", 182 (13) [M-2F]";

tr (GC) = 11.27 minutes;*

elemental analysis calcd (%) for C11H1sF202: C, 59.98; H, 8.24; found: C, 59.75; H,
8.17. This analysis was obtained for the amorphous solid obtained following

chromatography so no melting point was recorded.
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* the individual diastereoisomers appeared as one peak by GC

Diastereomerically pure trans,trans 207aa could be obtained by performing three vapour
diffusion recrystallisations (chloroform/pentane) of the mixed solid diol (0.024g, 11%).
m.p. = 84-86 °C (recrystallised from chloroform/pentane vapour diffusion as a colourless
plate);

Rt = 0.47 (5 % acetone in dichloromethane);

'H NMR (400 MHz, CDCl3): § = 3.54 (td, Ju.r = 6.0, J = 3.2 Hz, 1H), 2.38-2.16 (m, 1H),
2.14 (td, J = *Jnr = 3.0, “Inr = 1.0 Hz, 1H), 1.85 (tdd, 23 =J =13.3,1=4.9, 7= 1.2 Hz,
1H), 1.80-1.19 (envelope, 11H), 1.08 (d, J = 6.9 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls): & = 124.0 (t, }Jc.r = 248.2 Hz), 74.2 (dd, 2Jc.F = 27.7, 21.4
Hz), 72.7 (d, ®Jc.r = 5.2 Hz), 36.6, 33.7, 32.8 (t, 2Jc.r = 21.4 Hz), 32.6 (d, *Jc-r = 8.5 H2),
26.6, 25.1, 19.8, 11.2 (d, 3Jc-r = 5.6 Hz) ppm;

F NMR (376 MHz, CDCls): 5 = -105.9 (dq, 2J = 256.5, 3Je.n = “Jrn = 4.8 Hz), -116.6
(ddt, 23 = 256.5, 3Je.n = 30.3, 3Jen = “Jrn = 7.6 Hz) ppm;

v/(neat) = 3617, 3450, 2922, 1446, 1068, 985, 957 cm™;

MS (El): m/z (%): 220 (2) [M]*, 182 (19) [M-2F];

tr (GC) = 11.27 minutes;

elemental analysis calcd (%) for C11H1sF202: C, 59.98; H, 8.24; found: C, 60.12; H,
8.48.

The identity of diol (207aa) was confirmed by XRD analysis (m.p. = 84-86 °C
(chloroform/pentane)). Crystal Data for 207aa: Ci1HigF2O5, crystal size 0.35 x 0.25 x
0.05 mm?, M = 220.25, monoclinic, space group P21, unit cell dimensions a = 9.5614(9)
A, b = 23.1922(14) A, ¢ = 10.6309(9) A, a =90°, B = 114.258(11)°, y = 90°, V =
2149.3(3) A%, Z = 8, peac = 1.361 Mg m™, F(000) = 944, p(Mo-Ka) = 0.114 mm™, T =
123(2)K, 5176 reflections measured, 5176 independent, (Rint = 0.0000]. Final R indices
[1>20(1)] R1 =0.0623, ®R2 = 0.1565; R indices (all data) R1 =0.1011, ®R2 = 0.1688.
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6.3.8 Preparation of electrophiles
2-Allylcycloheptanone (S9)%7

0
O
2-Allylcycloheptanone (S9) was prepared according to the method of Fleming et al.?® A
solution of cycloheptanone (16.8 g, 150 mmol), allyl alcohol (20.3 g, 350 mmol), 2,2-
dimethoxypropane (16.7 g, 160 mmol), p-toluenesulfonic acid (0.01 g, 0.05 mmol) and
toluene (130 mL) was heated in a flask fitted with a Vigreux column and a distillation
head. The mixture was distilled at atmospheric pressure with the still head temperature
maintained at 62 °C. The temperature was increased until the head temperature reached
100 °C. The reaction mixture was cooled, stirred with anhydrous potassium carbonate
and filtered. Further distillation of the crude material at reduced pressure removed
remaining toluene and cycloheptanone and afforded 2-allylcycloheptanone (7.30 g, 32
%) as a colourless oil;
b.p. 86 °C /5 mm Hg;
'H NMR (400 MHz, CDCl3): § = 5.76 (ddt, J = 17.2, 10.1, 7.2 Hz, 1H), 5.09-4.94 (m,
2H), 2.68-2.36 (m, 4H), 2.18-2.01 (m, 1H), 1.99-1.76 (4H, m), 1.78-1.53 (m, 1H), 1.53-
1.23 (m, 3H) ppm;
13C NMR (100 MHz, CDCl3): § = 214.9, 135.7, 115.9, 51.1, 42.6, 35.7, 30.0, 29.0, 28.2,
23.8 ppm;
v/(neat) = 1698, 1629 cm™;
MS (CI): m/z (%): 153 (100) [M+H]", 125 (1) [M-C2Hs], 111 (4) [M-CsHs];
tr (GC) = 8.75 minutes.

The data was consistent with that reported previously.2®
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(E)-5-hepten-2-one (S10) and (Z)-5-hepten-2-one (S10)%’

j\/\/\+/ﬁ\/\)

(E)-S10 (2)-510

Ketones (E)-S10 and (Z)-S10 were prepared according to the procedure of Backvall and
co-workers.?®” A mixture of crotyl bromide (8.0 mL, 78 mmol), pentane-2,4-dione (8.8
mL, 86 mmol) and anhydrous sodium carbonate (9.25 g, 87 mmol) was refluxed in 99 %
ethanol (100 mL) for 24 hours. The solvent was removed under reduced pressure and the
remaining solid partitioned between diethyl ether (100 mL) and water (50 mL). The
aqueous phase was extracted with diethyl ether (4 x 50 mL) and the combined organic
extracts washed with brine (100 mL), dried (MgSO.), filtered and concentrated to afford
the crude product as a pale yellow oil (6.08 g). The crude material was purified by flash
column chromatography (90 g cartridge, 25 % ethyl acetate in hexane) followed by
Kugelrohr distillation to afford an inseparable mixture of (E)-S10 and (Z)-S10 as a
colourless oil (4.01 g, 46 %, 82:18).

b.p=74°C/9 mmHg;

Rf = 0.37 (20 % diethyl ether in hexane);

The following signals were attributed to both the minor (E)-S10 and major (Z)-S10
alkene 'H NMR (400 MHz, CDCls): & = 5.57-5.25 (m, 2H), 2.48 (t, J = 7.4 Hz, 2H),
2.32 (q, J = 7.4 Hz, 2H, minor Z-diastereoisomer), 2.25 (q, J = 7.4 Hz, 2H, major E-
diastereoisomer), 2.14 (s, 3H, minor Z-diastereoisomer), 2.13 (s, 3H, major E-
diastereoisomer), 1.64 (d, J = 6.2 Hz, 3H);

Major E-diastereoisomer S10 (assigned on the basis of § and intensity) *C (100 MHz,
CDCls): 6 =208.0, 128.9, 125.4, 43.0, 29.4, 26.3, 17.3;

Minor Z-diastereoisomer S10 (assigned on the basis of § and intensity) *C (100 MHz,
CDCl3): 6=128.1, 124.6,42.9, 20.8, 12.2;

v/(neat) = 2919, 1714, 1361, 1164, 968 cm™;

MS (El): m/z (%): 112 (62) [M], 97 (88) [M-CHs]*, 55 (100) [M-C3HsO]";

tr (GC) = 6.21 minutes.
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Preparation of 2-(prop-2-ynyl)cyclohexanone (S11)%%

/o
4

S11

Ketone S11 was prepared according to the procedure of Dake and co-workers.?®® n-
Butyllithium (64.1 mL of a 1.90 M solution in hexanes, 122 mmol) was added dropwise
to a solution of diisopropylamine (18 mL, 128 mmol) in THF (150 mL) at -78 °C. The
solution was stirred for 15 minutes then cyclohexanone (12 mL, 116 mmol) was added
dropwise and the cold solution stirred for an additional 30 minutes. The cold enolate
solution was then transferred via cannula to a solution of propargyl bromide (16.2 mL of
a 80% wt/wt solution in toluene, 145 mmol) in THF (150 mL) at -78 °C. The reaction
was stirred at this temperature for 1.5 hours then allowed to warm to room temperature
and stirred for an additional 5 hours. The orange reaction mixture was diluted with
diethyl ether (200 mL) and washed sequentially with water (200 mL) and brine (200
mL). The combined aqueous phases were extracted with a further portion of diethyl ether
(200 mL) and the original organic phase and the new extract were combined, dried
(MgSO0s.), filtered and carefully concentrated under reduced pressure (200 mbar, 40 °C)
to afford the crude product as an orange oil (35 g). The material was transferred by
pipette to a glass sinter funnel (diameter 7.5 cm) containing a pad of silica (35 g). The
product was then eluted from the plug with 10% diethyl ether/pentane (1 L). The solvent
was evaporated under reduced pressure to afford the crude product as a pale yellow oil
(12.6 g). The ketone was purified further by distillation to afford S11 as a colourless oil
(2.86 g, 18 %).

b.p=51°C/0.08 mmHg;

Rf = 0.44 (10 % diethyl ether in pentane);

'H NMR (400 MHz, CDCla): § = 2.62 (ddd, 2J = 17.1, J = 4.6, 2.8 Hz, 1H), 2.56-2.37
(m, 3H), 2.37-2.25 (m, 1H), 2.20 (ddd, 2J = 17.1, J = 8.3, 2.8 Hz, 1H), 2.14-2.05 (m,
1H), 1.96 (t, “J = 2.8 Hz, 1H), 1.95-1.87 (m, 1H), 1.77-1.59 (m, 2H), 1.42 (ddd, & =
25.4,)=12.8, 3.8 Hz, 1H) ppm;

13C (100 MHz, CDCls): 6 =210.8, 82.6, 69.4, 49.5, 41.9, 33.2,27.8, 25.1, 18.8 ppm;
v/(neat) = 3283, 2932, 1706, 1450, 1130 cm™;

MS (EI): m/z (%): 136 (16) [M], 135 (55) [M-H]";

tr (GC) = 8.99 minutes.
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6.3.9 Preparation of allylic alcohols to investigate scope of cyclisation/reduction
trans-2-allyl-1-(2,2-difluoro-1-((2-methoxyethoxy)methoxy)vinyl)cycloheptan-1-ol
(trans-115ba) and cis-2-allyl-1-(2,2-difluoro-1-((2-
methoxyethoxy)methoxy)vinyl)cycloheptan-1-ol (cis-115bb)

115bb

Prepared as for 115aa and 115ab from acetal (1.50 mL, 9 mmol), n-butyllithium (12.8
mL of a 1.48 M solution in hexanes, 19 mmol), diisopropylamine (2.85 mL, 20 mmol)
and allylcycloheptanone (1.45 g, 9.5 mmol) in THF (12 mL). The crude allylic alcohol
(3.13 g) was purified by Kugelrohr distillation to afford an inseparable mixture of trans-
115ba and cis-115bb as a pale yellow oil (0.99 g, 32 %, 97:3).

b.p. =93 °C/0.04 mmHg;

R¢=0.27 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.79 (dddd, J = 16.9, 10.2, 8.6, 5.2 Hz, 1H), 5.08-4.98
(m, 2H), 4.96, 4.92 (ABq, Jas = 6.1 Hz, 2H), 3.94-3.84 (m, 2H), 3.62-3.52 (m, 2H), 3.40
(s, 3H), 2.79 (br. s, 1H), 2.27-2.15 (m, 1H), 2.09-1.99 (m, 1H), 1.99-1.89 (m, 1H), 1.87-
1.20 (envelope, 10H) ppm;

13C NMR (100 MHz, CDCls): & = 154.1 (t, Xcr = 287.5 Hz), 137.6, 121.9 (dd, 2Jcr =
32.2,10.2 Hz), 115.5, 98.3 (t, “Jcr = 4.2 Hz), 76.3 (d, 3Jcr = 6.0 Hz), 71.1, 68.5, 58.5,
45.1 (d, “Jc-r = 5.2 Hz), 39.4, 35.8, 27.7, 26.8, 24.9, 20.0 ppm;

Major trans-diastereoisomer 115ba (assigned on the basis of § and intensity) *°F NMR
(376 MHz, CDCls): § = -98.6 (d, 2J = 74.1 Hz, 1F), -103.9 (d, 2J = 74.1 Hz, 1F) ppm;*
Minor cis-diastereoisomer 115bb (assigned on the basis of & and intensity) °F NMR
(376 MHz, CDCls): & = -97.7 (d, 2J = 72.6 Hz, 1F), 103.0 (d, 2J = 72.6 Hz, 1F) ppm;
v/(neat) = 3464, 2921, 1733, 1262, 1050, 952 cm™;

HRMS (APCI): calcd for C16H30F204N1, 338.2137 [M+NH4]*, found: 338.2140;

MS (CI): m/z (%): 338 (100) [M+NHa]*;

tr (GC) = 14.17 minutes.**
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* this is by comparison with compounds from the Saegusa-Ito series (See compound
112f) 19

** the diastereoisomers appeared as one peak by GC.

trans-3-allyl-4-(2,2-difluoro-1-((2-methoxyethoxy)methoxy)vinyl)tetrahydro-2H-
pyran-4-ol (trans-115ca) and cis-3-allyl-4-(2,2-difluoro-1-((2-
methoxyethoxy)methoxy)vinyl)tetrahydro-2H-pyran-4-ol (cis-115cb)

115¢cb

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-butyllithium (12.9
mL of a 1.94 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
and 2-allyltetrahydropyranone (1.68 g, 12 mmol) in THF (12 mL). The crude allylic
alcohol (3.13 g) was purified by Kugelrohr distillation to afford an inseparable mixture
of trans-115ca and cis-115cb as a pale yellow oil (2.06 g, 56 %, 78:22).

b.p. =93 °C/0.04 mmHg;

R¢=0.25 (30 % ethyl acetate in hexane);

Major trans-diastereoisomer 115ca (assigned on the basis of & and intensity) *H NMR
(400 MHz, CDCl3): 6 = 5.90-5.65 (m, 1H), 5.21-4.81 (m, including 4.96 (app. s, 2H)
2H), 4.03-3.67 (envelope, 5H), 3.60 (t, J = 4.7 Hz, 2H), 3.57-3.49 (m, 1H), 3.41 (s, 3H),
3.16 (br. s, 1H), 2.29-1.39 (envelope, 5H) ppm;

3C NMR (100 MHz, CDCls): & = 153.9 (t, YJcr = 288.1 Hz), 135.8, 120.5 (dd, 2Jcr =
32.8, 10.4 Hz), 115.9, 98.6 (t, *Jc-r = 4.4 Hz), 71.0, 70.5 (d, *Jc.r = 5.7 Hz), 68.6, 66.7,
62.9, 58.4, 40.5 (d, “Jc.r = 5.1 Hz), 36.6, 30.4 ppm;

9F NMR (376 MHz, CDCls): 5 = -98.0 (d, 2J = 71.8 Hz, 1F), -103.3 (d, 2J = 71.8 Hz,
1F) ppm;*

Minor cis-diastereoisomer 115cb (assigned on the basis of & and intensity) *H NMR (400
MHz, CDCls): 6 =3.41 (s, OCHs, 3H) ppm;
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13C NMR (100 MHz, CDCl3): & = 155.0 (t, Ycr = 290.7 Hz), 136.4, 121.4 (dd, 2Jcr =
31.2,12.0 Hz), 116.0, 70.9, 68.2, 63.6, 62.5 (d, 3Jc.r = 4.8 Hz), 41.7, 40.0, 31.7 ppm;

F NMR (376 MHz, CDCls): § =-96.7 (d, 2J = 66.4 Hz, 1F), 104.5 (dt, 2J = 68.6, °Jr.n =
4.9 Hz, 1F) ppm;

v/(neat) = 3443, 2928, 1736, 1100, 1056 cm™;

HRMS (APCI): calcd for C1aH26F20sN, 326.1774 [M+NH,]*, found: 326.1772;

MS (CI): m/z (%): 326 (100) [M+NHa]*;

tr (GC) = 13.73 minutes (major trans-diastereoisomer), 13.66 minutes (minor cis-
diastereoisomer)

* this is by comparison with compounds from the Saegusa-1to series (See compound
112f) 19

trans-tert-butyl -3-allyl-4-(2,2-difluoro-1-((2-methoxyethoxy)methoxy)vinyl)-4-
hydroxypiperidine-1-carboxylate (trans-115da) and cis-tert-butyl -3-allyl-4-(2,2-
difluoro-1-((2-methoxyethoxy)methoxy)vinyl)-4-hydroxypiperidine-1-carboxylate
(cis-115db)

115db

Prepared as for 115aa and 115ab from acetal (0.79 mL, 5 mmol), commercial LDA (5.9
mL of a 1.70 M solution in THF/heptane/ethylbenzene, 24 mmol) and tert-butyl 3-allyl-
4-oxopiperidine-1-carboxylate (1.19 g, 5 mmol) in THF (5 mL). The mixture was
guenched with saturated aqueous ammonium chloride (20 mL) and extracted with ethyl
acetate (4 x 60 mL). The combined organic extracts were dried (MgSOQ.), filtered and
concentrated to afford crude allylic alcohols trans-115da and cis-115db (2.01 g) as a
viscous orange oil. The crude allylic alcohol was purified by flash column
chromatography (90 g cartridge, 45% ethyl acetate in hexane) to afford an inseparable
mixture of trans-115da and cis-115db as a pale orange oil (0.86 g, 42 %, 83:17).

R =0.59 (50 % ethyl acetate in hexane);
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'H NMR (400 MHz, CDCls): § = 5.79 (dddd, J = 17.3, 10.1, 8.5, 5.7 Hz, 1H), 5.14-4.99
(m, 2H), 4.94 (s, 2H), 4.17-3.71 (m, 4H), 3.70-3.51 (m, 2H), 3.41 (s, 3H), 3.31-3.04 (m,
2H), 2.87 (br. s, 1H), 2.34-2.18 (m, 1H), 2.06-1.73 (m, 4H), 1.47 (s, 9H) ppm (the 'H
NMR gave a clear well resolved spectrum at RT and did not require heating).

Major trans-diastereoisomer 115da (assigned on the basis of & and intensity) *C NMR
(150 MHz, toluene-ds, 373 K): & = 154.7 (t, Jcr = 288.1 Hz), 154.2, 137.0, 121.2 (dd,
2Jc-r = 32.4. 10.7 Hz), 115.5, 98.8 (dd, “Jc.r = 5.8, 3.4 Hz), 78.4, 72.1 (d, *Jc-r = 5.2 Hz),
71.5, 69.0, 58.0, 44.0, 41.3 (d, *Jcr = 4.2 Hz), 39.6, 36.5 (t, “Jcr = 3.2 Hz), 31.9, 28.1
ppm;

¢ (376 MHz, toluene-ds, 373 K): & = -98.6 (d, 2J = 74.3 Hz, 1F), -104.6 (d, 2J = 74.3
Hz, 1F) ppm;*

Minor cis-diastereoisomer 115db (assigned on the basis of & and intensity) *C NMR
(150 MHz, toluene-ds, 373 K): & = 155.7 (t, XJc.r = 289.3 Hz), 154.6, 136.4, 115.8, 78.3,
72.4 (dd, 3Jcr = 4.6, 2.3 Hz), 71.4, 68.8, 50.1, 42.9, 40.9, 39.7, 32.1, 28.1 ppm;

F (376 MHz, toluene-ds, 373 K): & = -97.5 (d, 2J = 69.1 Hz, 1F), -104.8 (d, 2J = 69.1
Hz, 1F) ppm;

v/(neat) = 3430, 2926, 1736, 1666, 1426, 1158, 1056, 989 cm™;

HRMS (NSI-ES): calcd for C19H32F2NOs, 408.2192 [M+H]*, found: 408.2189;

MS (CI): m/z (%): 408 (100) [M+H]";

tr (GC) = 14.91 minutes.**

* this is by comparison with compounds from the Saegusa-1to series (See compound
112f).194

** the cis- and trans-stereoisomers appeared as one peak by GC.

1,1-difluoro-2-((2-methoxyethoxy)methoxy)-3-methylhepta-1,6-dien-3-ol (115¢)

115e

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-butyllithium (12.9

mL of a 1.94 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
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and 5-hexen-2-one (1.39 mL, 12 mmol) in THF (12 mL). The crude product (2.54 g) was
purified by Kugelrohr distillation to afford 115e (2.33 g, 73 %) as a pale yellow oil.

b.p. =78 °C/0.04 mmHg;

Rf = 0.27 (50 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): § = 5.85 (ddt, J = 16.9, 10.1, 6.5 Hz, 1H), 5.06 (dg, J =
16.9, 3 = 23 = 1.9 Hz, 1H), 5.00 (d, 2J = 6.4 Hz, 1H), 4.97 (dg, J = 10.1, =23 =19
Hz, 1H), 4.93 (d, 2J = 6.4 Hz, 1H), 3.98-3.81 (m, 2H), 3.59 (br. t, J = 4.8 Hz, 2H), 3.41
(s, 3H), 3.39 (br. s, 1H), 2.10 (app. qt, J = 7.6, *J=1.9 Hz, 2H), 1.87-1.68 (m, 2H), 1.42
(d, 5Jn-r = 4.8 Hz, 3H) ppm;

13C (100 MHz, CDClg): & = 154.2 (t, YJc.r = 288.6 Hz), 137.8, 121.0 (dd, %Jc.r = 32.7,
10.5 Hz), 114.0, 98.5 (t, *Jc.r = 4.1 Hz), 71.1 (d, 3Jcr = 3.7 Hz), 71.0, 68.5, 58.5, 39.3,
28.1,24.5 (d, “Jc.r = 7.1 Hz) ppm;

r (376 MHz, CDCls): & =-98.4 (d, 2J = 70.9 Hz, 1F), -103.9 (app. dqg, J = 70.9 Hz,
*Jr. = 4.8 Hz, 1F) ppm;

v/(neat) = 3447, 2928, 1736, 1102, 1024 cm™;

HRMS (NSI-ES): calcd for C12H20F204Na, 289.1222 [M+Na]*, found: 289.1221;

MS (CI): m/z (%): 161 (4) [M-C4HeOs]", 89 (73) [C4H9O2]", 59 (100) [C3H:O]";

tr (GC) = 11.38 minutes.

1,1-difluoro-2-((2-methoxyethoxy)methoxy)hepta-1,6-dien-3-ol (115f)

F OH
115f

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-butyllithium (12.9
mL of a 1.94 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
and pentenal (1.37 g, 12 mmol) in THF (12 mL). The crude allylic alcohol (2.69 g) was
purified by Kugelrohr distillation to afford 115f as a pale yellow oil (1.93 g, 64 %).

b.p. =78 °C/0.05 mmHg;

R =0.32 (20 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCls): § = 5.81 (ddt, J = 16.7, 10.2, 6.7 Hz, 1H), 5.10- 4.93 (m,
including 5.00 (d, 2J =6.4 Hz, 1H), 2H), 4.88 (br. d, 2] = 6.4 Hz, 1H), 4.33-4.20 (m, 1H),
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3.96 (ddd, 2J = 10.8, J = 6.8, 3.5 Hz, 1H), 3.77 (ddd, 2J = 10.8, J = 4.8, 2.7 Hz, 1H),
3.62-3.53 (m, 2H), 3.36 (s, 3H), 3.31 (br. d, J = 8.2 Hz, 1H), 2.22-2.02 (m, 2H), 1.89-
1.65 (m, 2H) ppm;

13C NMR (100 MHz, CDCls): & = 154.2 (dd, “Jcr = 292.8, 285.1 Hz), 137.2, 117.7 (dd,
2Jcr = 37.1, 10.1 Hz), 114.6, 97.5 (t, *Jc-r = 3.7 Hz), 70.9, 68.0, 66.0, 58.5, 32.6, 29.2
ppm;

19F NMR (376 MHz, CDCls): & = -100.2 (d, 2] = 64.2 Hz, 1F), -109.7 (d, 2J = 64.2 Hz,
1F) ppm;

v/(neat) = 3350, 2932, 1751, 1055, 1020, 955 cm™;

MS (EI): miz (%): 252 (3) [M]*, 235 (1) [M-OHJ*, 89 (80) [C4HsO:]*, 59 (100)
[CsH/O];

tr (GC) = 10.78 minutes.

The data was consistent with that previously reported.?*

1,1-Difluoro-2-(2 -methoxyethoxymethoxy)-4,4- dimethylhepta-1,6-dien-3-ol (1159g)

115g

Prepared as for 115aa and 115ab from acetal (1.58 mL, 10 mmol), n-butyllithium (15.7
mL of a 1.27 M solution in hexanes, 20 mmol), diisopropylamine (3.38 mL, 24 mmol)
and 2,2-dimethylpenten-4-al (1.12 g, 10 mmol) in THF (11 mL). The mixture was
guenched with saturated aqueous ammonium chloride (20 mL) and extracted with ethyl
acetate (4 x 60 mL). The combined organic extracts were dried (MgSOy), filtered and
concentrated to afford crude allylic alcohol 115g (3.05 g) as a dark yellow oil. The crude
allylic alcohol was purified by flash column chromatography (90 g cartridge, 15 % ethyl
acetate in hexane) to afford 115g as a pale yellow oil (1.71 g, 61 %).

R¢=0.20 (20 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCls): § = 5.96-5.75 (m, 1H), 5.12-5.02 (m, including 5.05 (d, 2J
=6.5 Hz, 1H), 2H), 4.86 (br. d, 2 = 6.5 Hz, 1H), 4.04-3.98 (m, 1H), 3.97-3.92 (m, 1H)
3.83-3.74 (m, 1H), 3.62-3.55 (m, 2H), 3.41 (s, 3H), 3.15 (d, J = 7.5 Hz, 1H), 2.18 (one
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half of a double ABq, Jag = 13.6, J = 7.5 Hz, 1H), 2.04 (one half of a double ABq, Jas =
13.6, J = 7.5 Hz, 1H), 0.97 (s, 3H), 0.92 (s, 3H) ppm;

13C NMR (100 MHz, CDCls): & = 154.5 (dd, Ycr = 292.4, 285.6 Hz), 134.5, 117.0,
117.0 (dd, 2Jcr = 35.4, 10.1 Hz), 98.0 (t, “Jcr = 3.8 Hz), 72.2, 71.0, 68.5, 58.6, 43.1,
38.5, 22.6, 22.5 ppm,;

F NMR (376 MHz, CDCls): § =-100.4 (d, 2J = 65.5 Hz, 1F), -109.7 (dd, 2J = 65.5, *J¢
H=4.3 Hz, 1F) ppm;

v/(neat) = 3450, 2893, 1745, 1470, 1232, 1026, 956 cm™;

MS (CI): m/z (%): 263 (1) [M-OH]", 207 (19) [M-C4HsO]*, 89 (100) [C4HsO2]", 59 (63)
[C3H-O]";

tr (GC) = 11.76 minutes.

The data was consistent with that previously reported. %
1,1-Difluoro-2-((methoxyethoxy)methoxy)-3-methyl-4-cyclopropyl-hepta-1,6-dien-
3-ol (115h)

115h

Prepared as for 115aa and 115ab from acetal (1.26 mL, 8 mmol), n-butyllithium (8.3
mL of a 1.98 M solution in hexanes, 16 mmol), diisopropylamine (2.38 mL, 17 mmol)
and 1-(1-allylcyclopropyl)ethan-1-one (1.00 g, 8 mmol) in THF (8 mL). The crude
product (1.41 g) was purified by Kugelrohr distillation to afford 115h (0.730 g, 31 %) as
a pale yellow oil.

b.p. =93 °C/0.06 mmHg;

Rf = 0.54 (40 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCls): & = 5.70 (ddt, J = 17.3, 10.2, 7.3 Hz, 1H), 5.11-4.96 (m,
including 5.05 (d, 2J = 6.4 Hz, 1H), 2H), 4.91 (d, 2J = 6.4 Hz, 1H), 4.00-3.80 (m, 2H),
3.59 (t, J = 4.8 Hz, 2H), 3.41 (s, 3H), 3.12 (br. s, 1H), 2.34-2.13 (m, 2H), 1.42 (d, °Jn-r =
5.8 Hz, 3H), 0.84-0.75 (m, 1H), 0.63 (ddd, 2J = 9.9, J = 5.8, 4.3 Hz, 1H) 0.45-0.35 (m,
1H), 0.29 (ddd, 21 =9.9, J = 5.5, 4.3 Hz, 1H) ppm;
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13C (100 MHz, CDClg): & = 154.6 (t, *Jc.r = 288.8 Hz), 135.6, 120.3 (dd, *Jc.r = 32.6,
11.5 Hz), 116.0, 98.4 (t, *Jc.r = 4.2 Hz), 72.1 (d, %Jcr = 6.3 Hz), 71.1, 68.6, 58.5, 37.1,
25.6,22.9 (d, *Jcr = 8.5 Hz), 7.0, 5.1 ppm;

r (376 MHz, CDCl3): & =-97.7 (d, 2] = 68.4 Hz, 1F), -102.7 (dq, 2J = 68.4 Hz, °Jrn =
5.8 Hz, 1F) ppm;

v/(neat) = 3465, 2887, 1736, 1022, 937 cm™™;

HRMS (ESI): calcd for C1sH2sF204N, 310.1824 [M+NH.]*, found: 310.1826;

MS (El): m/z (%): 161 (2) [M-CeHoF203]", 89 (69) [C4HsO:]", 59 (100) [C3H-O]";

tr (GC) = 12.75 minutes.
1,1-Difluoro-2-((methoxyethoxy)methoxy)-3-methyl-4-cyclopentyl-hepta-1,6-dien-3-
ol (115i)

O
1,
kO
AN AN
F OH
115i

Prepared as for 115aa and 115ab from acetal (1.58 mL, 10 mmol), n-butyllithium (9.8
mL of a 2.04 M solution in hexanes, 20 mmol), diisopropylamine (3.38 mL, 24 mmol)
and 1-(1-allylcyclopentyl)ethan-1-one (1.52 g, 10 mmol) in THF (11 mL). The crude
product (2.13 g) was purified by Kugelrohr distillation to afford 115i (0.965 g, 30%) as a
pale yellow oil.

b.p. = 100 °C / 0.04 mmHg;

R¢ = 0.30 (40 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.70 (ddt, J = 17.3, 10.1, 7.3 Hz, 1H), 5.11-4.99 (m,
including 5.04 (d, 2J = 6.3 Hz, 1H), 2H), 4.88 (dt, 2J = 6.4, 5Jur = 1 Hz, 1H), 3.94-3.80
(m, 2H), 3.58 (t, J = 4.8 Hz, 2H), 3.40 (s, 3H), 3.12 (br. s, 1H), 2.19 (d, J = 7.3 Hz, 2H),
1.88-1.74 (m, 2H), 1.68-1.35 (m, including 1.41 (d, *Ju-r = 5.4 Hz, 3H), 6H) ppm;

3C (100 MHz, CDCls): & = 155.0 (t, "Jcr = 288.3 Hz), 136.2, 120.3 (dd, 2Jcr = 32.1,
11.3 Hz), 116.3, 99.0 (t, “Jcr = 4.7 Hz), 75.9 (d, ®Jcr = 4.8 Hz), 71.1, 68.9, 58.5, 54.1,
41.1,32.1, 31.6, 25.9, 25.2, 22.3 (d, “Jc.r = 8.6 Hz) ppm;
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F (376 MHz, CDCls): & =-97.7 (d, 2J = 71.0 Hz, 1F), -101.33 (dq, 2J = 71.0 Hz, ®J.x
= 5.4 Hz, 1F) ppm; the 1.0 Hz Ju.r = splitting could not be resolved in the 376 MHz °F
NMR spectrum;

v/(neat) = 3494, 2944, 1731, 1266, 1065, 909 cm™;

HRMS (APCI): calcd for C16H30F204N, 338.2137 [M+NH4]*, found: 338.2143;

MS (CI): m/z (%): 338 (100) [M+NHa]*;

tr (GC) = 13.78 minutes.

(E)-1,1-difluoro-2-((2-methoxyethoxy)methoxy)-3-methylocta-1,6-dien-3-ol  (115ja)
and (2)-1,1-difluoro-2-((2-methoxyethoxy)methoxy)-3-methylocta-1,6-dien-3-ol
(115jb)

O O
1 1
kO kO
F / OH F / OH
115ja 115jb

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), LDA (13.0 mL of a
1.84 M solution in THF/heptane/ethylbenzene, 24 mmol) and ketone S10 (1.35 g, 12
mmol) in THF (12 mL). Crude product (2.58 g) was purified by Kugelrohr distillation to
afford (E)-115ja and (Z)-115jb (2.13 g, 63 %) as a pale yellow oil. The material was
purified further by flash column chromatography to afford an inseparable mixture of (E)-
115ja and (Z)-115jb as a colourless oil (1.25 g, 37 %, 82:18).

b.p. =102 °C/0.06 mmHg;

R = 0.27 (50 % diethyl ether in hexane);

IH NMR (400 MHz, CDCla): & = 5.54-5.32 (m, 2H), 4.98 (d, 2J = 6.4 Hz, 1H), 4.90 (d,
2] = 6.4 Hz, 1H), 3.96-3.79 (m, 2H), 3.59 (br. t, J = 4.6 Hz, 2H), 3.39 (s, 3H), 3.35 (br.
s, 1H, minor Z-diastereoisomer), 3.32 (br. s, 1H, major E-diastereoisomer), 2.12-1.95 (m,
2H), 1.82-1.52 (m, including 1.64 (d, J = 5.0 Hz, 3H), 2H), 1.41 (d, 3Ju.r = 4.8 Hz, 3H,
minor Z-diastereoisomer), 1.38 (d, °Ju.r = 4.8 Hz, 3H, major E-diastereoisomer);

Major E-diastereoisomer 115ja (assigned on the basis of & and intensity) 3C NMR (100
MHz, CDCl3): & = 154.7 (t, “Jc.r = 288.8 Hz), 130.7, 125.0, 121.4 (dd, 2Jcr = 33.0. 11.2
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Hz), 98.9 (t, “Jc.r = 3.9 HZ), 71.7 (d, *Jc-r = 4.2 HZ), 71.5, 68.9, 59.0, 40.4 (t “Jc.r = 2.7
Hz), 27.4, 25.0 (d, “JcF = 7.4 Hz) 17.9 ppm;

1 (376 MHz, CDCl3): & =-98.4 (d, 2J = 70.5 Hz, 1F), -103.9 ppm (d, 2J = 70.5 Hz,
1F); the *°F-1H splitting was not resolved in the *°F NMR spectrum;

Minor Z-diastereoisomer 115jb (assigned on the basis of & and intensity) 3C NMR (100
MHz, CDCl3): & = 154.8 (t, “Jc.r = 288.9 Hz), 129.9, 124.3, 121.4 (dd, 2Jcr = 33.0. 11.2
Hz), 52.3, 41.8, 40.3 (t “Jc.r = 2.9 Hz), 27.1, 26.7, 21.9, 12.6 ppm;

19F (376 MHz, CDCl3): & =-98.3 (d, %) = 69.7 Hz, 1F), -103.8 ppm (d, 2J = 69.7 Hz,
1F); the *°F-1H splitting was not resolved in the *°F NMR spectrum;

v/(neat) = 3460, 2924, 1738, 1104, 1027, 964 cm™;

HRMS (NSI-ES): calcd for C13H26F204Na, 298.1824 [M+NH.]*, found: 298.1828;

MS (C1): m/z (%): 263 (26) [M-OH]*, 262 (100) [M-H20]*;

tr (GC) = 11.51 minutes.

Trans-1-(2,2-difluoro-1-((2-methoxyethoxy)methoxy)vinyl)-2-(prop-2-yn-1-

yl)cyclohexan-1-ol (trans-115ka) and cis-1-(2,2-difluoro-1-((2-
methoxyethoxy)methoxy)vinyl)-2-(prop-2-yn-1-yl)cyclohexan-1-ol (cis-115kb)

H
Il

115kb

Prepared as for 115aa and 115ab from acetal (0.79 mL, 5 mmol), n-butyllithium (5.4 mL
of a 1.84 M solution in hexanes, 10 mmol), diisopropylamine (1.69 mL, 12 mmol) and 2-
(prop-2-ynyl)cyclohexanone S11 (0.68 g, 5 mmol) in THF (5 mL). The mixture was
quenched with saturated aqueous ammonium chloride (20 mL) and extracted with ethyl
acetate (4 x 60 mL). The combined organic extracts were dried (MgSO,), filtered and
concentrated to afford crude allylic alcohols trans-115ka and cis-115kb (1.30 g) as an
orange oil. The crude allylic alcohol was purified by flash column chromatography using

a Thompson Single Step cartridge (90 g cartridge, 20 % ethyl acetate in hexane) to
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afford an inseparable mixture of trans-115ka and cis-115kb as a pale orange oil (0.291
g, 19 %, 97:3).

Rf = 0.82 (50 % ethyl acetate in hexane);

'H NMR (400 MHz, CDCls): & = 4.94 (app. s, 2H), 3.94-3.81 (m, 2H), 3.59 (app. t, J =
4.8 Hz, 2H), 3.41 (s, 3H), 2.93 (s, 1H), 2.34 (dt, 2J = 16.9, J = “J = 2.8 Hz, 1H), 2.20
(ddd, 2J = 16.9, J = 8.9, 4] = 2.8 Hz, 1H), 1.99 (t, 4 = 2.8 Hz, 1H), 1.94-1.47 (envelope,
8H), 1.36-1.21 (m, 1H) ppm;

13C NMR (100 MHz, CDCl3): & = 154.0 (t, YJc.r = 289.2 Hz), 120.8 (dd, 2Jc.r = 32.9.
10.0 Hz), 98.3 (t, “Jcr = 4.5 Hz), 83.3, 72.6 (d, 3Jcr = 5.6 Hz), 71.1, 68.8, 68.5, 58.5,
41.1 (d, YJcr = 4.7 Hz), 36.4 (t, “Jcr = 3.1 Hz), 26.1, 24.7, 20.6, 19.7 ppm;

Major trans-diastereoisomer 115ka (assigned on the basis of & and intensity) '°F (376
MHz, CDCls): & =-98.0 (d, 2J = 72.3 Hz, 1F), -103.1 (d, 2J = 72.3 Hz, 1F) ppm;*

Minor cis-diastereoisomer 115kb (assigned on the basis of § and intensity *°F (376 MHz,
CDCls): §=-96.7 (d, 2] =67.2 Hz, 1F), -103.7 (d, 2J = 67.2 Hz, 1F) ppm;

v/(neat) = 3452, 3302, 2928, 1734, 1216, 1056 cm™;

HRMS (ESI): calcd for C1sH23F204, 305.1564 [M+H]*, found: 305.1557;

MS (CI): m/z (%): 305 (10) [M+H]*, 322 (15) [M+NH4]*;

tr (GC) = 12.90 minutes.**

*this is by comparison with compounds from the Saegusa-1to series (See compound
112f).194

**the cis- and trans-stereoisomers appeared as one peak by GC.

6.3.10 Scope of cyclisation/reduction methodology
(2R*,4R*,4aS*,9aS*)-3,3-Difluoro-2-methyldecahydro-4aH-benzo[7]annulene-4,4a-
diol (207ba) and (2S*4R*4aS*9aS*)-3,3-difluoro-2-methyldecahydro-4aH-
benzo[7]annulene-4,4a-diol (207bb)

OH OH
E - OH FE - OH
F F
+ AY
A A

207ba 207bb

Diols 207ba and 207bb were prepared according to general procedure D for
207aa/207ab from 115ba/115bb (0.320 g, 1.00 mmol) with 1,3-bis(2,6-
diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g) and silver

hexafluoroantimonate(V) (5 mol %, 0.017 g) in dichloromethane (5.4 mL) and methanol
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(0.6 mL). After stirring for 5 hours at 40 °C the reaction was allowed to cool to room
temperature. Solid tetrabutylammonium borohydride (0.258 g, 1 mmol) was added to the
flask in small portions. The reaction mixture was then allowed to stir at room
temperature for 18 hours. The usual work up, according to 207aa/207ab, afforded a
viscous pale yellow oil (0.323 g). The crude material was purified by flash column
chromatography (40 g silica, 1 % acetone in dichloromethane) to afford an inseparable
mixture of trans,trans-207ba and trans,cis-207bb as a colourless solid (0.162 g, 69 %,
4.9:1).

Rf = 0.34 (1 % acetone in dichloromethane);

The following signals were attributed to both the minor trans,cis-diastereoisomer 207bb
and major trans,trans-diastereoisomer 207ba *H NMR (400 MHz, CDCls): § = 3.52 (td,
Jn-r=5.9,J=3.2 Hz, 1H), 1.99-1.17 (envelope, 15H) ppm;

The following signals were attributed to the major trans,trans-diastereoisomer 207ba
(assigned on the basis of d and intensity)

'H NMR (400 MHz, CDCls): & = 2.35-2.14 (m, including 2.29 (t, J = “Ju.r = 3.2 Hz,
1H), 1H), 2.09-1.99 (m, 1H), 1.04 (d, J = 6.8 Hz, 3H) ppm;

13C NMR (100 MHz, MeOD): § = 123.1 (t, "Jc.r = 248.3 Hz), 75.5 (dd, Jc.F = 27.6, 20.5
Hz), 74.6 (d, 3Jcr = 5.5 Hz), 40.2, 39.2, 34.3 (d, 3Jcr = 8.5 Hz), 32.6 (t, {c.r = 22.0 Hz),
28.0, 27.0, 26.1, 19.8, 10.2 (d, *Jc.F = 5.7 Hz) ppm;

19 NMR (376 MHz, CDCls): § = -107.6 (app. ds, 2J = 256.3, 3Jr.+ = “Jrn = 3.2 Hz, 1F),
-117.1 (dddd, 23 = 256.3, 3Jrn = 30.2, 2Jrn = 8.9, “Jr-+ = 6.0 Hz, 1F) ppm;

The following signals were attributed to the minor trans,cis -diastereocisomer 207bb
(assigned on the basis of d and intensity)

13C NMR (100 MHz, MeOD): § = 122.7 (dd, Jc.r = 251.0, 243.2 Hz), 76.6 (dd, 2Jcr =
28.7, 20.5 Hz), 74.3 (d, ®Jcr = 5.4 Hz), 39.0, 35.0, 34.9 (dd, 2Jc.r = 23.8, 21.1 Hz), 32.6
(d, 3Jcr = 6.4 Hz), 28.2, 27.1, 26.3, 13.4 (dd, 3Jc.r = 9.7, 4.0 Hz) ppm;

F NMR (376 MHz, CDCls): § = -93.7 (ddt, 2J = 261.3, 3Jr.n = 18.3, *Jrn = “Jrn=8.1
Hz), -106.5 (d, 2J = 261.3 Hz) ppm;

v/(neat) = 3601, 3333, 2908, 1463, 1084, 979 cm™™;

HRMS (APCI): calcd for C12H20F202, 234.1431 [M]*, found: 234.1432;

MS (E1): m/z (%): 234 (1) [M]*, 196 (9) [M-2F]*;*

tr (GC) = 12.80 minutes.*

elemental analysis calcd (%) for C12H20F202: C, 61.52; H, 8.60; found: C, 61.40; H,
8.38. This analysis was obtained for the amorphous solid obtained following

chromatography so no melting point was recorded.
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* the individual diastereoisomers appeared as one peak by GC.

Diastereomerically pure trans, trans-207ba could be obtained by performing three
vapour diffusion recrystallisations (chloroform/pentane) of the mixed solid diol (0.018g,
7%).

m.p. = 96-98 °C (recrystallised from chloroform/pentane vapour diffusion as a colourless
plate);

Rf = 0.34 (1 % acetone in dichloromethane);

'H NMR (400 MHz, CDCls): § = 3.54 (td, Ju.r = 5.9, J = 3.2 Hz, 1H), 2.36-2.15 (m, 2H),
2.12-1.99 (m, 1H), 1.90-1.23 (envelope, 13H), 1.06 (d, J = 6.8 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls): § = 124.0 (t, }c.r = 247.8 Hz), 76.1 (dd, 2Jcr = 27.4, 20.8
Hz), 74.8 (d, 3Jc.r = 5.1 Hz), 40.2, 39.2, 34.3 (d, 3Jcr = 8.6 Hz), 32.5 (t, 2Jc.r = 21.7 H2),
28.1,27.2, 26.3, 20.0, 11.0 (d, 3Jc.r = 5.2 Hz) ppm;

19 NMR (376 MHz, CDCls): & = = -107.6 (app. ds, 2J = 256.3, 3Jrn = “Jen = 3.2 Hz,
1F), -117.1 (dddd, 2J = 256.3, 3k = 30.2, 3Jrn = 8.9, “Jen = 6.0 Hz, 1F) ppm;

v/(neat) = 3601, 3333, 2908, 1463, 1084, 979 cm™™;

MS (El): m/z (%): 234 (1) [M]*, 196 (9) [M-2F];

tr (GC) = 12.80 minutes.

elemental analysis calcd (%) for C12H20F202: C, 61.52; H, 8.60; found: C, 61.37; H,
8.50.

(4aS* ,5R*,7R*,8aR*)-6,6-Difluoro-7-methyloctahydro-4aH-isochromene-4a,5-diol
(207ca), (4aS*5R*,7S5*,8aR*)-6,6-difluoro-7-methyloctahydro-4aH-isochromene-
4a,5-diol (207cb) and (4aS*5S*,7R*,8aR*)-6,6-difluoro-7-methyloctahydro-4aH-

isochromene-4a,5-diol (207cc)

OH OH OH
F - OH F - OH E OH
F F F
= 0 ¥ oo = o) * = )
f f f
207ca 207cb 207cc

Diols 207ca, 207cb and 207cc were prepared according to general procedure D for
207aa/207ab  from 115ca/l115cb (0.308 g, 1.00 mmol) with 1,3-bis(2,6-
diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g) and silver
hexafluoroantimonate(V) (5 mol %, 0.017 g) in dichloromethane (5.4 mL) and methanol
(0.6 mL). After stirring for 6.5 hours at 40 °C the reaction was allowed to cool to room

temperature. Solid tetrabutylammonium borohydride (0.258 g, 1 mmol) was added to the
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flask in small portions. The reaction mixture was then allowed to stir at room
temperature for 18 hours. The usual work up, according to 207aa/207ab, afforded a
viscous pale yellow oil (0.300 g). The crude material was purified by flash column
chromatography (40 g silica, 10 % acetone in dichloromethane) to afford an inseparable
mixture of trans,trans-207ca, trans,cis-207cb and cis,cis-207cc as a colourless solid
(0.107 g, 48 %, 6.7:1.4:1).

Rf = 0.39 (20 % acetone in dichloromethane);

The following signals were attributed to the minor trans,cis 207cb and cis,cis
diastereoisomers 207cc and the major trans,trans-diastereoisomer 207ca *H NMR (400
MHz, CDCls): = 3.93-3.78 (m, 3H), 3.65-3.46 (m, 4H), 2.47-1.47 (envelope, 6H),
1.43-1.15 (envelope, 4H) ppm;

The following signals were attributed to the major trans,trans-diastereoisomer 207ca
(assigned on the basis of d and intensity)

'H NMR (400 MHz, CDCls): & = 2.70 (t, J = “Jur = 3.0 Hz, 1H), 1.09 (d, J = 6.9 Hz,
3H) ppm;

13C NMR (100 MHz, CDCl3): & = 123.7 (dd, “Jc.r = 250.5, 246.7 Hz), 73.2 (dd, 2Jcr =
27.7, 21.6 Hz), 70.6 (d, *Jcr = 5.7 Hz), 66.1, 62.1, 36.5, 33.6, 32.7 (t, 2Jcr = 22.1 Hz),
27.1 (d, 3Jcr = 8.3 Hz), 11.2 (dd, 3Jcr = 6.2, 2.8 Hz) ppm;

F NMR (376 MHz, CDCls): & = -105.8 (dq, 2J = 258.4, 3Je.n = “Jen = 4.2 Hz, 1F), -
117.1 (dddd, 2J = 258.4, 3Jr.4 = 30.5, 3Jr- = 10.7, *Jr-1 = 5.9 Hz, 1F) ppm;

The following signals were attributed to the trans,cis-diastereoisomer 207cb (assigned
on the basis of 6 and intensity)

'H NMR (400 MHz, CDCla): & = 2.65 (t, J = “Jur = 2.9 Hz, 1H), 1.12 (d, J = 6.9 Hz,
3H) ppm;

13C NMR (100 MHz, CDCl3): & = 123.1 (dd, “Jcr = 254.8, 241.6 Hz), 74.3 (dd, 2Jcr =
29.0, 21.9 Hz), 70.4 (d, 3Jcr = 7.7 Hz), 66.5, 62.2, 41.1, 34.8 (t, 2Jcr = 22.5 Hz), 31.3,
27.0 (d, 3Jcr = 8.3 Hz), 14.1 (dd, 3Jcr = 9.9, 4.0 Hz) ppm;

F NMR (376 MHz, CDCls): § = -93.7 (dddd, 2J = 263.9, Jex = 18.0, 10.4, “Jrn=6.7
Hz, 1F), -104.3 (d, 2J = 263.9 Hz, 1F) ppm;

The following signals were attributed to the cis,cis-diastereoisomer 207cc (assigned on
the basis of 6 and intensity)

'H NMR (400 MHz, CDCl3): & =2.84 (d, J = 6.5 Hz, 1H) ppm;

3C NMR (100 MHz, CDCl3): § = 75.0 (t, 2Jc-r = 19.3 Hz), 70.2 (d, ®Jc.r = 5.4 Hz), 65.6,
62.7, 36.8 (dd, 2Jcr = 23.3, 21.2 Hz), 34.9, 29.2, 25.3 (d, 3Jcr = 7.0 Hz), 11.3 (dd, 3Jcr
= 6.2, 2.9 Hz) ppm;
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F NMR (376 MHz, CDCls): § = (-106.7) — (-107.6) (m, including -107.1 (app. d, 2J =
243.7 Hz, 1F)), -104.4 (dddd, 2J = 243.7, *Jr.y = 28.2, 20.1, “Jr.i = 4.6 Hz, 1F) ppm;
v/(neat) = 3331, 2878, 2908, 1472, 1091, 966 cm™;

HRMS (APCI): calcd for C1oH17F203,223.1146 [M+H]*, found: 223.1142;

MS (El): m/z (%): 222 (1) [M]" (major trans, trans diastereocisomer, minor trans, cis
diastereoisomer and minor cis, cis diastereoisomer);

tr (GC) = 12.27 minutes (major trans, trans diastereocisomer), 12.34 minutes (minor
trans, cis diastereoisomer), 12.69 (minor cis, cis diastereoisomer);

elemental analysis calcd (%) for C1oH16F203: C, 54.05; H, 7.26; found: C, 54.05; H,
6.93. This analysis was obtained for the amorphous solid obtained following

chromatography so no melting point was recorded.

tert-Butyl (4aS*,5R*,7R*,8aR*)-6,6-difluoro-4a,5-dihydroxy-7-
methyloctahydroisoquinoline-2(1H)-carboxylate (207da), tert-butyl

(4aS* ,5R*,7S*,8aR*)-6,6-difluoro-4a,5-dihydroxy-7-methyloctahydroisoquinoline-
2(1H)-carboxylate (207db) and tert-butyl (4aS*,55*,7R*,8aR*)-6,6-difluoro-4a,5-
dihydroxy-7-methyloctahydroisoquinoline-2(1H)-carboxylate (207dc)

OH OH OH
F - OH F - OH F OH
F F F
. NBoc * . NBoc * . NBoc
H H H
207da 207db 207dc

Diols 207da, 207db and 207dc were prepared according to general procedure D for
207aa/207ab from 115da/115db (0.407 g, 1.00 mmol) with 1,3-bis(2,6-
diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g) and silver
hexafluoroantimonate(V) (5 mol %, 0.017 g) in dichloromethane (5.4 mL) and methanol
(0.6 mL). After stirring for 240 hours at 40 °C the reaction was allowed to cool to room
temperature. Solid tetrabutylammonium borohydride (0.258 g, 1 mmol) was added to the
flask in small portions. The reaction mixture was then allowed to stir at room
temperature for 18 hours. The usual work up, according to 207aa/207ab, afforded a
viscous pale yellow oil (0.434 g). The crude material was purified by flash column
chromatography (40 g silica, 5-8 % acetone in dichloromethane) to afford an inseparable
mixture of trans,trans-207da, trans,cis-207db and cis,cis-207dc as a colourless solid
(0.160 g, 50 %, 3.4:0.9:1).

245



Rf = 0.31 (10 % acetone in dichloromethane);

The following signals were attributed to the minor trans,cis-207db and cis,cis-207dc
diastereoisomers and the major trans,trans-diastereoisomer 207da *H NMR (600 MHz,
pyridine-ds, 373 K): § = 4.35-4.21 (m, 1H), 4.20-4.05 (m, 1H), 3.69-3.27 (m, 2H), 3.28-
3.06 (m, 1H), 2.63-2.35 (m, 2H), 2.33-2.14 (m, 1H), 2.14-1.77 (m, 1H), 1.77-1.51 (m,
including 1.60 (s, 9H), 15H), 1.39-1.22 (m, 2H) ppm;

The following signals were attributed to the major trans,trans-diastereocisomer 207da
(assigned on the basis of d and intensity)

'H NMR (600 MHz, pyridine-ds, 373 K): 6 = 6.97 (br. s, 1H), 4.59 (br. s, 1H), 3.95 (t, J
=4Jur = 6.2 Hz, 1H), 1.17 (d, J = 7.0 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls): § = 154.3, 123.8 (dd, “Jcr = 251.5, 246.5 Hz), 79.1, 73.3
(dd, Xc.r = 27.8, 21.9 Hz), 71.2 (d, 3Jcr = 5.7 Hz), 11.1 (d, 3Jc.r = 5.1Hz) ppm;

The *C NMR spectral region ranging from 46-26 ppm was poorly resolved at 298 K.
The *C NMR spectrum was recorded in pyridine-ds at 373 K to resolve this region.

13C NMR (150 MHz, pyridine-ds, 373 K): § = 44.2, 39.3, 37.4, 34.8, 33.6 (t, 2Jcr = 22.5
Hz), 30.0 (d, *Jc-r = 8.4 Hz), 28.4 ppm;

19 NMR (376 MHz, CDCls): § = -106.2 (dq, 2J = 258.2, 3Jrn = *Jen = 4.7 Hz, 1F), -
117.1 (br. ddt, 23 = 258.2, 3Jrn = 30.0, *Jrn = *Jen = 6.5 Hz, 1F) ppm (the °F NMR
spectrum was well resolved at 273 K and did not require heating. *H and *C NMR
resolved slightly better when heated to 373 K).

The following signals were attributed to the trans,cis-diastereoisomer 207db (assigned
on the basis of 6 and intensity)

'H NMR (600 MHz, pyridine-ds, 373 K ): 8 = 1.41 (d, J = 7.4 Hz, 1H) ppm;

13C NMR (100 MHz, CDCls): & = 79.2, 74.4 (dd, 2Jc-r = 28.9, 21.7 Hz), 71.1 (d, 3Jcr =
7.9 Hz), 14.2 (dd, *Jcr = 9.9, 3.4 Hz) ppm;

The ¥C NMR spectral region ranging from 46-26 ppm was poorly resolved at 298 K.
The *C NMR spectrum was recorded in pyridine-ds at 373 K to resolve this region.

13C NMR (150 MHz, pyridine-ds, 373 K): & = 44.7, 39.7, 37.7 (t, 2Jc = 22.1 Hz), 35.5,
29.8 (d, *Jc-F = 7.8 Hz) ppm;

F NMR (376 MHz, CDCls): & = -93.1 (dddd, 2J = 263.9, Jen = 18.0, 10.4, “Jr.1 = 6.8
Hz, 1F), -104.7 (d, 2J = 263.9 Hz, 1F) ppm;

The following signals were attributed to the cis,cis-diastereoisomer 207dc (assigned on
the basis of 6 and intensity)

'H NMR (600 MHz, pyridine-ds, 373 K): § = 4.63 (br. s, 1H), 3.99 (t, J = *Ju-r = 6.3 Hz,
1H), 3.76 (dd, Jur = 20.2, J = 6.3 Hz, 1H), 1.16 (d, J = 6.8 Hz, 3H) ppm;
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13C NMR (100 MHz, CDCl3): & =79.1, 74.9 (t, 2Jcr = 20.4 Hz), 70.8 (d, 3Jcr = 5.8 Hz),
11.3 (dd, *Jcr = 5.6, 2.9 Hz) ppm;

The B3C NMR spectral region ranging from 46-26 ppm was poorly resolved at 298 K.
The *C NMR spectrum was recorded in pyridine-ds at 373 K to resolve this region.

13C NMR (150 MHz, pyridine-ds, 373 K): § = 43.9, 41.7, 39.3, 36.1 (t, 2Jc.r = 23.2 Hz),
32.3,28.5 (d, *Jcr = 7.1 Hz) ppm;

19F NMR (376 MHz, CDCls): & = -107.6 (d, 2J = 243.7 Hz, 1F), -116.1 (ddd, 2 = 243.7,
3)pn = 27.4, 20.2 Hz, 1F) ppm;

v/(neat) = 3274, 2924, 1656, 1158, 870 cm™;

HRMS (APCI): calcd for CisH2sF204N31, 322.1830 [M+H]", found: 322.1831;

MS (El): m/z (%): 321 (3) [M]*, 247 (23) [M-C4H100]" (major trans, trans
diastereoisomer), 321 (1) [M]*, 247 (24) [M-C4H100]" (minor trans, cis diastereoisomer),
321 (2) [M]*, 247 (22) [M-C4H100] (minor cis, cis diastereoisomer);

tr (GC) = 15.06 minutes (major trans, trans diastereoisomer), 15.15 minutes (minor
trans, cis diastereoisomer), 14.99 (minor cis, cis diastereoisomer);

elemental analysis calcd (%) for CisH2sF2NO4: C, 56.06; H, 7.84; N, 4.36; found: C,
56.37; H, 7.86; N, 4.34. This analysis was obtained for the amorphous solid obtained

following chromatography so no melting point was recorded.

(1R*,25*,4S*)-3,3-Difluoro-1,4-dimethylcyclohexane-1,2-diol (207ea),
(1S*,2R*,4S*)-3,3-difluoro-1,4-dimethylcyclohexane-1,2-diol (207eb) and
(1R*,2R*,4S*)-3,3-difluoro-1,4-dimethylcyclohexane-1,2-diol (207ec)

OH OH OH
R OH F - OH F - OH
F - F{jﬂn F@i
+ +
207ea 207eb 207ec

Diols 207ea, 207eb and 207ec were prepared according to general procedure D for
207aa/207ab from 115e (0.327 g, 1.23 mmol) with 1,3-bis(2,6-diisopropylphenyl-
imidazol-2-ylidene)gold(l)  chloride (5 mol %, 0.038 g) and silver
hexafluoroantimonate(V) (5 mol %, 0.021 g) in dichloromethane (6.6 mL) and methanol
(0.7 mL). After stirring for 18 hours at 40 °C the reaction was allowed to cool to room
temperature. Solid tetrabutylammonium borohydride (0.317 g, 1.23 mmol) was added to

the flask in small portions. The reaction mixture was then allowed to stir at room
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temperature for 18 hours. The usual work up, according to 207aa/207ab, afforded a
viscous pale yellow oil (0.320 g). The crude material was purified by flash column
chromatography (40 g silica, 30 % ethyl acetate in hexane) to afford a mixture of cis,cis-
207ec and trans,trans-207ea as a pale yellow oil (33.7 mg, 15 %, 1.2:1), trans,trans-
207ea as a pale yellow oil (55.5 mg, 25 %) and trans,cis-207eb as a colourless solid
(35.6 mg, 16 %).

Ry cis,cis-207ec = 0.25 (10 % acetone in dichloromethane);

R trans,trans-207ea = 0.31 (10 % acetone in dichloromethane);

The following signals were attributed to both the major cis,cis-diastereoisomer 207ec
and minor trans,trans-diastereoisomer 207ea 'H NMR (400 MHz, CDCl3): § = 2.35-
1.97 (m, 3H), 1.95-1.68 (m, 3H), 1.68-1.42 (m, 5H) ppm;

The following signals were attributed to the major cis,cis-diastereoisomer 207ec
(assigned on the basis of d and intensity)

'H NMR (400 MHz, CDCls): & = 3.48 (dd, Ju.r = 20.3, 6.0 Hz, 1H), 1.34 (s, 3H), 1.11
(d, J =6.7 Hz, 3H) ppm;

13C NMR (150 MHz, CDCls): & = 121.9 (t, YJc.r = 246.8 Hz), 74.3 (t, 2Jcr = 20.3 Hz),
71.9 (d, 3Jcr = 6.9 Hz), 36.7 (dd, 2Jc-r = 23.3, 20.5 Hz), 35.3, 25.9, 24.8 (d, “Jc-r = 7.8
Hz), 11.0 (d, 3Jc.r = 4.3 Hz) ppm;

19F NMR (376 MHz, DMSO-ds, 373 K): & = -104.6 (d, 2J = 238.7 Hz, 1F), -127.9 (dt, 2J
= 238.7, *Je.1 = 20.3 Hz, 1F) ppm (the *H and **C NMR gave clear well resolved spectra
at RT and did not require heating. *°F NMR resolved better when heated to 373 K).

The following signals were attributed to the minor trans,trans-diastereoisomer 207ea
(assigned on the basis of d and intensity)

'H NMR (400 MHz, CDCl3): 6 = 3.63 (dd, Ju-r = 8.1, 6.7 Hz, 1H), 1.33 (s, 3H), 1.08 (d,
J=6.9 Hz, 3H) ppm;

3C NMR (150 MHz, CDCl3): 8 = 123.4 (t, YJc.r = 248.1 Hz), 73.4 (dd, 2Jcr = 26.8, 21.6
Hz), 72.3 (d, 3Jcr = 4.3 Hz), 31.9 (t, ¥cr = 21.4 Hz), 31.5, 24.7 (d, 3Jcr = 7.4 Hz), 24.7
(d, “Jc.r = 7.4 Hz), 10.9 (d, 3Jcr = 4.5 Hz) ppm;

19 NMR (376 MHz, DMSO-ds, 373 K): § = -104.2 (d, 2J = 243.2 Hz, 1F), -114.0 (dd, 2J
=243.2, %)z = 25.8 Hz, 1F) ppm;

v/(neat) = 3392, 2941, 1461, 1066, 994 cm™;

HRMS (ESI): calcd for CgH1sF202N1, 198.1300 [M+NH4]", found: 198.1300;

MS (EI): m/z (%): 142 (8) [M-2F]" (major cis,cis diastereoisomer), 142 (7) [M-2F]*

(minor trans, trans diastereoisomer);
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tr (GC) = 8.77 minutes (major cis,cis diastereoisomer), 8.54 minutes (minor trans, trans
diastereoisomer).

Diastereomerically pure trans, trans-207ea:

Rf = 0.31 (10 % acetone in dichloromethane);

'H NMR (400 MHz, CDCls): § = 3.62 (dd, Ju-+ = 8.1, 6.7 Hz, 1H), 2.81 (br. s, 1H), 2.40-
1.97 (m, 2H), 1.81-1.69 (m, 1H), 1.67-1.45 (m, 3H), 1.33 (s, 3H), 1.07 (d, J = 6.9 Hz,
3H) ppm;

3C NMR (100 MHz, CDCls): § = 123.9 (t, *Jcr = 247.0 Hz), 73.9 (dd, “Jc.r = 26.9, 21.7
Hz), 72.8 (d, 3Jc = 4.2 Hz), 32.4 (t, {c = 21.8 Hz), 32.0, 25.2 (d, 3Jcr = 7.3 Hz), 25.2
(d, YJcr = 7.3 Hz), 11.5 (t, 3Jcr = 4.1 Hz) ppm;

F NMR (376 MHz, DMSO-ds, 373 K): § =-104.2 (d, 2] = 243.2 Hz, 1F), -114.0 (dd, 2J
=243.2, 3Jr.n = 25.8 Hz, 1F) ppm;

v/(neat) = 3392, 2941, 1461, 1066, 994 cm™;

MS (E1): m/z (%): 142 (7) [M-2F]*;

tr (GC) = 8.54 minutes;

Diastereomerically pure trans, cis-207eb:

m.p. = 58-60 °C (recrystallised from chloroform/pentane vapour diffusion as a colourless
plate);

Rf = 0.33 (20 % acetone in dichloromethane);

'H NMR (400 MHz, CDCls): 8 = 3.71 (dd, Jus = 22.5, 4.6 Hz, 1H), 2.81 (br. s, 1H),
2.64 (s, 1H), 1.99-1.76 (m, 2H), 1.74-1.54 (m, 2H), 1.34 (td, 2J =J =13.7,J = 4.9 Hz,
1H) 1.27 (d, 5Jnr = 2.3 Hz, 3H), 1.09 (d, J = 6.9 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls): & = 121.9 (dd, YJc.r = 249.0, 245.2 Hz), 77.9 (t, 2Jcr =
20.5 Hz), 73.4 (d, 3Jcr = 7.8 Hz), 37.1 (t, Jc.r = 21.8 Hz), 36.2, 26.5 (d, *Jc-r = 8.5 Hz),
19.7 (d, Y. = 6.7 Hz), 11.3 (dd, 3Jcr = 5.5, 2.4 Hz) ppm;

F NMR (376 MHz, CDCls): & = -108.6 (d, 2J = 239.9 Hz, 1F), -131.5 (dt, 2J = 239.9,
3)r.n = 22.5 Hz, 1F) ppm;

v/(neat) = 3382, 2945, 1455, 1031, 988 cm™;

HRMS (ESI): calcd for CgH1sF202N1, 198.1300 [M+NH,]", found: 198.1300;

MS (E1): m/z (%): 142 (7) [M-2F]*;

tr (GC) = 8.96 minutes;

satisfactory elemental analysis could not be obtained for this compound?®® ; calcd (%) for
CsH14F202: C, 53.32; H, 7.83; found: C, 52.69; H, 7.73.

The identity of trans, cis diol 207eb was confirmed by XRD analysis (m.p. = 58-60 °C
(chloroform/pentane)). Crystal Data for 207eb: CgH14F20>, crystal size 0.28 x 0.16 x 0.03
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mmS, M = 180.19, monoclinic, space group P21, unit cell dimensions a = 12.0498(6) A,
b = 19.0558(6) A, ¢ = 11.4322(4) A, a =90°, B = 100.490(4)°, y = 90°, V = 2581.17(18)
A% Z =12, peac = 1.391 Mg m3, F(000) = 1152, p(Mo-Ka) = 1.084 mm™, T = 123(2)K,
9605 reflections measured, 4991 independent, (Rint = 0.0392]. Final R indices [I > 2o(1)]
R1 =0.0535, ®R2 = 0.1269; R indices (all data) R1 = 0.0800, ®R2 = 0.1446.

\

(1S*,25*,4S*)-3,3-difluoro-4-methylcyclohexane-1,2-diol (207f)

Diol 207f was prepared according to general procedure D for 207aa/207ab from 115f
(0.252 g, 1.00 mmol) with 1,3-bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l)
chloride (5 mol %, 0.031 g) and silver hexafluoroantimonate(V) (5 mol %, 0.017 g) in
dichloromethane (5.4 mL) and methanol (0.6 mL). After stirring for 21 hours at 40 °C
the reaction was allowed to cool to room temperature. Solid tetrabutylammonium
borohydride (0.258 g, 1 mmol) was added to the flask in small portions. The reaction
mixture was then allowed to stir at room temperature for 18 hours. The usual work up,
according to 207aa/207ab, afforded a viscous pale yellow oil (0.294 g). The crude
material was purified by flash column chromatography (40 g silica, 15-25 % acetone in
dichloromethane) to afford 207f as a colourless solid (0.039 g). This material was
purified further by recrystallization by vapour diffusion (methanol/pentane) to afford cis,
trans-207f as a colourless plate (0.021 g, 11 %).

m.p. = 118-120 °C (recrystallised from methanol/pentane as a colourless plate);

R =0.42 (20 % acetone in dichloromethane);
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'H NMR (600 MHz, MeOD): & = 3.84 (dt, J = 8.3, Jur = 3.7 Hz, 1H), 3.71-3.61 (m,
1H), 2.22-2.06 (m, 1H), 1.77-1.68 (m, 1H), 1.68-1.59 (m, 2H), 1.18 (qd, 20 =J = 13.5, ]
= 3.9 Hz, 1H), 1.01 (d, J = 6.9 Hz, 3H) ppm;

13C NMR (150 MHz, MeOD): § = 123.5 (dd, YJc.r = 252.8, 242.5 Hz), 71.5 (dd, 2Jcr =
33.8, 21.6 Hz), 69.2 (d, 3Jc.r = 7.6 Hz), 31.8 (t, 2Jcr = 22.0 HZ), 26.7 (d, 3Jc-r = 8.4 Hz),
26.5, 10.4 (t, 3Jc.r = 3.9 Hz) ppm;

1F NMR (376 MHz, MeOD): § = (-108.9) — (-109.9) (m, including -109.3 (app. d, 2J =
250.3 Hz, 1F)), -124.5 (dd, 2J = 250.3, *Je.n = 29.6 Hz, 1F) ppm;

v/(neat) = 3400 (broad), 2963, 1457, 1046, 957 cm™;

HRMS (APCI): calcd for C7H16F202N, 184.1144 [M+NH,4]", found: 184.1141;

MS (CI): m/z (%): 184 (100) [M+NHa]*;

tr (GC) = 9.44 minutes;

elemental analysis calcd (%) for C7H12F20,: C, 50.60; H, 7.28; found: C, 50.09; H, 7.06.
The identity of diol (207f) was confirmed by XRD analysis (m.p. = 118-120 °C
(methanol/pentane)). Crystal Data for 207f. C;H12F20>, crystal size 0.30 x 0.15 x 0.08
mmé, M = 166.17, orthorhombic, space group Puca, unit cell dimensions a = 8.1651(4) A,
b =8.2944(4) A, ¢ =22.5849(10) A, 0.=90°, p =90°, vy =90°, V = 1529.55(13) A3, Z = 8,
pale = 1.443 Mg m?, F(000) = 704, p(Mo-Ka) = 0.134 mm™, T = 150(2)K, 10117
reflections measured, 1992 independent, (Rint = 0.0291]. Final R indices [I > 2o6(1)] R1 =
0.0371, ®R2 = 0.0859; R indices (all data) R1 = 0.0464, ®R2 = 0.0927.
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(1S*,25*,45*)-3,3-difluoro-4,6,6-trimethylcyclohexane-1,2-diol (207g)

207g

Diol 207g was prepared according to general procedure D for 207aa/207ab from 1159
(0.280 g, 1.00 mmol) with 1,3-bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l)
chloride (5 mol %, 0.031 g) and silver hexafluoroantimonate(V) (5 mol %, 0.017 g) in
dichloromethane (5.4 mL) and methanol (0.6 mL). After stirring for 48 hours at 40 °C
the reaction was allowed to cool to room temperature. Solid tetrabutylammonium
borohydride (0.258 g, 1 mmol) was added to the flask in small portions. The reaction
mixture was then allowed to stir at room temperature for 18 hours. The usual work up,
according to 207aa/207ab, afforded a viscous pale yellow oil (0.586 g). The crude
material was purified by flash column chromatography (40 g silica, 5 % acetone in
dichloromethane) to afford cis,trans-207g as a colourless solid (0.123 g, 63 %).

m.p. = 82-84 °C (recrystallised from diethyl ether/pentane vapour diffusion as a
colourless plate);

R¢ = 0.25 (5 % acetone in dichloromethane);

'H NMR (400 MHz, CDClg): § = 4.04 (tt, Jnr = 6.6, J = 3.5 Hz, 1H), 3.49-3.38 (m, 1H),
2.46-2.24 (m, (including 2.39 (app. d, J =3.5 Hz, 1H) and 2.29 (d, J =9.6 Hz, 1H)), 1H),
1.43 (ddd, 2J = 14.1, “Unr = 6.2, J = 4.2 Hz, 1H), 1.26 (br. t, 2J = J = 14.1 Hz, 1H), 1.07
(s, 3H), 1.06 (d, J = 6.2 Hz, 3H), 1.03 (s, 3H) ppm;

3C NMR (150 MHz, CDClg): 8 = 122.8 (dd, “Jc.r = 251.1, 243.3 Hz), 74.2 (d, *JcF = 6.7
Hz), 71.5 (dd, 2Jc-r = 36.3, 22.2 Hz), 41.6 (d, 3Jcr = 8.8 Hz), 34.8, 29.2, 28.8 (t, 2Jcr =
21.5 Hz), 19.9, 10.9 (t, *Jc.r = 3.7 Hz) ppm;

9F NMR (376 MHz, CDCla): 8 = (-109.0) — (-109.9) (m, including -109.4 (app. d, &) =
253.0 Hz, 1F)), -124.5 (dddd, 2J = 253.0, ®Je.n = 28.9, 6.2, “Jr.n = 4.2 Hz, 1F) ppm;
v/(neat) = 3350, 2926, 1465,1371, 1005 cm™;

HRMS (NSI-ES): calcd for CgH16F202Na, 217.1011 [M+Na]", found: 217.1012;

MS (EI): m/z (%): 161(3) [M-CHsF]", 102 (61) [M-C4HsF2]", 72(100) [M-CsH12F2]";

tr (GC) = 9.64 minutes;

elemental analysis calcd (%) for CoH16F202: C, 55.66; H, 8.30; found: C, 55.35; H, 8.23.
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The identity of diol (207g) was confirmed by XRD analysis (m.p. = 82-84 °C (diethyl
ether/pentane)). Crystal Data for 207g: CoHi6F20;, crystal size 0.35 x 0.30 x 0.03 mm?,
M = 194.22, monoclinic, space group Cac, unit cell dimensions a = 23.884(3) A, b =
7.4165(11) A, ¢ =10.9080(15) A, a=90°, B = 94.654(13)°, y =90°, V = 1925.9 (5) A%, Z
=8, pealc = 1.340 Mg m=, F(000) = 832, u(Mo-Ka) = 0.117 mm™, T = 130(2)K, 7929
reflections measured, 2148 independent, (Rint = 0.0414]. Final R indices [l > 2o(1)] R1 =
0.0437, ®R2 =0.1121; R indices (all data) R1 = 0.0544, ®R2 = 0.1223.

(4S*,5R*,75*)-6,6-Difluoro-4,7-dimethylspiro[2.5]octane-4,5-diol (207ha),
(4S*,5R*, 7R*)-6,6-difluoro-4,7-dimethylspiro[2.5]octane-4,5-diol  (207hb) and
(4R* ,5R*,75*)-6,6-difluoro-4,7-dimethylspiro[2.5]octane-4,5-diol (207hc)

207ha 207hb 207hc

Diols 207ha, 207hb and 207hc were prepared according to general procedure D for
207aa/207ab from 115h (0.352 g, 1.21 mmol) with 1,3-bis(2,6-diisopropylphenyl-
imidazol-2-ylidene)gold(l)  chloride (5 mol %, 0.037 ¢g) and silver
hexafluoroantimonate(V) (5 mol %, 0.021 g) in dichloromethane (6.5 mL) and methanol
(0.7 mL). After stirring for 18 hours at 40 °C the reaction was allowed to cool to room
temperature. Solid tetrabutylammonium borohydride (0.311 g, 1.21 mmol) was added to
the flask in small portions. The reaction mixture was then allowed to stir at room
temperature for 18 hours. The usual work up, according to 207aa/207ab, afforded a

viscous pale yellow oil (0.564 g). The crude material was purified by flash column
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chromatography (40 g silica, 6 % acetone in dichloromethane) to afford a mixture
trans,cis-207ha, trans,trans-207hb and cis,cis-207hc (0.125 g). The material was further
purified by flash column chromatography (40 g silica, 38 % ethyl acetate in hexane) to
afford a mixture of trans,cis-207ha, trans,trans-207hb and cis,cis-207hc (73.4 mg, 29
%, 1.3:1:0.1) as a pale yellow oil, trans,cis-207ha as a pale yellow oil (13.8 mg, 6 %)
and trans,trans-207hb as a colourless solid (12.8 mg, 5 %).

Rt trans,cis-207ha = 0.52 (10 % acetone in dichloromethane);

R trans,trans-207hb = 0.61 (10 % acetone in dichloromethane);

cis,cis-207hc co eluted with the trans,trans diastereoisomer;

The following signals were attributed to the major trans,cis-diastereoisomer 207ha and
minor trans,trans-207hb and cis, cis-diastereoisomers 207hc 'H NMR (600 MHz,
DMSO-ds, 373 K): & = 3.63-3.48 (m, 1H), 0.84-0.74 (m, 2H), 0.22-0.06 (m, 3H) ppm;
The following signals were attributed to the major trans,cis-diastereoisomer 207ha
(assigned on the basis of d and intensity)

'H NMR (600 MHz, DMSO-ds, 373 K): & = 4.81 (br. s, 1H), 3.78 (br. s, 1H), 2.09-1.91
(m, 1H), 1.75 (br. t, 2J = J = 13.4 Hz, 1H), 1.16 (d, *Ju.r = 2.2 Hz, 3H), 0.97 (d, J = 6.8
Hz, 3H), 0.91-0.84 (m, 1H), 0.59 (ddd, 2 =9.3,J = 5.7, 3.8 Hz, 1H) ppm;

13C NMR (150 MHz, DMSO-ds, 373 K): & = 123.8 (t, YJc.r = 247.0 Hz), 77.5 (t, 2Jcr =
19.1 Hz), 72.2 (d, *Jc.r = 8.3 Hz), 37.8 (d, *Jc.r = 8.7 Hz), 36.7 (t, {c.r = 22.3 Hz), 25.6,
20.0 (d, *Jc.r = 5.6 Hz), 11.8, 8.5, 6.6 ppm;

F NMR (376 MHz, DMSO-ds, 373 K): & = -104.7 (dq, 2J = 240.6, 3Jer = “Jrn = 4.9
Hz, 1F), -127.9 (dt, 2] = 240.6, *Je.n = 24.2 Hz, 1F) ppm;

The following signals were attributed to the minor trans,trans-diastereoisomer 207hb
(assigned on the basis of d and intensity)

'H NMR (600 MHz, DMSO-ds, 373 K): & 4.90 (br. s, 1H), 3.75 (br. s, 1H), 2.37-2.21 (m,
1H), 1.57 (br. dd, 2J = 13.9 , J = 8.0 Hz, 1H), 1.34-1.25 (m, 1H), 1.04 (d, J = 7.1 Hz,
3H), 1.02 (s, 3H), 0.55-0.48 (m, 1H) ppm;

13C NMR (150 MHz, DMSO-dg, 373 K): 8 = 125.0 (t, Xcr = 248.1 Hz), 74.7 (t, 2Jcr =
22.5 Hz), 73.6, 36.8, 35.0 (t, 2Jcr = 22.2 Hz), 22.5, 21.0 (d, *Jcr = 5.6 Hz), 13.4, 8.5, 7.9
ppm;

19F NMR (376 MHz, DMSO-ds, 373 K): & = -106.7 (br. d, 2J = 243.4 Hz, 1F), -110.1 (d,
2] = 243.4 Hz, 1F) ppm;

The following signals were attributed to the minor cis,cis-diastereoisomer 207hc
(assigned on the basis of d and intensity)

'H NMR (600 MHz, DMSO-ds, 373 K): § 0.99 (d, J = 6.7 Hz, 3H) ppm;
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13C NMR (150 MHz, DMSO-ds, 373 K): 8 = 37.4 (d, *Jc-r = 8.0 Hz), 29.3, 12.1, 9.9, 8.2
ppm;

19F NMR (376 MHz, DMSO-ds, 373 K): § = -103.2 (d, 2J = 238.9 Hz, 1F), -127.0 (dt, %J
=238.9, 3Jr.n = 26.5 Hz, 1F) ppm;

v/(neat) = 3427, 2933, 1465, 1026, 991 cm™;

HRMS (APCI): calcd for C1oH15F201, 189.1091 [M-H.0+H]*, found: 189.1089;

MS (EI): m/z (%): 168 (12) [M-2F]" (major trans, cis diastereoisomer), 168 (21) [M-2F]*
(minor trans, trans diastereoisomer), 168 (30) [M-2F]" (minor cis, cis diastereoisomer);
tr (GC) = 10.71 minutes (major trans, cis diastereoisomer), 10.84 minutes (minor trans,
trans diastereoisomer), 11.00 (minor cis, cis diastereoisomer).

Diastereomerically pure trans, cis 207ha:

'H NMR (600 MHz, DMSO-dg, 373 K): & = 4.84 (br. d, J = 5.5 Hz, 1H), 3.81 (br. s, 1H),
3.51 (dt, Jur = 24.2, 55, J = 5.5 Hz, 1H), 2.09-1.92 (m, 1H), 1.74 (br. t, 23 = J = 13.6
Hz, 1H), 1.14 (d, ®Jur = 2.2 Hz, 3H), 0.96 (d, J = 6.8 Hz, 3H), 0.90-0.83 (m, 1H), 0.79
(dt, 2J = 13.6, “Ju.r = J = 4.6 Hz, 1H), 0.58 (ddd, 2J = 9.3, J = 5.7, 3.8 Hz, 1H), 0.21-0.13
(m, 1H), 0.13-0.03 (m, 1H) ppm;

13C NMR (150 MHz, DMSO-ds, 373 K): & = 122.7 (dd, “Jc.r = 249.8, 244.8 Hz), 76.5 (t,
2Jcr = 19.4 Hz), 71.2 (d, 3Jc-r = 9.0 Hz), 36.8 (d, 3Jc-r = 9.0 Hz), 35.7 (t, 2Jcr = 21.9
Hz), 24.5, 19.0 (d, “Jc.r = 6.1 Hz), 10.8 (dd, Jc.r = 5.8, 2.5 Hz), 7.4, 5.5 ppm;

F NMR (376 MHz, DMSO-dg, 373 K): § = -104.7 (app. dg, 2J = 240.6, *Je.r = “Jpn =
4.9 Hz, 1F), -127.9 (dt, 2J = 240.6, 3Jr-n = 24.2 Hz, 1F) ppm;

v/(neat) = 3427, 2938, 1376, 1231, 1090, 991 cm™;

HRMS (APCI): calcd for C1oH20F202N1, 224.1462 [M+NH4]*, found: 224.1458;

MS (E1): m/z (%): 168 (12) [M-2F]*;

tr (GC) = 10.71 minutes;

Diastereomerically pure trans, trans 207hb:

m.p. = 66-68 °C (recrystallised from chloroform/pentane as a colourless plate);

'H NMR (600 MHz, DMSO-ds, 373 K): & 4.92 (br. d, J = 5.8 Hz, 1H), 3.77 (br. s, 1H),
3.51 (dt, Jur=15.2, 5.9, J = 5.9 Hz, 1H), 2.34-2.22 (m, 1H), 1.56 (br. dd, 2 =13.9,J =
8.0 Hz, 1H), 1.29 (br. d, , 2 = 13.9 Hz, 1H), 1.04 (d, J = 7.2 Hz, 3H), 1.01 (s, 3H), 0.76
(br. dt, 23 = 9.1, J = 4.1 Hz, 1H), 0.54-0.48 (m, 1H), 0.17 (ddd, 2J = 9.1, J = 5.5, 4.3 Hz,
1H), 0.13 (ddd, 2J = 9.2, J = 5.2, 3.6 Hz, 1H) ppm;

13C NMR (150 MHz, DMSO-ds, 373 K): & = 124.0 (t, “Jcr = 248.5 Hz), 73.6 (t, 2Jcr =
22.3 Hz), 72.5, 35.8 (t, *Jc-r = 3.9 Hz), 33.9 (t, 2Jc.r = 21.9 Hz), 21.4, 20.0 (d, “Jcr = 4.0
Hz), 12.4 (t, 3Jcr = 5.1 Hz), 7.4, 6.9 ppm;
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19F NMR (376 MHz, DMSO-ds, 373 K): & = -106.7 (br. d, 2] = 243.4 Hz, 1F), -110.1 (d,
2] = 243.4 Hz, 1F) ppm (the °F-tH splitting was not resolved in the *F NMR spectrum);
v/(neat) = 3382, 2931, 1380, 1023, 824 cm™™;

HRMS (APCI): calcd for C1oH1sF201, 189.1091 [M-H,O+H]*, found: 189.1087;

MS (EI): m/z (%): 168 (21) [M-2F]*;

tr (GC) = 10.84 minutes;

The identity of trans, trans diol 207hb was confirmed by XRD analysis (m.p. = 66-68
°C (chloroform/pentane)). Crystal Data for 207hb: C1oH16F20-, crystal size 0.30 x 0.18 x
0.02 mmé, M = 206.23, orthorhombic, space group Pnas, unit cell dimensions a =
9.904(2) A, b=22.127(7) A, c =9.113(2) A, 0.=90°, B = 90°, y = 90°, V = 1997.1(9) A3,
Z =38, peaic = 1.372 Mg m™, F(000) = 880, p(Mo-Ka) = 0.117 mm™, T = 153(2)K, 10320
reflections measured, 1747 independent, (Rint = 0.1439]. Final R indices [l > 2o(1)] R1 =
0.0854, ®R2 = 0.2166; R indices (all data) R1 = 0.1202, ®R2 = 0.2508.

(6R*,75*,9S*)-8,8-Difluoro-6,9-dimethylspiro[4.5]decane-6,7-diol ~ (207ia)  and
(6S*,75*,9S5*)-8,8-difluoro-6,9-dimethylspiro[4.5]decane-6,7-diol (207ib)

F OH
F i

207ia 207ib

Diols 207ia and 207ib were prepared according to general procedure D for 207aa/207ab
from 115i (0.339 g, 1.06 mmol) with 1,3-bis(2,6-diisopropylphenyl-imidazol-2-
ylidene)gold(l) chloride (5 mol %, 0.033 g) and silver hexafluoroantimonate(V) (5 mol
%, 0.018 g) in dichloromethane (5.4 mL) and methanol (0.6 mL). After stirring for 2
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hours at 40 °C the reaction was allowed to cool to room temperature. Solid
tetrabutylammonium borohydride (0.273 g, 1.06 mmol) was added to the flask in small
portions. The reaction mixture was then allowed to stir at room temperature for 18 hours.
The usual work up, according to 207aa/207ab, afforded a viscous pale yellow oil (0.395
g). The crude material was purified by flash column chromatography (40 g silica, 6%
acetone in dichloromethane) to afford a mixture of trans,trans-207ia, and cis,trans-
207ib (0.168 g). The material was further purified by flash column chromatography (40
g silica, 6 % acetone in dichloromethane) to afford an inseparable mixture of trans,trans-
207ia, and cis,trans-207ib (0.108 g, 44 %, 3.8:1).

Rf = 0.7 (8 % acetone in dichloromethane);

The following signals were attributed to both the minor cis,trans-diastereoisomer 207ib
and major trans,trans-diastereoisomer 207ia *H NMR (400 MHz, CDCls): 6 = 2.48-2.13
(m, including 2.23 (br.s, 1H), 1H), 2.04-1.38 (envelope, 13H), 1.37-1.22 (m, including
1.33 (s, 3H), 6H) ppm;

The following signals were attributed to the major trans,trans-diastereoisomer 207ia
(assigned on the basis of d and intensity)

'H NMR (400 MHz, CDCls): & = 3.64 (t, Jur = 5.8 Hz, 1H), 2.23 (br. s, 1H), 1.33 (s,
3H), 1.07 (d, J = 6.9 Hz, 3H) ppm;

13C NMR (100 MHz, MeOD): § = 127.1 (t, YJc.r = 247.7 Hz), 79.8 (d, 3Jcr = 5.3 Hz),
79.2 (dd, . = 27.8, 20.7 Hz), 52.0, 43.2 (d, *Jcr = 8.0 Hz), 38.8, 36.8, 33.5 (t, 2Jc.F =
215 Hz), 29.7, 27.4, 24.4, 14.3 (d, 3Jc.r = 4.3 Hz) ppm;

19 NMR (376 MHz, CDCls): 5 = -107.6 (d, 2J = 253.2 Hz, 1F), -116.2 (dd, 2J = 253.2,
3 = 28.7 Hz, 1F) ppm (the '°F-'H splitting was not resolved in the F NMR
spectrum).

The following signals were attributed to the minor cis,trans-diastereocisomer 207ib
(assigned on the basis of d and intensity)

'H NMR (400 MHz, CDCls): & = 3.67 (t, Ju.r = 6.6 Hz, 1H), 2.69 (br. s, 1H), 2.65 (br. s,
1H) 1.26 (d, *JuF = 4.1 Hz, 3H), 1.05 (d, J = 6.3 Hz, 3H) ppm;

13C NMR (100 MHz, MeOD): § = 126.9 (dd, Jc.r = 248.7, 243.0 Hz), 80.5 (dd, 2Jcr =
32.9, 20.4 Hz), 76.7 (d, 3Jcr = 6.9 Hz), 52.9, 41.4 (d, 3Jcr = 8.7 Hz), 38.2, 33.6, 33.0 (t,
2Jcr = 21.8 Hz), 28.0, 25.4, 25.3 (d, “Jcr = 8.4 Hz), 13.9 (d, 3Jc.r = 5.4 HZ) ppm;

F NMR (376 MHz, CDCls): § -105.9 (dq, 2J = 253.7, 3Jr.n = “Jrn = 5.4 Hz, 1F), -117.5
(dd, 23 = 253.7, 3Jr.4 = 28.9 Hz, 1F) ppm ( the 6.6 Hz *°F-1H splitting was not resolved in
the °F NMR spectrum);

v/(neat) = 3600, 3331, 2947, 1454, 1383, 1086, 978 cm™™;
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HRMS (APCI): calcd for C12H22F20,N1, 252.1770 [M-H]", found: 252.1769;

MS (El): m/z (%): 219 (1) [M-CH3]";*

tr (GC) = 12.17 minutes;*

elemental analysis calcd (%) for C1oH20F202: C, 61.52; H, 8.60; found: C, 61.76; H,
8.64. This analysis was obtained for the amorphous solid obtained following
chromatography so no melting point was recorded.

* the individual diastereoisomers appeared as one peak by GC-MS.

Attempted preparation of (1R*,25*)-4-ethyl-3,3-difluoro-1-methylcyclohexane-1,2-diol
(207j)

OH

R OH
. R
N

207j

1,3-bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g)
and silver hexafluoroantimonate(V) (5 mol %, 0.017 g) was suspended in
dichloromethane (5.4 mL) and methanol (0.6 mL). The suspension was heated to 40 °C
then a solution of 115ja/115jb (0.280g, 1.00 mmol) in dichloromethane (1mL) was
added in a stream via syringe. The reaction was stirred at 40 °C for 21 hours. After this
time the reaction was allowed to cool to room temperature. The solvent was removed
under reduced pressure and the residue taken up in ethyl acetate (20 mL). The organics
were washed with saturated aqueous sodium bicarbonate (15 mL). The aqueous layer
was further extracted with ethyl acetate (3 x 15 mL) and the organics combined, dried
over magnesium sulphate and concentrated under reduced pressure to afford the crude
product as a dark orange oil (0.198 g). 1°F NMR analysis of the crude reaction revealed

no signs of the desired product and a complex mixture was produced.
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6.3.11 Synthesis of non-fluorinated pyran 209

Cis-methyl (3S*,4aR*)-3-methoxy-3-methyl-4,4a,5,6,7,8-hexahydro-3H-
isochromene-1-carboxylate (209aa) and trans-methyl (3R*,4aR*)-3-methoxy-3-
methyl-4,4a,5,6,7,8-hexahydro-3H-isochromene-1-carboxylate (209ab)

MeO (@] MeO (0]
o o
Iy + =
MeO H MeO H
209aa 209ab

Esters 209aa and 209ab were prepared according to the general procedure for
207aa/207ab from 115ka/115kb (0.253 g, 0.83 mmol) with 1,3-bis(2,6-
diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.026 g) and silver
hexafluoroantimonate(V) (5 mol %, 0.014 g) in dichloromethane (4.5 mL) and methanol
(0.5 mL). After stirring for 15 minutes at 40 °C the reaction was allowed to cool to room
temperature. The solvent was removed under reduced pressure and the residue taken up
in ethyl acetate (20 mL). The organics were washed with saturated aqueous sodium
bicarbonate (15 mL). The aqueous layer was further extracted with ethyl acetate (3 x 15
mL) and the organics combined, dried over magnesium sulphate and concentrated under
reduced pressure to afford the crude product as a dark orange oil (0.204 g). The crude
material was purified by flash column chromatography using a Thomson Single Step
cartridge (12 g silica, 0-5 % acetone in dichloromethane) to afford an inseparable
mixture of cis-209aa, and trans-209ab as a pale yellow oil. After storing the material in
the freezer at 0 °C for one year the material solidified to afford a pale yellow solid (0.057
0,29 %, 7.3:1).

m.p. = 40-42 °C (crystals were grown by slow evaporation from chloroform/pentane
under reduced pressure as small colourless prisms);

R¢ = 0.54 (10 % ethyl acetate in hexane);

The following signals were attributed to both the minor trans-diastereoisomer 209ab and
major cis-diastereoisomer 209aa *H NMR (400 MHz, CDCls): & = 3.79 (s, 3H), 3.53-
3.42 (m, 1H), 1.97-1.61 (envelope, 5H), 1.47 (s, 3H), 1.45-1.22 (m, 4H) ppm;

The following signals were attributed to the major cis-diastereoisomer 209aa (assigned

on the basis of § and intensity)
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'H NMR (400 MHz, CDCls): & = 3.25 (s, 3H), 2.35-2.22 (m, 1H), 2.00 (dd, 2J = 13.7, 7.0
Hz, 1H), 1.07 (dg, 23 =J = 12.5, J = 3.6 Hz, 1H) ppm;

13C NMR (100 MHz, CDCls): § = 164.2, 132.7, 128.7, 97.1, 51.2, 48.6, 40.2, 33.3, 31.7,
27.1,26.2, 25.1, 22.2 ppm;

The following signals were attributed to the minor trans-diastereoisomer 209ab
(assigned on the basis of d and intensity)

'H NMR (400 MHz, CDCl3): & = 3.31 (s, 3H) ppm;

13C NMR (100 MHz, CDCls): § = 164.1, 132.9, 128.5, 98.3, 51.2, 48.4, 37.6, 34.6, 34.4,
28.1,27.3, 26.0, 21.8 ppm;

vl(neat) = 2921, 1719, 1435, 1279, 1115, 1045, 881 cm™™;

HRMS (APCI): calcd for C13H2404N1, 258.1700 [M+NH,]*, found: 258.1701;

MS (EI): m/z (%): 240 (1) [M]" (cis and trans diastereoisomers)

tr (GC) = 12.19 minutes (major cis diastereocisomer), 12.26 minutes (minor trans
diastereoisomer).

The identity of cis, ester (209aa) was confirmed by XRD analysis (m.p. = 40-42 °C
(chloroform/pentane)). Crystal Data for 209aa: C13H2004, crystal size 0.30 x 0.22 x 0.05
mmS, M = 240.29, monoclinic, space group P2:m, unit cell dimensions a = 10.0913(3) A,
b =8.5428(2) A, ¢ = 15.3195(4) A, @ =90°, B = 105.197(3)°, y = 90°, V = 1265.39(6) A3,
Z =4, peac = 1.261 Mg m™, F(000) = 520, p(Mo-Ka) = 0.758 mm™, T = 123(2)K, 4956
reflections measured, 2487 independent, (Rint = 0.0118]. Final R indices [I > 2o(1)] R1 =
0.0393, ®R2 = 0.1051; R indices (all data) R1 =0.0415, ®R2 = 0.1073.
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6.3.11 Preparation of allylic alcohols to investigate scope of alkyne cyclisation
1,1-difluoro-2-((2-methoxyethoxy)methoxy)non-1-en-3-ol (115I)

1151

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-butyllithium (12.9
mL of a 1.94 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
and heptanal (1.37 g, 12 mmol) in THF (12 mL). The crude allylic alcohol (2.63 g) was
purified by Kugelrohr distillation to afford 115l as a pale yellow oil (2.20 g, 65 %).

b.p. = 102 °C / 0.05 mmHg;

R = 0.21 (50 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.00 (d, 2J = 6.8 Hz, 1H), 4.88 (d, 2J = 6.8 Hz, 1H),
4.24 (dtdd, J =9.3,J = 7.4, “Jn.r= 3.6, 2.0 Hz, 1H), 3.96 (ddd, 2J = 10.8, J = 6.4, 3.5 Hz,
1H), 3.78 (ddd, 2J = 10.8, J = 5.0, 3.1 Hz, 1H), 3.66-3.53 (m, 2H), 3.40 (s, 3H,), 3.20 (d,
J=9.3Hz, 1H), 1.79-1.52 (m, 2H), 1.41-1.20 (m, 8H), 0.88 (t, J = 6.9 Hz, 3H) ppm;

13C NMR (100 MHz, CDClg): & = 154.7 (dd, Jcr = 291.6, 284.7 Hz), 118.2 (dd, 2Jc-r =
36.3.9.8 Hz), 98.0, 71.4, 68.4, 67.1, 58.9, 33.9, 31.7, 29.0, 25.4, 22.5, 13.9 ppm;

19F (376 MHz, CDCls): & = -100.5 (d, 2J = 63.7 Hz, 1F), -110.1 (d, 2J = 63.7 Hz, 1F)
ppm; (the °F-tH splitting was not resolved in the *F NMR spectrum);

vl(neat) = 3421, 2924, 1749, 1232, 1054, 955 cm™;

HRMS (ESI): calcd for C13H24F204Na, 305.1535 [M+Na]*, found: 305.1532;

MS (CI): m/z (%): 283 (1) [M+H]*, 265 (2) [M-OH]", 89 (78) [C4Hs0O2]", 59 (100)
[C3H/0]";

tr (GC) = 12.41 minutes.
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1,1 Difuoro-2-((2-methoxyethoxy)methoxy) 3-cyclohexyl prop-2-en-3-ol (115m)

F  OH
115m

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-butyllithium (11.9
mL of a 2.10 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
and cyclohexanecarboxaldehyde (1.34 g, 12 mmol) in THF (12 mL). The crude allylic
alcohol (3.12 g) was purified by Kugelrohr distillation to afford 115m as a pale yellow
oil (2.60 g, 77 %).

b.p. =102 °C/0.06 mmHg;

Rf = 0.3 (50 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): § = 5.01 (d, 2J = 6.8 Hz, 1H), 4.87 (d, 2J = 6.8 Hz, 1H),
3.96 (ddd, 2J = 10.8, J = 6.0, 3.1 Hz, 1H), 3.87 (br. d, J = 8.3 Hz, 1H), 3.78 (ddd, 2J =
10.8, J = 4.8, 3.0 Hz, 1H), 3.65-3.53 (m, 2H), 3.40 (s, 3H), 3.18 (br. s, 1H), 2.10 (br. d,
2] = 13.7 Hz, 1H), 1.86-1.52 (m, 5H), 1.34-1.10 (m, 3H), 1.08-0.94 (m, 1H), 0.94-0.79
(m, 1H) ppm;

13C NMR (100 MHz, CDCls): & = 154.6 (dd, YJcr = 292.2, 285.2 Hz), 117.0 (dd, 2Jcr =
37.7.10.0 Hz), 97.5 (t, {Jcr = 3.6 Hz), 71.2, 70.9, 68.0, 58.4, 40.2, 29.0, 28.3, 25.9, 25.3,
25.2 ppm;

¥F (376 MHz, CDClz): & =-100.6 (d, 2J = 65.5 Hz, 1F), -110.6 (d, 2J = 65.5 Hz, 1F)
ppm;

v/(neat) = 3463, 2921, 1749, 1232, 1013, 953 cm™™;

HRMS (APCI): calcd for C13H26F204N1, 298.1824 [M+NH4]*, found: 298.1819;

MS (EI): m/z (%): 204 (2) [M-C4sHgF]*, 89 (100) [CsHsO2]", 59 (100) [CsH-O]*;

tr (GC) = 12.65 minutes.
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1,1-difluoro-2-((2-methoxyethoxy)methoxy)-3-(tetrahydro-2H-pyran-4-yl)prop-2-
en-3-ol (115n)

F OH
115n

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-butyllithium (11.9
mL of a 2.10 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
and 4-formyltetrahydropyran (1.37 g, 12 mmol) in THF (12 mL). The crude allylic
alcohol (2.71 g) was purified by flash column chromatography (90 g cartridge, 90 %
diethyl ether in hexane) to afford 115n as a pale yellow oil (1.94 g, 57 %).

R¢ = 0.30 (90 % diethyl ether in hexane);

'H NMR (400 MHz, CDCl3): & = 5.00 (d, J = 6.6 Hz, 1H), 4.88 (d, J = 6.6 Hz, 1H),
4.09-3.84 (m, 4H), 3.77 (ddd, 2J = 10.8, J = 4.5, 3.1 Hz, 1H), 3.65-3.52 (m, 2H), 3.45-
3.30 (m, 6H), 2.03-1.92 (m, 1H), 1.91-1.75 (m, 1H), 1.52-1.31 (m, 2H),1.23 (qd, J =
11.9, 4.4 Hz, 1H) ppm;

3C NMR (100 MHz, CDCls): § = 154.7 (dd, YJcr = 292.8, 285.6 Hz), 116.5 (dd, 2Jc-r =
37.2, 11.0 Hz), 97.4 (t, “Jc-r = 3.8 Hz), 70.9, 70.8 (t, *Jc.r = 3.0 Hz), 68.0, 67.2, 66.9,
58.5, 37.6, 29.3, 28.2 ppm;

9F NMR (376 MHz, CDCls): & = -99.7 (d, 2J = 64.0 Hz, 1F), -109.9 (d, 2J = 64.0 Hz,
1F) ppm;

v/(neat) = 3404, 2915, 1749, 1230, 1026, 955 cm™;

HRMS (ESI): calcd for C12H24F20sN1, 300.1617 [M+NH.4]*, found: 300.1620;

MS (El): m/z (%): 281 (1) [M-H]", 89 (92) [C4Hs0>]", 59 (100) [CsH/O];

tr (GC) = 12.88 minutes.
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1,1-difluoro-2-((2-methoxyethoxy)methoxy)-3-phenylprop-2-en-3-ol (1150)

F OH
1150

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-butyllithium (12.9
mL of a 1.94 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
and benzaldehyde (1.27 g, 12 mmol) in THF (12 mL). The crude allylic alcohol (2.69 g)
was purified by Kugelrohr distillation to afford 1150 as a pale yellow oil (1.94 g, 59 %).
b.p. = 102 °C / 0.04 mmHg;

R¢ = 0.31 (50 % diethyl ether in hexane);

'H NMR (400 MHz, CDCly): & = 7.48- 7.29 (m, 5H), 5.52 (br. s, 1H), 4.94 (d, 2J = 6.7
Hz, 1H), 4.86 (d, 2J = 6.7 Hz, 1H), 3.91 (br. s, 1H), 3.79-3.70 (m, 1H), 3.67-3.60 (m,
1H), 3.51 (t, J = 4.8 Hz, 2H), 3.38 (s, 3H) ppm;

13C NMR (100 MHz, CDCla): & = 154.5 (dd, Ycr = 293.1, 286.7 Hz), 139.7, 127.8,
127.1, 125.4, 117.6 (dd, 2Jcr = 36.1, 10.6 Hz), 97.3 (t, “Jcr = 3.4 Hz), 70.8, 68.0, 67.9
(d, *Jc.r = 3.6 Hz), 58.5 ppm;

9F NMR (376 MHz, CDCls): 5 = -99.3 (d, 2J = 61.7 Hz, 1F), -109.2 (d, 2J = 61.7 Hz,
1F) ppm;

v/(neat) = 3411, 2926, 1749, 1230, 1020, 955 cm™;

MS (El): m/z (%): 160 (1) [M-C4H03]*, 107 (7) [C/H7O]", 89 (65) [C4HsO-]", 59 (100)
[C3H,01;

tr (GC) = 12.83 minutes.

The data was consistent with that previously reported.**°
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1,1-difluoro-2-((2-methoxyethoxy)methoxy)-3-(4-(trifluoromethyl)phenyl)prop-2-
en-3-ol (115p)

115p

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-butyllithium (11.9
mL of a 2.10 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
and p-trifluoromethylbenzaldehyde (2.09 g, 12 mmol) in THF (12 mL). The crude allylic
alcohol (4.99 g) was purified by Kugelrohr distillation followed by flash column
chromatography (90 g cartridge, 60 % diethyl ether in petroleum ether) to afford 115p as
a colourless oil (0.87 g, 21 %).

b.p. =113 °C/0.05 mmHg;

R¢ = 0.62 (5 % acetone in dichloromethane);

'H NMR (400 MHz, CDCls): & = 7.64 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 5.53
(br.d, J = 8.7 Hz, 1H), 4.93 (d, 2J = 6.7 Hz, 1H), 4.87 (d, 2J = 6.7 Hz, 1H), 3.85 (d, J =
8.7 Hz, 1H), 3.76 (ddd, 2J = 10.8, J = 5.9, 3.8 Hz, 1H), 3.64 (ddd, 2J =10.8,J = 4.9, 3.1
Hz, 1H), 3.58-3.48 (m, 2H), 3.39 (s, 3H) ppm;

13C NMR (100 MHz, CDCls): § = 154.5 (dd, Ncr = 293.4, 287.4 Hz), 143.9, 129.3 (q,
2Jc = 32.3 Hz), 125.8, 124.7 (q, *Jc-r = 3.5 Hz), 123.6 (0, “Jcr = 271.8 Hz), 117.3 (dd,
2Jcr = 36.0, 11.3 Hz), 97.3 (t, “Jcr = 3.9 Hz), 70.7, 68.0, 67.5 (d, %Jcr = 3.4 Hz), 58.4
ppm;

F NMR (376 MHz, CDCls): 6 = -62.5 (s, 3F), -98.5 (dd, 2J = 60.1, “Jen= 2.0 Hz, 1F),
-108.5 (dd, 2J = 60.1, “Jen = 3.2 Hz, 1F) ppm;

v/(neat) = 3419, 2930, 1751, 1325, 1112, 1067, 1017 cm™:;

HRMS (APCI): calcd for C14H19F504N1, 360.1229 [M+NH,]*, found: 360.1231;

MS (El): m/z (%): 323 (1) [M-F]*, 175 (9) [CeHsF30]", 89 (63) [CsH9O2]*, 59 (100)
[CsH/O];

tr (GC) = 12.49 minutes.
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1,1-difluoro-2-((2-methoxyethoxy)methoxy)-3-(4-methoxyphenyl)prop-2-en-3-ol
(115q)

115q

Prepared as for 115aa and 115ab from acetal (1.90 mL, 12 mmol), n-Butyllithium (11.9
mL of a 2.10 M solution in hexanes, 25 mmol), diisopropylamine (3.70 mL, 26 mmol)
and p-methoxybenzaldehyde (1.63 g, 12 mmol) in THF (12 mL). The crude allylic
alcohol (3.28 g) was purified by flash column chromatography (90 g cartridge, 70 %
diethyl ether in hexane) to afford 115q as a yellow oil (2.39 g, 65 %).

R = 0.42 (70 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 7.34 (d, J = 8.6 Hz, 2H), 6.89 (d, J = 8.6 Hz, 2H),
5.51-5.37 (br. dt, J = 7.7, 2Ju.r = 2.7 Hz, 1H), 4.93 (d, 2 = 6.6 Hz, 1H), 4.82 (d,2) = 6.6
Hz, 1H), 3.85 (br. dd, J = 7.7, 3Ju.r = 2.4 Hz, 1H), 3.80 (s, 3H), 3.77-3.69 (m, 1H), 3.67-
3.60 (m, 1H), 3.49 (t, J = 4.8 Hz, 2H), 3.38 (s, 3H) ppm;

13C NMR (100 MHz, CDCls): & = 158.5, 154.4 (dd, YJcr = 292.9, 286.3 Hz), 131.8,
126.6, 117.5 (dd, 2Jcr = 35.5, 10.1 Hz), 113.2, 97.3 (t, “Jc.r = 3.3 Hz), 70.8, 68.0, 67.6
(d, 3Jcr = 3.2 Hz), 58.4, 54.7 ppm;

9F NMR (376 MHz, CDCl3): 5 = -99.6 (d, 2J = 62.4 Hz, 1F), -109.4 (d, 2J = 62.4 Hz,
1F) ppm; (the °F-1H splittings are not resolved in the 376 MHz °F NMR spectrum);
Vl(neat) = 3415, 2932, 1749, 1511, 1245, 1026, 957 cm™;

MS (El): m/z (%): 195 (2) [M-C4H1002F]", 89 (69) [C4H90O2]", 59 (100) [C3H;0]";

tr (GC) = 14.39 minutes.

The data was consistent with that previously reported.**°
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6.3.12 General Procedure E — Propargyl Ether Preparation
1,1-Difluoro-2-([methoxyethoxy]- methoxy) 3-(Propargyloxy)hexane (222a)

0)

J

O

F\%\(\/\/\
F O
M 222a

Propargyl ether 222a was prepared according to the procedure of Percy and co-
workers.'®” Propargyl bromide (0.78 mL of an 80 wt % solution in toluene, 7.0 mmol)
was added dropwise to a vigorously stirred mixture of allylic alcohol 1151 (1.54g, 5.4
mmol) and tetra(n-butyl)ammonium hydrogen sulfate (0.085 g, 0.25 mmol) in agueous
sodium hydroxide (4.5 mL, 50 wt %) at 0 °C. The reaction mixture was allowed to warm
to room temperature and stirred for 18 hours. The mixture was quenched with aqueous
saturated ammonium chloride (20 mL) and transferred to a separating funnel. Water (10
mL) was added and the product was extracted with diethyl ether (4 x 50 mL). The
combined organic extracts were dried (MgSOQ.), filtered and concentrated under reduced
pressure to afford the crude product as a yellow oil (1.91 g). The crude propargyl ether
was purified by flash column chromatography (90 g cartridge, 20 % diethyl ether in
hexane) to afford 222a as a colourless oil (1.23 g, 71 %).

Rf = 0.62 (50 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.04 (d, 2J = 6.2 Hz, 1H), 4.95 (d, 2J = 6.2 Hz, 1H),
4.28-4.18 (m, including 4.22 (dd, 2J = 15.7, “J = 2.2 Hz, 1H), 1H), 4.09 (dd, 2J = 15.7,
4] = 2.2 Hz, 1H), 3.94-3.76 (m, 1H), 3.59 (t, J = 4.9 Hz, 2H), 3.41 (s, OCHs, 3H), 3.42
(t, 3 = 2.2 Hz, 1H), 1.86-1.61 (m, 2H), 1.50-1.20 (m, 8H), 0.90 (t, J = 6.9 Hz, 3H) ppm;
13C NMR (100 MHz, CDCls): & = 155.7 (dd, Nc.r = 295.0, 285.5 Hz), 111.4 (dd, 2Jc.r =
36.3. 10.5 Hz), 96.4 (t, 2Jcr = 3.3 Hz), 78.9, 73.7, 73.6 (t, “Jc.r = 3.0 Hz), 71.1, 67.8,
58.4,54.9,31.1, 28.4, 24.8, 22.0, 13.5 ppm;

1 (376 MHz, CDCls): & =-96.9 (d, 2] = 62.3 Hz, 1F), -109.0 (d, 2J = 62.3 Hz, 1F)
ppm;

v/(neat) = 3309, 2924, 1747, 1236, 1074, 955 cm™™;

HRMS (ESI): calcd for C1sH30F204N1, 338.2137 [M+NH4]", found: 338.2139;
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MS (CI): m/z (%): 281 (1) [M-C3Hs]*, 265 (4) [M-C3sHs0]*, 245 (6) [M-CsH;O2]", 153
(4) [C10H170]", 89 (78) [CaHo02]", 59 (100) [CsH-O]*;
tr (GC) = 12.76 minutes.

1,1-Difluoro-2-([methoxyethoxy]- methoxy) 3-(Propargyloxy)-cyclohexane (222b)

|
0

s

O

o
F/
F O
222b
[

Prepared as for 222a from allylic alcohol 115m (2.24 g, 8.40 mmol), propargyl bromide
(1.15 mL of an 80 wt % solution in toluene, 9.9 mmol) and tetra(n-butyl)ammonium
hydrogen sulfate (0.126 g, 0.34 mmol) in aqueous sodium hydroxide (6.6 mL, 50 wt %)
at 0 °C. The crude ether (2.39 g) was purified by flash column chromatography (90 g
cartridge, 15 % diethyl ether in hexane) to afford 222b as a colourless oil (1.72 g, 68 %).
Rf = 0.42 (30 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): & = 5.02 (d, 2J = 6.4 Hz, 1H), 4.92 (d, 2J = 6.4 Hz, 1H),
4.20 (dd, 2 = 15.7, *J = 2.4 Hz, 1H), 4.05 (dd, 2J = 15.7, 4 = 2.4 Hz, 1H), 3.92-3.83 (m,
2H), 3.82-3.73 (m, 1H), 3.57 (t, J = 4.9 Hz, 2H), 3.39 (s, 3H,), 2.39 (t, “J = 2.4 Hz, 1H),
2.10 (br. d, 2J = 13.7 Hz, 1H), 1.86-1.52 (m, 5H), 1.37-1.09 (m, 3H), 1.07-0.82 (m, 2H)
ppm;

13C NMR (100 MHz, CDCl3): & = 156.2 (dd, Nc.r = 295.5, 284.9 Hz), 110.5 (dd, 2Jc.r =
36.3. 10.0 Hz), 96.4 (t, “Jc.r = 3.2 Hz), 79.1, 78.4 (t, ®Jcr = 3.5 Hz), 73.6, 71.1, 67.8,
58.5, 55.2, 38.2, 29.2, 28.2, 25.9, 25.2, 25.1 ppm;

19F (376 MHz, CDCl3): & = -96.8 (d, 2J = 63.7 Hz, 1F), -109.6 (d, %J = 63.7 Hz, 1F)
ppm;

v/(neat) = 3305, 2921, 1745, 1232, 1045, 957 cm™;

HRMS (APCI): calcd for C1sH2sF204N1, 336.1986 [M+NH,]*, found: 336.1981;

MS (El): m/z (%): 243 (3) [M-C3H-0;]", 187 (25) [M-C7H1502]", 89 (71) [C4HsO2]*, 59
(100) [CsH-OT";

tr (GC) = 13.04 minutes.
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1,1-Difluoro-2-([methoxyethoxy]- methoxy) 3-(Propargyloxy)- tetrahydro-2H-
pyran-4-yl (222c)

Prepared as for 222a from allylic alcohol 115n (1.84 g, 6.5 mmol), propargyl bromide
(1.00 mL of an 80 wt % solution in toluene, 8.5 mmol) and tetra(n-butyl)ammonium
hydrogen sulfate (0.107 g, 0.29 mmol) in aqueous sodium hydroxide (5.3 mL, 50 wt %)
at 0 °C. The crude ether (2.22 g) was purified by flash column chromatography (90 g
cartridge, 50 % diethyl ether in hexane) to afford 222c as a pale yellow oil (1.82 g, 88
%).

R¢ = 0.32 (50 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): 5 = 5.01 (d, 2 = 6.6 Hz, 1H), 4.93 (d, 2J = 6.6 Hz, 1H),
4.26-4.17 (m, 1H), 4.10-4.03 (m, 1H), 4.02-3.82 (m, 4H), 3.82-3.73 (m, 1H), 3.56 (t, J =
5.1 Hz, 2H), 3.42-3.32 (m, 5H), 2.41 (t, “J = 2.3 Hz, 1H), 2.04-1.90 (m, 2H), 1.55-1.45
(m, 1H), 1.44-1.17 (m, 2H) ppm;

13C NMR (100 MHz, CDCls): § = 156.3 (dd, *Jc-r = 294.9, 285.3 Hz), 110.0 (dd, 2Jc.r =
36.5, 10.3 Hz), 96.5 (t, *Jc.r = 3.4 Hz), 78.8, 77.8 (t, *Jcr = 3.6 Hz), 73.9, 71.1, 67.8,
67.1, 66.8, 58.5, 55.2, 35.7, 29.5, 28.0 ppm;

19F NMR (376 MHz, CDCls): & = -95.9 (d, 2 = 61.6 Hz, 1F), -108.9 (d, 2J = 61.6 Hz,
1F) ppm;

v/(neat) = 3263, 2915, 1745, 1229, 1046, 948 cm™;

HRMS (ESI): calcd for C1sH26F20sN1, 338.1774 [M+NH.]*, found: 338.1775;

MS (El): m/z (%): 281 (1) [M-C3Hs]", 89 (100) [C4H9O2]", 59 (96) [C3H-O]";

tr (GC) = 13.36 minutes.
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1,1-difluoro-2-([methoxyethoxy]- methoxy) 3-(Propargyloxy)- phenyl (222d)

|
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O

o
F =
F (O 222d
I

Prepared as for 222a from allylic alcohol 1150 (1.90 g, 6.9 mmol), propargyl bromide
(1.00 mL of an 80 wt % solution in toluene, 9.0 mmol) and tetra(n-butyl)ammonium
hydrogen sulfate (0.107 g, 0.31 mmol) in aqueous sodium hydroxide (5.6 mL, 50 wt %)
at 0 °C. The crude ether (2.14 g) was purified by flash column chromatography (90 g
cartridge, 25 % diethyl ether in hexane) to afford 222d as a pale yellow oil (1.71 g, 79
%).

R¢ = 0.27 (20 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): 5 = 7.47- 7.29 (m, 5H), 5.46 (t, “Ju-r = 3.5 Hz, 1H), 4.96
(d, 2 = 6.4 Hz, 1H), 4.86 (d, 2J = 6.4 Hz, 1H), 4.28 (t, *J = 2.4 Hz, 2H), 3.79-3.67 (m,
1H), 3.53 (t, J = 4.6 Hz, 2H), 3.39 (s, 3H), 2.48 (t, “J = 2.4 Hz, 1H) ppm;

13C NMR (100 MHz, CDCla): & = 155.6 (dd, Ycr = 294.3, 287.7 Hz), 136.7, 127.9,
127.6, 126.2, 112.7 (dd, 2Jcr = 35.4, 11.9 Hz), 96.7 (t, “Jcr = 3.2 Hz), 78.5, 74.5, 74.4
(app. d, *Jc.F = 2.5 Hz), 71.0, 67.8, 58.5, 55.2 ppm;

F NMR (376 MHz, CDCls): 5 = -96.8 (d, 2 = 59.8 Hz, 1F), -107.8 (dd, 2J = 59.8, “Jr~
= 3.5 Hz, 1F) ppm;

v/(neat) = 3284, 2920, 1746, 1231, 1054, 954 cm'™;

HRMS (APCI): calcd for C16H22F204N1, 330.1517 [M+NH4]*, found: 330.1520;

MS (EI): m/z (%): 145 (3) [C10H9O]", 89 (92) [C4aHsO2]*, 59 (100) [C3H,0];

tr (GC) = 13.42 minutes.
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1,1-Difluoro-2-([methoxyethoxy]- methoxy) 3 - (Propargyloxy)-  4-
(trifluoromethyl)phenyl (222¢)
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Prepared as for 222a from allylic alcohol 115p (0.813 g, 2.4 mmol), propargyl bromide
(0.35 mL of an 80 wt % solution in toluene, 3.0 mmol) and tetra(n-butyl)ammonium
hydrogen sulfate (0.037 g, 0.10 mmol) in aqueous sodium hydroxide (3.0 mL, 50 wt %)
at 0 °C. The crude ether (0.917 g) was purified by flash column chromatography (90 g
cartridge, 20 % diethyl ether in hexane) to afford 222e as a colourless oil (0.679 g, 74
%).

Rt = 0.49 (5 % acetone in dichloromethane);

'H NMR (400 MHz, CDCls): = 7.65 (d, J = 8.2 Hz, 2H), 7.56 (d, J = 8.4 Hz, 2H), 5.51
(br. t, Unr = 2.7 Hz, 1H), 4.97 (d, 2J = 6.2 Hz, 1H), 4.79 (d, 2 = 6.2 Hz, 1H), 4.31 (d, *J
= 2.5 Hz, 2H), 3.75-3.69 (m, 2H), 3.55-3.49 (m, 2H), 3.39 (s, 3H), 2.49 (t, *J = 2.5 Hz,
1H) ppm;

3C NMR (100 MHz, CDCls): § = 155.7 (dd, YJc.r = 294.6, 287.0 Hz), 140.9, 129.8 (q,
2Jc.r = 32.8 Hz), 126.5, 124.8 (q, *Jc-r = 3.5 Hz), 123.7 (q, Ycr = 272.7 Hz), 112.0 (dd,
2Jcr = 36.0, 11.3 Hz), 96.7 (t, *Jcr = 3.3 Hz), 78.0, 74.8, 73.9 (t, 3Jcr = 3.2 Hz), 70.9,
67.9, 58.5, 55.4 ppm;

F NMR (376 MHz, CDCls): § = -62.6 (s, 3F), -95.8 (d, 2J = 58.7 Hz, 1F), -107.3 (dd, 2J
=58.7, “Jrn= 3.4 Hz, 1F) ppm;

v/(neat) = 3305, 2921, 1747, 1325, 1112, 1067, 1019 cm™;

HRMS (APCI): calcd for C17H21Fs04N1, 398.1385 [M+NH4]*, found: 398.1383;

MS (El): m/z (%): 361 (1) [M-F]*, 213 (4) [M-C7H10Fs0]", 89 (96) [C4HsO>]", 59 (100)
[C3H/0O]";

tr (GC) = 13.00 minutes.
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1,1-Difluoro-2-([methoxyethoxy]- methoxy) 3-(Propargyloxy)- 4-(methoxy)phenyl
(222f)
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Prepared as for 222f from allylic alcohol 115q (2.22 g, 7.3 mmol), propargyl bromide
(1.06 mL of an 80 wt % solution in toluene, 9.0 mmol) and tetra(n-butyl)ammonium
hydrogen sulfate (0.113 g, 0.31 mmol) in aqueous sodium hydroxide (6.0 mL, 50 wt %)
at 0 °C. The crude ether (2.73 g) was purified by flash column chromatography (90 g
cartridge, 50 % diethyl ether in hexane) to afford 222f as a pale yellow oil (2.19 g, 88
%).

Rf = 0.39 (50 % diethyl ether in hexane);

'H NMR (400 MHz, CDCls): = 7.35 (d, J = 8.6 Hz, 2H), 6.90 (d, J = 8.6 Hz, 2H),
5.51-5.37 (t, “Jur = 3.2 Hz, 1H), 4.96 (d, 2J = 6.3 Hz, 1H), 4.76 (d, 2J = 6.3 Hz, 1H),
4.24,4.21 (dABq, Jag = 15.9, *J = 2.4 Hz, 2H), 3.81 (s, 3H), 3.77-3.72 (m, 2H), 3.53 (t,
J = 4.9 Hz, 2H), 3.38 (s, 3H), 2.47 (t, *J= 2.4 Hz, 1H) ppm;

13C NMR (100 MHz, CDCl3): & = 159.0, 155.5 (dd, “Jcr = 294.1, 286.1 Hz), 128.7,
127.5, 113.3, 112.8 (dd, 2Jcr = 34.6, 10.7 Hz), 96.7 (t, “Jcr = 3.5 Hz), 78.5, 74.4, 74.1
(t, ®Jcr =3.2 Hz), 71.0, 67.8, 58.5, 55.0, 54.7 ppm;

19F NMR (376 MHz, CDCl3): & =-97.2 (d, %J = 60.1 Hz, 1F), -107.9 (d, 2 = 60.1, *Jr-ns =
3.2 Hz, 1F) ppm;

v/(neat) = 3283, 2898, 1745, 1513, 1247, 1054, 955 cm™™;

HRMS (ESI): calcd for C17H24F205N1, 360.1617 [M+NH4]*, found: 360.1620;

MS (El): m/z (%): 198 (19) [M-C7H1203]", 89 (76) [C4HsO2]", 59 (100) [CsH7O]";

tr (GC) = 14.55 minutes.
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6.3.13 General Procedure F — Difluorinated Pyran Preparation

Preparation of  4,4-Difluoro-2-hexyl-5-methylenedihydro-2H-pyran-3(4H)-one
(223a) and  3,3-dihydroxy-4,4-difluoro-2-hexyl-5-methylenedihydro-2H-pyran
(224a)

O HO OH
F R
F F
o} + o
2232 224a

1,3-bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g)
and silver hexafluoroantimonate(V) (5 mol %, 0.017 g) were added to a round bottom
flask. 2-methyltetrahydrofuran (5 mL) was added and the solution stirred at room
temperature (25 °C). During stirring, an off-white precipitate formed. The solution was
stirred at room temperature then a solution of ether 222a (0.320 g, 1 mmol) in 2-
methyltetrahydrofuran (1 mL) was added in a stream via syringe. The mixture was
stirred for 21 hours at room temperature then concentrated under reduced pressure to
afford the crude product as a viscous dark brown oil (0.312 g). The crude material was
purified by flash column chromatography (40 g silica, 3 % acetone in dichloromethane)
to afford an inseparable mixture of ketone 223a and hydrate 224a as a colourless solid
(0.163 g, 65 %, 1:1). A small sample of crystalline hydrate 224a was prepared by
recrystallisation of the mixture by vapour diffusion using chloroform/pentane (8 mg, 3
%).

m.p. = 70-72 °C (recrystallised from chloroform/pentane as small colourless needles)

Rf = 0.57 (10 % acetone in dichloromethane);

The following signals were attributed to both ketone 223a and hydrate 224a 'H NMR
(400 MHz, CDCls): § = 2.00-1.19 (envelope, 20H), 0.90 (t, J = 7.0 Hz, 6H) ppm;

The following signals were attributed to ketone 223a (assigned on comparison of the *H
NMR spectrum of crystalline hydrate 224a grown from chloroform/pentane with the H
NMR spectrum of the mixture and 2D NMR data)

'H NMR (400 MHz, CDCl3): & = 5.79 (br. d, *Ju.r = 4.0 Hz, 1H), 5.59 (app. q, *Jr-r = *J
= 1.4 Hz, 1H), 4.54 (br. d, 2J = 13.8 Hz, 1H), 4.42 (br. d, 2J = 13.8 Hz, 1H), 4.17-4.10
(m, 1H) ppm;
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13C NMR (100 MHz, CDClg): & = 194.7 (dd, 2Jcr = 27.9, 22.9 Hz), 138.1 (t, 2Jc.r = 18.9
Hz), 116.9 (t, *Jcr = 7.5 Hz), 109.9 (dd, YJcr = 261.2, 246.0 Hz), 81.3 (d, *Jc.r = 2.9
Hz), 67.8 (d, 3Jc.r = 3.3 Hz), 31.2, 28.7, 25.3, 24.4, 22.1, 13.5 ppm;

19 NMR (376 MHz, CDCls): & =-105.6 (d, 2J = 265.6 Hz, 1F), -120.0 (d, 2J = 265.6 Hz,
1F) ppm (the *°F-!H splittings are not resolved in the 376 MHz °F NMR spectrum).

The following signals were attributed to hydrate 224a (See page 162 of Results and
Discussion)

IH NMR (400 MHz, CDCls): & = 5.67 (d, “Jur = 4.9 Hz, 1H), 5.39 (app. g, “Jnr =4 =
1.8 Hz, 1H), 4.32 (dd, 2J = 12.9, “Jn.r = 4.2 Hz, 1H), 4.17 (br. d, 2J = 12.9 Hz, 1H), 3.65-
3.50 (m, 1H), 3.13 (br. s, 1H), 3.02 (br. s, 1H) ppm;

13C NMR (100 MHz, CDCls): 8 = 136.4 (t, 2Jc-r = 20.5 Hz), 115.5 (dd, e = 261.1,
244.3 Hz), 115.2 (t, 3Jcr = 7.0 Hz), 92.7 (dd, 2Jc-r = 27.5, 20.1 Hz), 79.4 (d, 3Jcr = 2.9
Hz), 68.7 (d, *Jc.r = 4.4 Hz), 31.1, 28.8, 28.5, 26.0, 22.0, 13.5 ppm;

19F NMR (376 MHz, CDCl3): & = -107.7 (d, 2J = 240.6 Hz, 1F), -138.7 (d, 2J = 240.6 Hz,
1F) ppm; (the °F-1H splittings are not resolved in the 376 MHz °F NMR spectrum);
v/(neat) = 3387, 2922, 1470, 1242, 1085, 933 cm™;

HRMS (APCI): calcd for C12H19F20;, 233.1353 [M+H]", found: 233.1352;*

MS (El): m/z (%): 232 (1) [M]*, 119 (32) [M-C7H130]*,**

tr (GC) = 11.22 minutes.**

*accurate mass was calculated for the ketone component of the mixture

**the mixture appeared as one peak by GC-MS, masses corresponded to that of the

ketone.

2-Cyclohexyl-4,4-difluoro-5-methylenedihydro-2H-pyran-3(4H)-one (223b) and 3,3-
dihydroxy-2-cyclohexyl-4,4-difluoro-5-methylenedihydro-2H-pyran (224b)

O HO OH
K R
F F
¢) + o)
223b 224b

Ketone 223b and hydrate 224b were prepared according to general procedure F from
ether 222b (0.318 g, 1.00 mmol) with 1,3-bis(2,6-diisopropylphenyl-imidazol-2-
ylidene)gold(l) chloride (5 mol %, 0.031 g) and silver hexafluoroantimonate(V) (5 mol
%, 0.017 g) in 2-methyltetrahydrofuran (6.0 mL). After stirring for 21 hours at room

temperature the reaction mixture was concentrated under reduced pressure to afford the
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crude product as a viscous dark brown oil (0.369 g). The crude material was purified by
flash column chromatography (40 g silica, 5 % acetone in dichloromethane) to afford an
inseparable mixture of ketone 223b and hydrate 224b as a colourless solid (0.145 g, 63
%, 7.3:1).

R¢ = 0.46 (5 % acetone in dichloromethane);

The following signals were attributed to both ketone 223b and hydrate 224b *H NMR
(400 MHz, CDCls): § = 2.15-1.89 (m, 1H), 1.89-1.55 (m, 5H), 1.47-1.09 (m, 5H) ppm;
The following signals were attributed to ketone 223b (assigned on the basis of & and
intensity)

IH NMR (400 MHz, CDCls): & = 5.82-5.74 (m, 1H), 5.47 (br. s, 1H), 4.60 (app. dt, 2 =
14.0, *J = 1.4 Hz, 1H), 4.37 (app. dquint, 2J = 14.0, *J = “Ju.r = 1.4 Hz, 1H), 3.91 (dt, J =
5.0, “Jur = 2.9 Hz, 1H) ppm;

13C NMR (100 MHz, CDCls): & = 195.1 (t, 2Jc.r = 25.1 Hz), 137.9 (t, 2Jcr = 18.7 Hz),
116.8 (t, *Jc-r = 7.5 Hz), 109.6 (dd, YJc.r = 257.0, 250.5 Hz), 85.7, 67.5, 37.8, 28.7, 26.6,
25.6 ppm;

19 NMR (376 MHz, CDCls): & = -111.7 (dt, 2J = 265.4, “Jp.n = 2.7 Hz, 1F), -120.0 (dg,
2] = 265.4, “Jr.n = 2.9 Hz, 1F) ppm;

The following signals were attributed to hydrate 224b (assigned on the basis of & and
intensity)

IH NMR (400 MHz, CDCls): & = 5.65 (d, *Ju.r = 4.9 Hz, 1H), 5.37 (app. g, e =41 =
1.9 Hz, 1H), 4.33 (dd, 2J = 12.9, “Jur = 4.2 Hz, 1H), 4.13 (br. d, 2 = 12.9 Hz, 1H), 3.37-
3.32 (m, 1H), 3.24 (br. s, 1H), 3.08 (br. s, 1H) ppm;

13C NMR (100 MHz, CDCls): & = 136.5 (t, 2Jc.r = 20.6 Hz), 115.6 (dd, Jc-r = 259.9,
244.8 Hz), 115.1 (t, 3Jc.r = 7.0 Hz), 93.9 (dd, 2Jcr = 26.6, 20.1 Hz), 82.5 (d, 3Jcr = 1.7
Hz), 69.0 (d, *Jc-r = 4.4 Hz), 36.2, 30.9, 27.6, 25.4 ppm;

19F NMR (376 MHz, CDCl3): § = -107.1 (d, 2J = 240.6 Hz, 1F), -139.4 (d, 2J = 240.6 Hz,
1F) ppm (the °F-tH splittings are not resolved in the 376 MHz **F NMR spectrum);
v/(neat) = 3404, 2917, 1452, 1217, 1091, 935 cm™;

HRMS (APCI): calcd for C12H20F202N1, 248.1457 [M+NH.]*, found: 248.1459;*

MS (EI): m/z (%): 230 (2) [M]*, 202 (58) [M-C2Ha]*,**

tr (GC) = 11.41 minutes.**

*accurate mass was calculated for the ketone component of the mixture

**the mixture appeared as one peak by GC-MS, masses corresponded to that of the

ketone.
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3,3-Dihydroxy-4,4-difluoro-5-methylenehexahydro-2H,2'"H-[2,4'-bipyran] (224c)

HO OH o)
F

F
O

224c
Hydrate 224c¢ was prepared according to general procedure F from ether 222¢ (0.320 g,
1.00 mmol) with 1,3-bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5
mol %, 0.031 g) and silver hexafluoroantimonate(VV) (5 mol %, 0.017 g) in 2-
Methyltetrahydrofuran (6.0 mL). After stirring for 21 hours at room temperature the
reaction mixture was concentrated under reduced pressure to afford the crude product as
a viscous dark brown oil (0.393 g). The crude material was purified by flash column
chromatography (40 g silica, 15 % acetone in dichloromethane) to afford hydrate 224c as
a colourless solid (0.154 g, 62 %).
m.p. = 102-104 °C (recrystallised from tetrahydrofuran/pentane by vapour diffusion as a
colourless needles);
R¢ = 0.35 (20 % acetone in dichloromethane);
'H NMR (400 MHz, DMSO-ds): 5 = 6.36 (s, 1H), 6.03 (s, 1H), 5.41 (d, “Ju.r = 4.90 Hz,
1H), 5.34 (br. s, 1H), 4.30 (dd, 2J = 12.9, “Ju.r = 4.2 Hz, 1H), 3.94 (d, 2 = 12.9 Hz, 1H),
3.81 (dd, 2J = 11.5, J = 4.5 Hz, 2H), 3.29 (dd, 2J = 11.5, J = 2.2 Hz, 1H), 3.23 (dd, & =
11.5,J = 2.2 Hz, 1H), 3.11 (t, J = “Jur = 4.0 Hz, 1H), 2.17-2.03 (m, 1H), 1.85-1.75 (m,
1H), 1.74-1.64 (m, 1H), 1.46 (qd, 23 = J = 12.1, J = 4.5 Hz, 1H), 1.36 (qd, 2J = J = 12.1,
J=4.5Hz, 1H) ppm;
13C NMR (150 MHz, DMSO-ds): & = 138.6 (t, 2Jc.r = 19.9 Hz), 117.0 (dd, Ycr = 262.8,
240.9 Hz), 114.1 (t, ®Jc.r = 7.7 Hz), 94.1 (dd, 2Jcr = 26.1, 19.3 Hz), 83.0 (d, 3Jcr = 2.7
Hz), 68.6 (d, 3Jc.r = 4.1 Hz), 67.7, 67.6, 34.0, 31.7, 29.0 ppm;
F NMR (376 MHz, DMSO-ds): 5 = -104.6 (d, 2J = 236.8 Hz, 1F), -136.0 (d, 2J = 236.8
Hz, 1F) ppm; (the °F-tH splittings are not resolved in the 376 MHz *°F NMR spectrum);
v/(neat) = 3287, 2846, 1446, 1297, 1052, 914 cm™;
HRMS (APCI): calcd for C11H1sF203N1, 250.1249 [M+NH.]*, found: 250.1253;*
MS (EI): m/z (%): 232 (2) [M]*, 202 (7) [M-CaH4]*,**
tr (GC) = 11.69 minutes.**

*accurate mass was calculated for the ketone component.
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**the mixture appeared as one peak by GC-MS, masses corresponded to that of the
ketone.

The identity of hydrate (224c) was confirmed by XRD analysis (m.p. = 102-104 °C
(tetrahydrofuran/pentane). Crystal Data for 224c: C11H16F204, crystal size 0.18 x 0.01 x

0.005 mm3, M = 250.24, orthorhombic, space group Pca2i, unit cell dimensions a
18.0944(13) A, b = 6.5258(5) A, ¢ = 18.8242(14) A, a =90°, B = 90°, y = 90°, V
2222.8(3) A%, Z =8, peaic = 1.496 Mg m3, F(000) = 1056, w(Mo-Ko)) = 0.133 mm™, T =
100(2)K, 11704 reflections measured, 4342 independent, (Rint = 0.0986]. Final R indices
[1>20(1)] R1=0.0709, ®R2 = 0.1692; R indices (all data) R1 = 0.0969, ®R2 = 0.1822.

4,4-Difluoro-5-methylene-2-phenyldihydro-2H-pyran-3(4H)-one (223d) and 3,3-
dihydroxy-4,4-difluoro-5-methylene-2-phenyldihydro-2H-pyran (224d)

O HO OH
R R
F F
O + O
223d 224d

Ketone 223d and hydrate 224d were prepared according to general procedure F from
ether 222d (0.312 g, 1.00 mmol) with 1,3-bis(2,6-diisopropylphenyl-imidazol-2-
ylidene)gold(l) chloride (5 mol %, 0.031 g) and silver hexafluoroantimonate(V) (5 mol
%, 0.017 g) in 2-Methyltetrahydrofuran (6.0 mL). After stirring for 21 hours at room
temperature the reaction mixture was concentrated under reduced pressure to afford the
crude product as a viscous dark brown oil (0.324 g). The crude material was purified by

flash column chromatography (40 g silica, 3 % acetone in dichloromethane) to afford an
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inseparable mixture of ketone 223d and hydrate 224d as a colourless solid (0.126 g, 52
%, 1:3.8).

m.p. = 76-78 °C (recrystallised from ethyl acetate/hexane by vapour diffusion as a
colourless plate);

R¢ = 0.53 (10 % acetone in dichloromethane);

The following signals were attributed to both ketone 223d and hydrate 224d *H NMR
(400 MHz, CDCl3): 6 = 7.64-7.32 (m, 5H) ppm;

The following signals were attributed to ketone 223d (assigned on the basis of 6 and
intensity)

'H NMR (400 MHz, CDCls): 5 = 5.91-5.86 (m, 1H), 5.58 (app. q, “Jn.r = *J = 1.5 Hz,
1H), 5.24 (t, “Jn-r = 3.1 Hz, 1H), 4.71 (app. dqg, 2] = 13.8, *J = “Ju.e = 1.1 Hz, 1H), 4.61
(br. d, 2J = 13.8 Hz, 1H) ppm;

13C NMR (100 MHz, CDCls): § = 193.0 (dd, ?Jc.r = 27.3, 23.4 Hz), 137.6 (t, 2Jc.r = 19.3
Hz), 132.8, 128.6, 128.1, 127.0, 117.5 (t, *Jc.r = 7.4 Hz), 110.2 (dd, *Jc.r = 260.4, 248.7
Hz), 83.6, 67.8 (d, *Jcr = 2.7 HZ) ppm;

®F NMR (376 MHz, CDCls): § = -107.2 - -108.0 (m, including -107.6 (app. d, 2J =
264.5 Hz, 1F)), -116.3 (d, 2] = 264.5, 1F) ppm; (the °F-H splittings are not resolved in
the 376 MHz °F NMR spectrum);

The following signals were attributed to hydrate 224d (assigned on the basis of & and
intensity)

'H NMR (400 MHz, CDCls): § = 5.73 (d, *Ju-r = 4.9 Hz, 1H), 5.46 (app. q, “Inr =4 =
1.7 Hz, 1H), 4.77-4.71 (m, 1H), 4.49 (dd, 2J = 13.1, “Ju.r = 4.0 Hz, 1H), 4.38 (br. d, 2] =
13.1 Hz, 1H), 2.88 (br. s, 2H) ppm;

13C NMR (100 MHz, CDCl3): & = 136.1 (t, 2Jc.r = 19.9 Hz), 133.0, 128.5, 127.9, 127.6,
115.5 (t, YJc-F = 262.8 Hz), 115.2 (t, 3Jc¢ = 7.1 Hz), 92.2 (dd, 2Jc-r = 27.7, 19.7 Hz), 80.5
(d, 3Jcr = 3.2 Hz), 68.7 (d, 3Jc.r = 4.5 Hz) ppm;

9F NMR (376 MHz, CDCla): § = -106.8 (d, 2J = 242.3 Hz, 1F), -137.2 (app. dquint, 2 =
242.3, “Jr.n = 2.0 Hz, 1F) ppm;

v/(neat) = 3306, 2905, 1713, 1326, 1203, 1047, 946 cm™™;

HRMS (APCI): calcd for C12H11F202, 225.0727 [M+H]", found: 225.0723;*

MS (El): m/z (%): 147 (4) [M-CsHs]", 90 (100) [M-CoHgO]",**

tr (GC) = 11.82 minutes.**

*accurate mass was calculated for the ketone component of the mixture

**the mixture appeared as one peak by GC-MS, masses corresponded to that of the

ketone.
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The identity of hydrate (224d) was confirmed by XRD analysis (m.p. = 76-78 °C (ethyl
acetate/hexane). Crystal Data for 224d: C1,H12F203, crystal size 0.40 x 0.20 x 0.10 mm?,
M = 242.22, monoclinic, space group P21, unit cell dimensions a = 10.4923(3) A, b =
10.7404(3) A, ¢ = 9.7896(14) A, 0. =90°, B = 97.835(3)°, y = 90°, V = 1093.91(6) A3, Z =
4, peatc = 1.471 Mg m?, F(000) = 504, w(Mo-Ka) = 1.095 mm™, T = 123(2)K, 3671
reflections measured, 2131 independent, (Rint = 0.0305]. Final R indices [I > 2o(1)] R1 =
0.0474, ®R2 = 0.1291; R indices (all data) R1 = 0.0495, ®R2 = 0.1314.

4,4-Difluoro-5-methylene-2-(4-(trifluoromethyl)phenyl)dihydro-2H-pyran-3(4H)-
one (223e) and 3,3-dihydroxy-4,4-difluoro-5-methylene-2-(4-
(trifluoromethyl)phenyl)dihydro-2H-pyran (224e)

CF3

223e 224e

Ketone 223e and hydrate 224e were prepared according to general procedure F from
ether 222e (0.380 g, 1.00 mmol) with 1,3-bis(2,6-diisopropylphenyl-imidazol-2-
ylidene)gold(l) chloride (5 mol %, 0.031 g) and silver hexafluoroantimonate(V) (5 mol
%, 0.017 g) in 2-Methyltetrahydrofuran (6.0 mL). After stirring for 21 hours at room
temperature the reaction mixture was concentrated under reduced pressure to afford the
crude product as a viscous dark brown oil (0.376 g). The crude material was purified by
flash column chromatography (40 g silica, 2 % acetone in dichloromethane) to afford an
inseparable mixture of ketone 223e and hydrate 224e as a colourless solid (0.161 g, 52
%, 1:6.1).

R =0.45 (5 % acetone in dichloromethane);
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The following signals were attributed to both ketone 223e and hydrate 224e *H NMR
(400 MHz, CDCls): 6 = 7.67, 7.65 (ABq, Jas = 8.7 Hz, 4H) ppm;

The following signals were attributed to ketone 223e (assigned on the basis of 6 and
intensity)

'H NMR (400 MHz, CDCl3): 8 = 7.49 (d, J = 8.4 Hz, 2H), 5.92-5.88 (m, 1H), 5.61 (q,
“ne =4 = 1.4 Hz, 1H), 5.30 (t, “Jur = 3.2 Hz, 1H), 4.73 (dg, 23 = 13.9, *J = e =1.2
Hz, 1H), 4.64 (br. d, 2J = 13.9 Hz, 1H) ppm;

13C NMR (100 MHz, CDCls): § = 192.2 (dd, 2Jc.r = 27.7, 23.4 Hz), 137.3 (t, 2Jc.r = 19.1
Hz), 136.5, 130.7 (q, 2Jcr = 32.8 Hz), 127.2, 125.0 (q, 3Jcr = 3.9 Hz), 117.9 (t, 3Jcr =
7.5 Hz), 110.2 (dd, YJc.r = 260.3, 247.3 Hz), 82.7, 68.1 (d, 3Jcr = 3.3 Hz) ppm (the large
1J CF; quartet could not be observed in the 100 MHz *C NMR spectrum);

9F NMR (376 MHz, CDCls): § = -62.8 (s, 3F), -107.0 (d, 2J = 265.4 Hz, 1F), -117.4 (d,
2] = 265.4, 1F) ppm (the *°F-'H splittings are not resolved in the 376 MHz °F NMR
spectrum).

The following signals were attributed to hydrate 224e (assigned on the basis of & and
intensity)

IH NMR (400 MHz, CDCls): 6 = 5.76 (d, *Ju.r = 4.8 Hz, 1H), 5.49 (app. g, “Jnr =41 =
1.8 Hz, 1H), 4.82-4.77 (m, 1H), 4.51 (dd, 2J = 13.1, “Ju.r = 4.1 Hz, 1H), 4.38 (br. d, 2] =
13.1 Hz, 1H), 3.09 (br. s, 1H), 2.81 (br. s, 1H) ppm;

13C NMR (100 MHz, CDCls3): & = 137.2, 135.7 (t, 2cr = 20.2 Hz), 130.5 (g, 2Jc.r = 32.6
Hz), 128.1, 124.5 (q, 3Jcr = 3.7 Hz), 123.8 (0, Ycr = 272.3 Hz), 115.6 (t, 3Jcr = 7.1
Hz), 115.3 (dd, YJc.r = 261.8, 242.8 Hz), 92.3 (dd, 2Jc-r = 28.6, 20.8 Hz), 79.9 (d, 3Jcr =
2.8 Hz), 68.7 (d, 3Jcr = 4.6 Hz) ppm;

19F NMR (376 MHz, CDCl3): & = -62.7 (s, 3F), -106.9 (d, 2 = 241.7 Hz, 1F), -137.2
(app. dquint, 2J = 241.7, “Jr.y = 1.9 Hz, 1F) ppm;

v/(neat) = 3621, 3259, 2921, 1708, 1323, 1067, 952 cm™™;

HRMS (APCI): calcd for C13H13Fs02N1, 310.0861 [M+NH.]*, found: 310.0857;*

MS (El): m/z (%): 292 (1) [M]*, 145 (63) [C7H4F3]", 90 (100) [M-C1oHsF30]",**

tr (GC) = 11.57 minutes.**

*accurate mass was calculated for the ketone component of the mixture

**the mixture appeared as one peak by GC-MS, masses corresponded to that of the

ketone
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Attempted preparation of 4,4-difluoro-2-(4-methoxyphenyl)-5-methylenedihydro-
2H-pyran-3(4H)-one (223f) and 3,3-dihydroxy-4,4-difluoro-2-(4-methoxyphenyl)-5-
methylenedihydro-2H-pyran (224f)

OMe OMe
O HO OH
F R
F
O + @]
223f 224f

1,3-bis(2,6-diisopropylphenyl-imidazol-2-ylidene)gold(l) chloride (5 mol %, 0.031 g)
and silver hexafluoroantimonate(V) (5 mol %, 0.017 g) were suspended in 2-
Methyltetrahydrofuran (5.0 mL). A solution of alkyne 222f (0.342g, 1.00 mmol) in 2-
Methyltetrahydrofuran was added in a stream via syringe. After stirring for 21 hours at
room temperature the reaction mixture was concentrated under reduced pressure to
afford the crude product as a viscous dark brown oil (0.319 g). Attempted purification of
the crude material by flash column chromatography (40 g silica, 3 % acetone in
dichloromethane) afforded the product as a yellow gummy solid which was impure by

NMR analysis.

6.3.14 Synthesis of morpholine derivative 228
Preparation of 4-fluoro-2-hexyl-5-(morpholinomethyl)-2H-pyran-3(6H)-one (228)

228

Ketone 228 was prepared according to the procedure of Paquin and co-workers.?® A
solution of hydrate 224a and ketone 223a (0.100 g, 0.4 mmol) and morpholine (0.104
mL, 1.20 mmol) in acetonitrile (1 mL) was added via syringe to a stirring solution of
Pd(dppf)Cl2.CH2CI; (5 mol %, 0.016 g) in acetonitrile. The resulting mixture was stirred
at 70 °C for 19 hours. After this time the reaction mixture was allowed to cool to room
temperature and quenched with water (10 mL). The mixture was extracted with ethyl
acetate (3 x 15 mL) and the combined organics dried (MgSO4) and concentrated under
reduced pressure to afford the crude product as a dark orange oil (0.137 g). The crude

material was purified by flash column chromatography (40 g silica, 35 % diethyl ether in

281



petroleum ether) to afford the product as a pale yellow oil (0.032 g). The material was
further purified by flash column chromatography (8 g silica, 35 % diethyl ether in
petroleum ether) to afford the product as an off-white solid (0.029 g, 24 %).

Rf = 0.26 (30 % diethyl ether in petroleum ether);

IH NMR (400 MHz, CDCls): & = 4.59 (app. ddq, %) = 16.9, “J = 6.6, 1.0, “Ju.r = 1.0 Hz,
1H), 4.12 (app. ddd, 2J = 16.9, “J = 6.0, “Ju.r = 0.7 Hz, 1H), 3.68 (t, J = 4.7 Hz, 4H), 2.65
(app. dt, , 20 =12.0, J = 4.7 Hz, 2H), 2.54 (app. dt, , 2J = 12.0, J = 4.7 Hz, 2H), 2.00-1.85
(m, 4H), 1.63-1.51 (m, 1H), 1.44-1.10 (m, 8H), 0.88 (t, J = 7.2 Hz, 3H) ppm;

13C NMR (100 MHz, CDCls): 5 = 185.8 (d, 2Jcr = 16.2 Hz), 147.1 (d, 2Jc-r = 259.9 Hz),
134.1 (d, 2Jcr = 8.0 Hz), 93.5 (d, %Jcr = 3.9 Hz), 66.7, 61.8 (d, 3Jcr = 3.5 Hz), 45.6,
31.1,29.1, 27.1, 22.8, 22.0, 13.5, 10.9 (d, 3Jcr = 4.2 Hz) ppm;

F NMR (376 MHz, CDCl3): & = -141.4 (s) ppm (the °F-H splitting was not resolved
in the 1°F NMR spectrum);

v/(neat) = 2928, 1693, 1675, 1115, 903 cm™™;

HRMS (APCI): calcd for C16H27F1N103, 300.1969 [M+H]", found: 300.1971;

MS (EI): m/z (%): 299 (29) [M]*;

tr (GC) = 14.59 minutes.
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