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Abstract

The impact of fluorine in medicinal chemistry ivi@ved in the first chapter of
this work and the fluorinegauche effect, which has not been fully exploited in
medicinal chemistry, is also discussed. GABAnd GABAs receptors are then
presented and the synthesis of neurosteroid antagarcting at GABA receptors is
reported. The synthesis of such compounds was atetivo explore the mode of action
of neurosteroids at GABA receptors.

The observation that the C-F bond has a strongmete to aliggaucheto the
C-N" bond in protonatefl-fluoroamines stimulated the enantioselective sysithof 3-
fluoro-GABA enantiomers. This was achieved frorandp- phenylalanine in six steps
and in an overall yield of 31%. The preferred comfations of 3-fluoro-GABA in
solution are then explored by NMR analysis afdinitio calculations. The biological
evaluation of 3-fluoro-GABA enantiomers on GABA amoiransferase was then
investigated and showed that tH®-Enantiomer undergoes HF elimination ten times
more rapidly than the§-enantiomer, suggesting a preferred binding conétion of
GABA on GABA aminotransferase. This study demornesdhat the C-F bond can be
used as a chemical probe to reveal the bindingocor#tion of a bioactive amine and
this offers exciting prospects for future research.

The synthesis of 3-fluoro-GABA from phenylalanimeglicated that amino acids
are practical starting materials for the preparatidp-fluoroamines. This methodology
is applied toL-lysine to generate B-fluorohexane-1,6-diamine. The formation of a

diamine of potential interest for catalysis is atdserved in this synthesis.

Xi



Chapter 1

Chapter 1: Fluorine in bioactive molecules

1.1 Introduction

"Independent scientific evidence repeatedly showipgover the past 50 years
reveals that fluoride allegedly shortens our lifars, promotes cancer and various mental
disturbances, accelerates osteoporosis and bragenrhold folks, and makes us stupid,
docile, and subservient, all in one package."

This quote from an article which has spread ovemt can be found on many web

sites,e.g http://www.tuberose.com/Fluoride.htmAlthough not always based on scientific

facts, this article reflects the public concernsowtbwater fluorination in the USA.
Certainly, the industrial applications of fluoriebemistry have boomed over the last 60
years and have today a visible impact on everylmodifé, not only with fluorinated
toothpastes, but also with Tefloh and GoreTeR®' which are made of perfluorinated
polymers. Fluorine chemistry now plays an importasie in a wide range of advanced
technologies extending from medicinal chemistrylitmid crystals. A quick search on
Scifinder shows that hits on “fluorine” have stéadncreased over the last 35 years, as

illustrated in Grapi.1
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Graph 1.1 Evolution of the number of hits on “bromine” atiiorine” between 1970 and 2005
on SciFinder.

Fluorine was first isolated in 1886 by French cretriklenri Moissan, a discovery
for which he received the Nobel Prize just a cgnago, in 1906. In the first part of the
20" century, fluorine had a significant impact on miaescience with the discovery of
chlorofluorocarbons (CFCs) as refrigerants andlteeovery of fluoropolymers.

The first application of fluorinated compounds imlbgy occurred in the early
1950s with the introduction of fluorinated anaestseas alternatives for diethyl ether.
Halothane 1) has long been used as an anaesthetic becausel@i iblood-gas partition
coefficient which shortens the recovery time ofigras. In the 1990s, sevoflurar® éand
desflurane §) have been found to have lower levels of metabolsd lower blood-gas

partition coefficient. They are currently used iraasthesia.

Br\\r/CF3 F3C\1//CF3 F\\r/CF3

Cl Ow o<
CH.F CHF2
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It was with the synthesis otSfluorohydrocortisone acetatd)(reported by Fried
in 1954 that the potential of fluorine to enhanée tpharmacological properties of
bioactive molecules was first demonstrated. Thiskwtas initiated the development of
fluorine first in corticosteroid chemistry but thenore widely in the pharmaceutical
industry and it is estimated at present that al2@i5% of drugs contain at least one
fluorine atom® This is remarkable as fluorine was present in d&¥y of pharmaceutical

compounds in 1970.

The physicochemical properties of the fluorine atme presented first in Chapter
and the particular reactivity of fluorinated compds is discussed. The different strategies
in which fluorinated compounds are employed in roedil chemistry are then reviewed.
Finally, the ability of fluorine to influence the@wrformation of molecules and in particular
of B-fluoroamines is examined. This conformational uefice, often called “fluorine
gaucheeffect” is well recognised but its potential inganic or medicinal chemistry has

not been fully exploited.
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1.2 The significance of fluorine in bioactive molecules

1.2.1 Physicochemical properties of fluorine

Fluorine is located at the top right hand sidehaf periodic table and is therefore
the most electronegative element (3.98 on the Rgsliale). This high electronegativity is
due to the positive charge of the nucleus (+9) Wisitongly attracts the electrons of the
outer shell. The two main consequences of thistlaaé the fluorine atom has a high
ionization potential and a low polarisability. Aadrine is much more electronegative than
carbon (2.55 on the Pauling scale), the C-F bomseuts a significant polar character
which contributes to making the C-F bond the stestdond that carbon can form with
any other element. These atomic properties of ith@oraccount for the thermal and
chemical stability of highly fluorinated compoundsd their weak intermolecular
interactions.

Due to its high electronegativity, fluorine is alygaa strong electron withdrawing
group by the inductive effect. However, it can denalectrons by the mesomeric effect
and the three lone pairs on fluorine have to besidaned to explain the specific stability of
carbocations and carbanionsor 3 to a fluorine atom. Whilex fluorine stabilises a
carbocation by the mesomeric effggfluorine destabilises a carbocation by the indiecti
effect (Figurel.l).

\ >: N
tC—F| =— F +C—>—C—>F
/T /

Figurel.l Fluorine stabilisest carbocations and destabiligesarbocations.
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While a fluorine destabilises a carbanion due tat nnrteraction, § fluorine
stabilises a carbanion by the inductive effect atgb by negative hyperconjugation.

(Figurel.2)

% -, P
[T O ﬁ '- .
FO /s C% N’/
0 F

Figurel.2 Fluorine destabilises carbanions , but stabilisBscarbanions.

Fluorination induces considerable changes in trectinic distribution of a
molecule, again a consequence of fluorine’s higictebnegativity. Additional to the
strength of the C-F bond, fluorine also strength@én®, C-C and other C-F bonds wheaen
to fluorine. This for example accounts for the vgood chemical and enzymatic stability
of a CRk; group.

Changes in electronic distribution imply obviousanbes in reactivity. For
instance, when fluorine 13, § or eveny to the site of a nucleophilic substitution,1Sand
S\2 reactions are generally disfavoured, becausbefriductive effect of fluorine which
strengthens the bond to be broken. Thus, fluorinendsts quickly realise that many
reaction conditions that work with non fluorinate@mpounds are not immediately
transposable to fluorinated substrates becaudeeddfecific reactivity of fluorine, leading
often to surprises or disappointments. One exarapieng others is the hydrolysis of a
tosylatea to a Ck group which occurs on the O-S bond and not asaegdeon the C-O

bond' (Figure1.3).
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R _CF, CFs
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Figurel.3 Fluorine effect on the hydrolysis of tosylatemilF; group in thex position

The presence of a fluorine atom in a molecule aféects the properties of nearby
functional groups. Because of its electron withdraweffect, fluorine causes carboxylic
acids, amines and alcohols to be more acidic, fettefvhich can be dramatic and change
the nature, the solubility and the reactivity ahalecule. Tabld.1and Tablel.2 show the
effect of fluorination (mono, di and tri-fluorinath) on the pK of acetic acid and on
protonated ethylamine. This effect will be discussemore detail later but it demonstrates

here that the pkKof bioactive molecules can be modulated by th@dhtction of fluorine.

Compound

CHCOH

FCHCOH

FCHCOH

FCCOH

PKa

4.76

2.59

1.24

0.23

Tablel.1 pK,of acetic acid and its-fluorinated analogues in water at 25>C.

Compound

CHCH,NH

FCHCH,NH»

F,CHCH;NH

FCCHNH

PKa

10.7

8.97

7.52

5.7

Tablel.2 pK, of ethylamine and itg-fluorinated analogues in watlr.
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Fluorine can be used by medicinal chemists as latdomne the pKof amines or
acids in order to improve for example the solupilithe oral absorption or the
bioavailability of a drug. Numerous examples eknisthe literature where the introduction
of a single fluorine atom has been beneficial ainhvivo activity of a bioactive molecule
because the pkhas changel?® Modulation of pk can also affect the binding of a drug to

its target macromolecule, in a positive or negatvag.

A key property of fluorine in medicinal chemistry its small size. With a van der
Waals radius of 1.47 A, fluorine is the smallesbstiluent (other than hydrogen’s
isotopes) that can be used to replace a hydrogem étan der Waals radius 1.20 A).
Therefore, the substitution of a hydrogen atomflieorine doesn’t induce much steric or
geometrical perturbation and it is well establisliedt enzymes will generally bind the
fluorinated analogue of a natural substrate. THusrine is a good hydrogen mimic and
has been widely used in medicinal chemistry in thspect. Counter examples have been
published recently where the size of a fluorinemattoes induce geometrical changes in
sterically hindered systems. Substitution of a bgen atom by a fluorine atom prevents
for example 8-heptapeptide from foldinf, but in general such steric effects are small.

Fluorine is actually more isosteric with an oxygaiom, whose van der Waals
radius is 1.52 A' The van der Waals volume (Y of a hydroxyl group has been
calculated to be around 8.04 Tmol?, but 1.05 crimol™ is subtracted from this value for
each hydrogen bond formed (Talle). The C-F bond for secondary or tertiary fluorine
has a V, of 6.2 cmi.mol™ and in the case of aromatic fluorine, this vakié.8 cm.mol*.**
Moreover, the lengths of typical C-F and C-O bo(id89vs 1.43 A) and their comparable

electronegativities (oxygen is the next most et@agative element after fluorine) suggest
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that fluorine can be regarded also as an isost@ddsopolar replacement for the hydroxyl

group.
Atom or group \, (cm?® mol™)
C(primary)-F 5.72
C(secondary)-F 6.20
OH (without hydrogen bond) 8.04
>Ck, 15.3
>C=0 11.70
Chs 13.67
CRK 21.3

Table1.3 van der Waals molar volume,\(cn mol™) for various non-fluorinated and fluorinated
functional groupé.l’

The major difference between fluorine and the hydrgroup is the ability of the
latter to form strong hydrogen bonds which are spdnsable features in biological
processes, such as molecular recognition, bindmgfaelding. In contrast, and despite its
three lone pairs, fluorine is a weak hydrogen baackptor. This is mainly due to its low
polarisability: the three lone pairs of electrons &ightly held by the nucleus.

It is clear that fluorine cannot directly repla¢e trole of the acidic hydrogen in a
hydrogen bond, but it can indirectly act as a hgdrobond donor by enhancing the acidity
of a geminal proton. This property has been shoarnCH groups where the acidic
proton can interact with O=C groupsCuriously, this property has not been discussed
much in the literature. It is the ability of fluag to act as a hydrogen bond acceptor which

has been the subject of debate over the last decade

A hydrogen bond is defined by a C-F----H-X consacrrter than 2.35 A where X is

an electronegative atom such as N or O. Dunitzewrihat “organic fluorine hardly ever
8
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accepts hydrogen bonds, that is, it does so onlghénabsence of a better acceptdr.
O'Hagan et al'® have calculated that the strength of a C(sp3)HO- bond is
2.38 kcal.mof, which represents less than half the strength 6t@:---H-O bond (5-10
kcal.mol"). The conclusion is that fluorine is only a weakdiogen bond acceptor.
Furthermore, analysis of the Cambridge StructurataDase reveals that short contacts
consistent with a true F----H bond are extremed/faAccording to Diederich and Miiller,
they should rather be described as dipolar intenast’

However, it is now recognised that although thogteractions are much weaker
than C=0----H-X (X= N or 0), they do influence nwollar packing in crystaf® In
addition, numerous intermolecular O-H----F-C and-N-F-C hydrogen bridges have been
reported to stabilise the binding of fluorinatednpmunds to enzyme active sifgs?

This leads us to a newly recognised interactiorcrilesd as a C-F orthogonal
dipole-dipole interactictt between intrinsically polar C-F and C=0 bondshas being
discovered by examination of the Cambridge StrattDatabase that the C-F bond often
points approximately perpendicular to the partigibsitively charged electrophilic carbon

of a C=0 or a €N bond as shown in Figute4.

Figurel.4: Schematic representation of C-F interaction watboxyl and nitrile group.

These interactions have been found in small moéscund in protein-ligand
complexes. Initial measurements of these stabilising intdoeaxst on a model system gave
a relatively low value of about 0.19 to 0.36 kcallthin nonpolar solvents such as

chloroform or benzen®. By comparison, the average stabilising effect ipok-dipole
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orthogonal C=0----C=0 interactions have been emim® be about 1.9 kcal.mbf?
H----F bonding in crystal structures have beemtlcscrutinised in order to discover new
motifs which are prone to form stabilising intefans with fluorine and which can render
a specific binding site fluorophilit’

There is no doubt that further discussions wilsaiin the near future on the ability
of fluorine to form noncovalent interactions withlar bonds as this is of great interest in
medicinal chemistry for understanding the specifimding abilities of fluorinated
substrates to macromolecules.

The C-F bond has proved to be a good substitut€fdror C-OH bonds. In some
instances, other fluorinated motifs have been wsexliggested to mimic other functional
groups of natural substrates. In particular, fluokefins are considered good bioisosteres
of peptide bonds. When incorporated into a peptige,geometry, the charge distribution
and the dipolar moment of the fluoro olefin are dise enough to those of the peptide
bond to be recognised by enzymes. Traesdouble bond maps sterically the length and
the angle of the peptide bond and the fluorineodhices the polarity in the olefin unit in a
direction similar to the effect of the oxygen iretheptide unft (Figurel.5). This strategy
has been used with success to make peptidasetarsftfiCalculations on dipole moments
have shown that trifluoromethylalkene isostei®safe even better electrostatic mimic of

the amide boné®

—-0.366 0138 0122
Hoc O HO.C  F HO.C  H ) CF,
CN)H/NHZ MNHZ NH, ;\'\"J\; f%;
0275 0014 -0.201
0541 0424 0.096
5 6 7 8

Figurel1.5 Comparison of the charge distribution in dipeptithd dipeptide analogu®s.

10
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Lipophilicity is another physical property whichrcde greatly affected by the
introduction of one or more fluorine atoms into alecule. There is no simple relationship
between fluorination and lipophilicity, however geal rules have been established.
Fluorination always increases lipophilicity in thase of aromatic compounds. In the case
of aliphatic molecules like alkanes, fluorinatiosually decreases the lipophilicity but
increases the hydrophobicity, such that highly filiated or perfluoro compounds are not
soluble in organic solvents nor in water but rafleem a third phase, a fluorous phase. It is
important here to distinguish between lipophilicégd hydrophobicity which reflect the
same idea in the case of non fluorinated compobntsvhich are different with molecules
containing several fluorine atoms. This is due he tefinition of lipophilicity as the
logarithmic coefficient of a compound’s distributibetween octanol and water at a given
pH, usually 7.4. As the solubility of fluorinatedropounds usually decreases more in
water than in octanol, it seems sometimes tharrifiation increases lipophilicity but it
just reflects the lack of affinity for both solveiif In any case, it is very difficult to predict
the effect of fluorination on the lipophilicity @fliphatic compounds.

This is illustrated by a study conducted by H.JhBton a large number of pairs of
molecules, in which one hydrogen atom was subsetitlity one fluorine atom. Ldg was
measured for each compound and the differencegiD ltor each pair was calculated. The
results presented in Gragh?2 indicate that fluorination has indeed various @Beon
lipophilicity. Although this study has been condeation a structurally limited database of
fluorinated compounds, it shows that on averagestgution of one hydrogen atom by a

fluorine atom increases lipophilicity slightly, byughly 0.25 log unit,

11
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Graphl.2 Histogram of change in Idg observed upon substitution of a hydrogen atom by a
fluorine atom®

Lipophilicity is a key parameter in medicinal cheiny. Indeed, a good drug must
be lipophilic enough to be able to cross numeraotogical membranes, typically lipid
bilayer membranes on the way to its target. Thensotarget, usually a protein, it partially
desolvates to bind on the specific binding site tbé macromolecule. Lipophilic
interactions are of particular importance for obitag a good binding affinity and this
explains why drugs often possess lipophilic grosysh as aromatics or @FHowever, a
drug must not be too lipophilic because this redutts water solubility and its
bioavailability. Therefore a balance is requiredwsen good lipophilicity and sufficient
overall polarity. This can be brought about by flne, which can simultaneously increase
lipophilicity and dipolar interactions, an interi@st intrinsic property of fluorine which is

called “the polar hydrophobicity of fluorinated cpounds™’

12
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1.2.2 Fluorine in medicinal chemistry

We have seen that the introduction of fluorine change the electron distribution
and therefore the biological properties of a mdkecAlso, fluorine usually has beneficial
effects on lipophilicity and on the pkof drugs, two crucial factors for their transpand
their bioavailability. A third important factor fathe biological activity of a drug is its
metabolism and here too fluorine can play an ingoartole.

Before reaching its target, the drug needs to tremiglic or basic media and
numerous adventitious enzymes. For example, rapidatve metabolism of lipophilic
compounds by liver enzymes, particularly thepleytochromes, often reduces the half-life
of the drug. B, cytochromes are oxidative enzymes containing aehgroup at the active
site and they transform a hydrophobic substrat® iat more hydrophilic one by
introduction of a hydroxyl group.k cytochromes require for reaction one molecule of
oxygen, two protons and two electrons. Most aromatiidations involve R
cytochromes with radical-cation intermediates drsgéms that the electronic deficiency in
the complex C----H----O)¢s disfavoured by the electron withdrawing effett fluorine
atom or a fluoroalkyl group. As a result, substitgta C-H by a C-F bond in a molecule
can block or reduce its oxidative metabolism hyoRnzymes. This accounts for the
plethora of drugs bearing a fluorinated substitummtan aromatic ring, especially in the
para position. This is the most widely used method tevpnt oxidative metabolism of

aromatic rings. Figuré.6illustrates this ide®®

13
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Figure1.6: Development of Ezetimibel.() as a potent inhibitor of cholesterol absorpfion.

The ability of fluorine to block oxidative metabsin can also be a problem in some
cases when it makes the drug metabolically tooletdthus, fluorinated compound )
had a half-life of 220 h which was not acceptablesf drug, but substitution of the fluorine
by a metabolically labile methyl group shortened kalf-life of compoundi2) to 3.5 h.

Celecoxil® (12) is a cyclooxygenase 2 (COX 2) inhibitor (Figur&).

F Me
/) CF3 Optimisation / CF3
{©/N\N {©/N\N
CH3SO, 11 CH3S6, 12

t12 (rat) up to 220 h 1k (rat)=3.5h

Figurel.7: Development of Celecoxildp): effect of methyl substitution for fluorine onetialf-
life of (11) and (2).2°

Also, significant levels of non-metabolised fluaiad drugs can be found in
wastewater, representing a hazard for the envirohnaed health. ‘The Scotsman’
newspaper reported or" August 2004 that British drinking water containsoketine
(Prozac) 13), one of the most prescribed anti-depressant drugfgee world. Fluoxetine is
present in wastewater because of the large quesptiescribed but also because it is only

partially metabolised in the body before being etex.
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/©/CF3
O

NHMe
13

Prozac

Fluorine is often used to slow down the oxidativetaibolism of a drug but in some
cases, fluorine can also accelerate such metabHflistherefore, the introduction of
fluorine can not be regarded as a general methaddioce metabolism and it remains a

trial and error process in medicinal chemistry diepment.

Due to the specific electronic effects mentioneevmusly, fluorine can be used in
many ways to design analogues of natural compoana$ natural intermediates, for the
purpose of inhibiting enzymes or disclosing enzymatechanisms. An example among
others is the stabilisation of hemiketals by théurtive effect of fluorine (Figurd.8),
which has been applied to design compounds thatianihe tetrahedral intermediate

during the enzymatic cleavage of esters or peptdesis.

o) ‘O OR HO OR
R + ROH ———> R —_— R

8" Ry R4 Ry
F F F F F F

Figurel1.8 Stabilisation of hemiketals by fluorine.

Schemel.l shows the cleavage of a peptide bond by a senioggse and its
inhibition by an a-difluoro-ketomethylene peptide analogue. The appilon of this
strategy is extremely broad. A large number ofudifo- and enantiopure monofluoro-
ketomethylene peptides isosteres has been syrgddsisthis purposg-* Many of these
have been used for the study and the inhibitiordifferent kind of protease$. This
inhibition of proteases comes from the propensitgittuoro ketones to form hemiketals.
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Consequently, the intermediate is stable enough to remain covalently bound in
the active site of the enzyme as a more or lesvarsible inhibitor which can still be

displaced by the natural substrate.

Enz-Ser
o 0 o
Enz-Ser-OH 0
H H H e
/N\)J\ ~Pep2 /N\)< ~Pepz /N\)J\ 3 + HEN/p b2
pep” Y N pep N pep” Y O
R R Enz-Ser-OH R
Enz-Ser Enz-S(lar
e Enz-Ser-OH y o9 pHo P
N ep' N ep' N ep'
pep/ %(P P —_ e pep/ \;)S(P P —_— pep/ \;)S(P P %%»
R F F R F F R F F

stable intermediate

14

Schemel.l Inhibition of serine protease by a difluorometng peptide isostere.
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Fluorine can play many roles in the rational des@nfluorinated substrate
inhibitors of enzymes. One of particular interesthis context, is the concept of suicide
substrates for the inhibition of pyridoxal-5'-phaspe (PLP) dependent enzymes. PLP
dependent enzymes form a large family which inctudemino acid racemases,
decarboxylases and amino transferases. Their lalbgple is crucial in the control of
amino acid and neuroamine metabolism. Sch&rReutlines the general transformation of

amino acids into amines arketo acids by PLP dependent enzymes.

Enz—Lys
NH* Enz—B|
b, R €Oy
THS @
o
2 0;PO 2 04PO

amino acid | )
N+
N

/)
v

N
&

Pl
I

% O4PO
transaminase

2 0,P0

PMP

+ S

Enz—Lys
NHz*

Schemel.2 Mechanisms of PLP dependent enzymes.
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A suicide substrate is usually a compound whichtHgyaction of an enzyme can
generate a Michael type acceptor species. Thisespdten reacts quickly and irreversibly
with a nucleophile located in the active site af #nzyme. In the case of PLP dependent
enzymes, suicide substrate inhibitors typicallygass at least one fluorine at@nto the
amino group linked to the PLP co-factor. This ithates the biological importance pf
fluoro amines an@-fluoro amino acids. The fluorine can be placelezion the side chain
of the amino acid or on a CkXgroup in thea-position, depending on the enzyme
(Schemel.3). The formation of the Schiff base is facilitatey the electron withdrawing
effect of the fluorine which renders tloeproton more acidic. Loss of fluoride generates
the active Michael type acceptor which reacts tgadith a nucleophilic residue on the
enzyme.

decarboxylase

Schiff base Michael acceptor

racemase, transaminase

Schiff base Michael acceptor

Schemel.3: Inhibition of PLP dependent enzymesfBfiuoro amino acids.

18



Chapter 1

Schemel.3 presents the general mode of action of fluorinatédide substrates on
PLP dependent enzymes. In some cases howeveredhenechanism is more complex.
The inhibition of PLP dependent enzymes by fludedaamino acids will be discussed

later on the particular case of the GABA transarsena

Given the physiological importance of those transfations, significant efforts
have been made towards the design of fluorinatdwbibors. This has led to some
successes in the 1980s. For examplglifluoromethylornithine 15) was found to be a
good irreversible inhibitor of ornithine decarboag&* and it is still used for the treatment
of trypanosomiasis also called sleeping sickneSs(+)-a-(Fluoromethyl)histidine 16)
and pB-fluoroalanine 17) were found to be irreversible inhibitors of hiktie

decarboxylas® and alanine racema&e*’ respectively.

COH “ COH COH
HZN/\F/H?( NWCHZF F /\l/
2HC N, NH,

\_NH NH;

15 16 17

The inhibition of PLP enzymes stimulated an eantieriest in fluorinated amino
acids. Recently, they have gained a renewed irtexed this is reflected by an increase in
publications in this area. Most of current reseaochfluorinated amino acids is now
focused on their incorporation into enzymes, flnated polypeptides and fluorinat@e
peptides (peptides made @ffluoro-f-amino acids). One of the reasons for this inteigest
that fluorinated amino acids have a significanli@hce on the conformation, stability and

folding of such compounds.
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One fluorinated amino acid that has attracted rea@mrest is 4-fluoroproline.
Raineset al. have discovered that its substitution for prolore4-hydroxyproline in the

collagen structure produces a thermally more stadlieal peptide (Figuré.9).%®

Fraction unfolded

i 40 Gl Bl 100

Temperature (°C)

Figurel1.9 Thermal denaturation of collagen-related tripitides®

(Proline-Proline-Glycing), (blue): T.(°C)=41*1
(Proline-(4&)-Hydroxyproline-Glycine), (red) : Tu(°C)=69*1
(Proline-(&R)-Fluoroproline-Glycine) (black): F(°C)=91%1.

Tm(°C) is the temperature at the midpoint of the ttedrtransition curve.

Collagen is the most abundant protein in animapgrasenting 75% of the weight
of human skin for example. In connective tissudlagen consists of three individual
peptide strands folded into a right-handed tripiéixh Each strand comprises about 300
tripeptide repeats of the sequence (X-Y-Gly), whgnaine (Pro) and ®)-hydroxyproline
(Hyp) are most prevalent in the X- and Y-positioaspectively. The substitution of R
hydroxyproline for (4&)-fluoroproline confers the greater thermal staépilio the
decatripeptide, with [ rising from 69 °C to 91°C. This striking increasesults from
stereoelectronic effects.

Molecular modeling of the triple helical (Prolinegefine-Glycine), strands has
shown that the pyrrolidine ring of proline adoptsefprably a &endo ring puckered

conformation in the X-position whereas it adopteferably a Gexo ring puckered
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conformation in the Y-position. Both ring confornuais are populated at room
temperature in the case of proline, increasingetiteopy of the system. But in the case of
(4R)-fluoroproline, the Gexo ring puckered conformation is greatly favourddhe
predisposition of (B)-fluoroproline towards this ring conformation tesain the Y-position
to stabilisation of the triple heliR This specific fluorine effect comes from the progiey

of the C-F bond to aliggaucheto the C-N bond (Figur&.10, which will be discussed in

sectionl.3

E

{— Y

[¢]
Gr-endo @-exo

Figurel.1Q Stabilisation of the ¢exoring conformation in the case offjfluoroproline.

The discovery of thermally stable collagen-relgpegtides is of great interest and
opens the way to the production of new biomateribdsdate, the tripeptide unit (Pro-Flp-
Gly) offers the greatest thermal stabiltfy.

Other recent studies have illustrated the pivotdé¢ rthat fluorine can have in
protein engineering and in influencing peptide comfation. Recently, the St Andrews lab
has demonstrated that the incorporatiortho€éo and erythro difluorosuccinic acid into

small peptides has a strong influence on the pepthformatiori’

+ 42 Also, B-peptides
have been the subject of many conformational ssusiiece it was shown that they adopt
secondary structures similar to theipeptidic analogues. As they are metabolically more
stable thana-peptides, this class of compounds has potentiaflrags or non-natural

polymers. Interesting discoveries have been madsrfield, such as the observation that

a single stereogenic C-F inversion forcep-laeptapeptide to adopt two totally different
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secondary structuré§ However, despite interesting and often quite dtamubservations,

the field of fluorinated-amino acids anfl-polypeptides remains largely unexplored.

Fluorinated amino acids have also been incorporatedproteins with the major
advantage that the chemical environment of therifhated residue and therefore the
folding of the protein can be monitored BY¥ NMR, a technique which is extremely
sensitive to the spatial environmeftt NMR analysis can then be used to investigate
conformational changes in a protein which occur dgample when a substrate binds.
Moreover, no background fluorine signal is obseryesn natural proteins. Also, the
introduction of fluorine into proteins can induceieased thermal stabilffor a change in
lipophilicity, but the general consequences of phesence of fluorinated amino acids in
proteins remain not very well understood. Neveghg| the early observations obtained
from incorporating fluorinated amino acids into pées and proteins have raised their
level of interest and have stimulated the developgnoé new methods of syntheses for

fluorinated amino acids.
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1.3 The fluorine gauche effect

1.3.1 Origin of the gauche effect

Most often, the effects of fluorine on the confotioa of large molecules such as
peptides cannot be explained by its size, but rdifidhe stereoelectronic effects induced
by the presence of the fluorine atom. Although ¢heffects can be dramatic, they are often
omitted in discussions of fluorine in medicinalasganic chemistry, perhaps because such
stereoelectronic effects have largely been of avadeterest only. People have recently

understood how they can be applied advantageausheidesign of fluorinated molecules.

The most widely discussed stereoelectronic effextoeiated with fluorine is
undoubtedly the so-calledjauche effect which recognised that the lowest energy
conformation for two vicinal C-F bonds has the tfimrine atomsgaucheto each other
rather thananti as one might expect intuitively for steric reasam&l dipole repulsion
between the electronegative atoms (Figudel).

The simplest and most studied system where theifleigaucheeffect is observed
is 1,2-difluoroethanel@). In 1960, Klabo& showed by analysis of infrared absorption
spectra that thgaucheconformer is more stable than taeti conformer. Since this time,
many more studies have been carried on the confamnah behaviour of this system and

NMR data® ab initio calculationg'®4®

and X-ray diffractio® have all concluded that the
gaucheconformer is more stable than thati conformer by ~1 kcal.md| an unusual

observation which is not seen with 1,2-dichloroathar 1,2-dibromoethane.
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H H
F H ~ 1 kcal.mol F H
L
F H H F
H H
18a 18b

Figure1l.11 Newman projections of the rotamers of 1,2-difhethane. Thgaucheconformer
(184 is stabilised by ~1 kcal.mblover theanti conformer {8b) in the gas phas8.

This effect is not limited to 1,2-difluoroethaneim8ar observations have been
reported orerythro- andthreo-2,3-difluorobutane X9) and (20): the gaucheconformers
(19a) and(19c) are more stable in organic solvents as well deergas phase. The energy
required to bring the two methyl groups into clgseximity is overcome by favourable
fluorine gauchestabilisatiort” In the case othreo-2,3-difluorobutane, the fluoringauche

effect and steric interactions reinforce the comi@tion Q0b) (Figurel.12).

. H H H
F H HaC F H CH,
/\|/ F CHs F CHs F CHs
F CHs H F

19 19a 19b 19¢
. F F F
F H HsC F H CH,
)\|/ H CHy H CH, H CH;
F CHs H F
20 20a 20b 20c

Figurel.12 Newman projections of the rotamerseo§thro- andthreo
2,3-difluorobutaneX9) and @0).
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Different explanations have been proposed to ratisa the gaucheeffect”. The
most widely accepted theory comes from the gendeal that the preferred conformation
places the best-donor bond or lone pair, antiperiplanar to thetlseacceptor bond. This
is to conform with the hyperconjugation of the #len-rich bondings C-H orbital to the
electron-deficient antibonding* C-F orbital, which requires the C-H bond to align
antiperiplanar to the C-F bond (Figurel3. C-H bonds are generally bettedonor bonds

than C-C bond®?

Figurel.13 Hyperconjugatiomc.y — 6*c.r

A so-called “bent-bond” theory has also been adedrzy Wiberd’ to account for
the lower energy of thgaucheconformer. X-ray analyses amb initio calculations have
shown that the bond which is defined as the patinafimum charge density between two
atoms does not always follow a straight line ais iconventionally representédlin the
case of 1,2-difluoroethane, Wiberg explaitfethat the energy difference between the
gaucheand anti conformers does not come from stabilisation of glaeichebut from
destabilisation of thenti conformer. The strong electronegativity of theofine atom
induces a distortion of the C-C orbitals to giveCeC bond bent towards the fluorine
(Figurel.14). In theanti conformer, the C-C orbitals are bent in oppositeation, leading
to decreased overlap and poorer bonding, where#iseigaucheconformer, orbitals are
bent roughly in the same direction. The concepiesft orbitals has been widely proposed

to explain the stability of small rings such aslopcopanes.
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H >
H H
anti conformer

cII,///H
gauche conformer

Figurel.14 Bent bond analysis: Tranti conformer is destabilised due to a pocregerlap. The
gaucheconformer overlaps in a better bond.

transisomer (Figurel.15.>*

Likewise, the C=C bond in 1,2-difluoroethene is w8hoby calculated charge
of the cis-1,2-difluoroethene, which accounts for the betibility of thecis over the

density maps to be distorted in the case otrdmes 1,2-difluoroethene and bent in the case

Figurel.15 Wiberg electron density maps @&-1,2-difluoroethene (left) angans1,2-
difluoroethene (right) calculated using 6-31+G*ibaet*
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However a recent study has showed that energyrelifte “due to bond bending is
too small to account for a significant portion bét~ 1 kcal.mot preferential stabilisation
of the gaucheconformer™® It has also been pointed that not only antipeniptasc.y
—c*c.r should be considered in the hyperconjugation théwe figurel.13), but alsocis
oc.H—0*cF as it appears that hyperconjugation fraisioc. accounts for around 25 % of
the antiperiplanasc.; hyperconjugation stabilisation (Figutel6).*® This is an important
statement and it could explain why the F-C-C-F diaeangle in X-ray structuré&sof 1,2-

difluoroethane is 68° and not 60° as it shouldrbtheory.

(@)anti (b) cis

Figurel.16 Antiocy —0*cr andcisocy —o*cF Orbital overlaps, showing the greater overlap of
the main lobe of thanti orbital C-H bond with the back lobe of the C-Ftiaond. The orbital
contours are shown in the C-C-F pléfe.
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Thegauchepreference is not only observed in vicinal C-Fd®orystems. In fact, it

is general for any electronegative substituent$ g fluorine, oxygen or nitrogen. For

example, one C-F bond can be substituted by a @td, since the electronegativity of

the hydroxyl group is only slightly less than thaft the fluorine atom. Thus,agiche

preferences have also been describeiifinoroalcohols>® 2-Fluoroethanol is the simplest

B-fluoroalcohol and has been used as a model toy shel conformational behaviour of

vicinal C-F and C-O bonds. It appears that the mdé&e adopts clearly ajauche

conformation 21a), stabilised by 2.0 kcal.mol over the anti conformation 21b).

However, this stabilisation does not originate ofrlym through-bond stereoelectronic

effects but rather from an intramolecular O-H-bdad. Indeed, the calculateghuche

structure 210 which lacks intramolecular O-H---F bond is lowerenergy than itanti

structure 21d), but only by 0.1 kcal.mdl In conclusion, stereoelectronic effectspin

fluoroalcohols contribute only to a very small pamtthe stabilisation of thgauche

conformation (Figurd..17).%% %®
H H
F,H: oo 2.0 keal.mol! H"l__ oo
H HH F HH
21a 21b
Q Q
F ;0 —H 0.1 kcal.mol! HH :0 —H
H HH F HH
21c 21d

Figurel.17 Calculated minimum conformations of 2-fluoroetblithe gaucheconformer 214) is

stabilised by ~2 kcal.mdldue to intramolecular O-H---F bonding.
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The gauche preference in 2-fluoroethanol arises almost exohlg from
intramolecular O-H----F bonding. Therefore it wagresting to investigate the situation
when the hydroxyl group becomes protonated. Twaofacshould reinforce thgauche
preference: firstly, the positive charge on thegety increases the polarisation of the C-O
bond which should result in a stronger stereoadeatr effect and a lowes* energy.
Secondly, the protonated oxygen is a better hyardged donor.

Calculations have shown indeed that the most staiiéormation of protonated 2-
fluoroethanol 224) is 7.2 kcal.mof more stable than i@nti structure 22b) and includes
an intramolecular O-H----F bond. The calculageaiche structure 22¢) which lacks
intramolecular O-H----F bonding is still 4.4 kcallth lower in energy than its
correspondinganti structure 22d) (Figure 1.18. This value represents more than four
times the stereoelectronigauche stabilisation in 1,2-difluoroethane and suggesiat t
intramolecular hydrogen bonding accounts for aro@r&ikcal.maof in the stabilisation,
which is close to the value found for the intrancalar O-H----F bonding in the non-

protonated species (~2 kcal.nipl

FH H\O+_H 7.2 keal.mol™! H"| H\O+_H
S y
H HH F HH
22a 22b
H H
FH ° O"—H 4.4 kcal.mol™! H O"—H
H H FoH
22c 22d

Figurel.18 Calculated conformations of protonated 2-fluohaeiol: thegaucheconformer 22a)
is stabilised by 7.2 kcal.mblover theanti conformer 22b) due most probably to stereoelectronic
effects and intramolecular O-H----F bonding.
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In a similar manner t@-fluoroalcohols,-fluoroamines exhibit a smafiauche
preference, although this effect is less pronouraseditrogen is less electronegative. In the
case of 2-fluoroethylamine, tlgaucheconformers are stabilised over theti conformer
by around 1 kcal.mdl It seems that this stabilisation, similar to tifatind in 2-
fluoroethanol, arises from intramolecular H---- Rding >

The situation changes dramatically when the nitnogecomes protonated and a
large gauche preference is then observed. Tlgauche conformer 23a) of 2-
fluoroethylammonium is stabilised by 5.8 kcal.thaver theanti conformer 23b) as
evaluated by density functional theory (DFT) cadtigins (Figurel.19.> This observation
is potentially of some utility as amines are pratiea at physiological pH and such an
effect will be observed irvivo for p-fluoroamines. The large value of 5.8 kcal.thol
indicates that the fluorinated amine is fully paged in thegauche conformation in

solution.

He H H{ H
+__ +__
FH,_ N*—H 5.8 kcal.mol! HH,_ N*—H
H H FooH
23a 23b

Figure1.19 Thegaucheconformation of 2-fluoroethylammonium is stabitidey 5.8 kcal.mot
over theanti conformation.

Other systems such as 3-fluoropiperidiniug#)( N-methyl-3-fluoropiperidinium
(25 and N,N-dimethyl-3-fluoropiperidinium Z6) salts have been studied by NME&h
initio calculations and X-ray crystallography. Consisteith the observations described
above, a strong preference fruchealignments of the C-F and CtMonds was observed
when the nitrogen is positively charged (Figlir20).>’
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H
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H-N~— H~+N/Z/F
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24a H 24p
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|
Me
26a 26b

Figurel.2Q Stabilisation of thgauche(axial) F-C-C-N conformation over thanti (equatorial)
conformation in 3-fluoropiperidinium systenys.

As theanti conformers 24b), (25b) and @6b) were never detected in solution, the
gaucheconformers 24a), (25a) and @6a) were estimated to be at least 2.5 kcalmol
lower in energy. It is predicted that the stahilisieffect lies around 4-5 kcal.nol
Different parameters could be evoked to explairs ififect. Intramolecular C-F---H-N
bonding can help stabilise tlgaucheconformation, but it has been shown before that
fluorine is only a weak hydrogen bond acceptor.ifaiy, through-bond stereoelectronic
effects do not contribute to a large stabilisatsnno cleagauchepreference is observed
in the neutral system. However, the presence optsitive charge in protonated systems
may lower the C-Nbondcs* energy and favour hyperconjugation, but this has been
investigated. It seems that the main explanatiorie large F-C-C-Ngauchepreference
in these systems is a charge-dipole interactioins Tharge-dipole interaction is powerful
enough to accommodate the axial orientation of rio and the subsequent steric

congestion with the two methyl groups in struct{2@a).
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A large number of molecules with the F-C-C-Motif have been synthesised in the
St Andrews laboratories and elsewhe@auche conformations are always observed,
indicating that this effect is intrinsic to this tifoMost recently, 2-fluoroethylpyridinium
salts have been synthesised and the putative folgydrogen bonding is suppressed in
these systems2()-(29) (Figure 1.21).°® The charge-dipole interaction in the F-C-C-N
gauchepreference is a reasonable working hypothesisoéally as the C-F bond has a
strong dipole. However, further studies are requi fully understand the origin of the

gauchepreference in such chargpdluoroamines.

N cl- cl-
NG NS NN N
® B Y Y
a N a N = =
L_F _F
27 28 29

Figurel.21 Examples of molecules bearing the F-C-Crhbtif that are enable to form an
intramolecular N-H----F bond.

1.3.2 Uses and applications of the C-F---"NC interaction

The persistence of the axial orientation for flaerin 3-fluoropiperidinium systems
(24)-(26) suggests that the incorporation of a C-F b@ntb a protonated nitrogen can
influence the conformation of rings in the solidtst and in solution. With this idea in
mind, 3-fluoro-1,5-diazacyclooctane HBr s&80) has been preparédThe fluorine atom
should engage in two C-F--*-Mteractions and therefore influence the confoiomabf
this large flexible ring system. DFT calculationavk predicted the conformation with

fluorine in the axial position30a) to be 9.2 kcal.mdl lower in energy than the

32



Chapter 1

conformation with fluorine in the equatorial positi(30b). The X-ray structure of30) has
confirmed that fluorine occupies the axial positieith no evidence of molecules bearing

fluorine in an equatorial positiofi.

F
Nt 9.2 kcal.mott N
VL?“t\::;J Vﬁjﬂ\\:;;7\\F
H H

30a 30b 30

Figurel.22 The conformation with fluorine axiaBQad) is greatly favoured over equatori8ng).

It follows that the C-F bond could be used as d tooinfluence the solution
conformation of biologically active amines, exacdly it does in the ring system shown
above. There are several reasons for exploring Fimstly, the substitution of hydrogen by
fluorine does not induce a significant steric cteimgthe molecule which will maintain its
steric profile for binding to the target proteinlsé, biologically active amines are usually
protonated at physiological pH, so the large canfational preference (4-5 kcal.riflfor
the gaucheorientation of the F-C-C-Nmotif should influence, if not limit the solution
conformation of the molecule. This means th@tfauorinated amine is not able to access
all conformations available to the non-fluorinatedalogue, allowing the significant
biologically active conformations of the given amirio be explored. Finally, the
introduction of fluorine alters the pkof the bio-active amines. This can have positive o
negative consequences for their activity but @nsicipated that the fluorinated amines will
remain sufficiently basic to be protonated at pblysjical pH.

Testing the validity of this concept was excitingdathe synthesis of 3-fluorg-
aminobutyric acid was undertaken in this percepfiee main focus of this research is to
explore the conformational consequences of C-F bamda bio-activep-fluoroamine.
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It has been argued that the C-F bond has the mpaiteatbe a powerful tool in
influencing the conformation of organic moleculaad particularlyp-fluoroamines. The
ability could also be used advantageously in asyimongynthesis to stabilise or destabilise
charged reaction intermediates or transition stafesvever, after browsing the literature,
it appears that very few articles report on theerof fluorine in influencing the
stereochemical outcome of an organic reaction. €anple comes from the St Andrews
laboratories. Schem#.4 describes the zwitterionic aza-Claisen rearrangeroé (S)-N-
allyl-2(methoxymethyl)-pyrrolidine 31) with propionyl chloride 32) and a Lewis acid.

The reaction proceeded with a 75% de.

/
(o]
: LI
+ + WN*
N M+ voom, \ F&O-Yb’ )J\/\/
3 32 75% de
Schemel.4: Aza-Claisen rearrangement with propionyl chloride
/ — . |
° (o}
o N o
Eg + T\V\O =
T\ cl | i - Mg
F ﬁ/ F
>98%
31 34 F-C-C-N* gauche 35
$
A o
ﬁ.p/\o é W
N :
jQ/o (I - B
F
<1%
F-C-C-N* anti 36

Schemel.5: The orientation of the C-F bond in the transitgdate can affect the stereochemical
outcome of the zwitterionic aza-Claisen rearrangégme
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When 2-fluoropropiony! chloride3@) was used instead, the reaction proceeded
with a 99% de. It is thought that the C-F bondugfices the diastereoselectivity of the
reaction by stabilising the transition state whigére C-F bond aligngaucheto the C-N
bond and conversely destabilises the alternatiastelieoisomeric transition state, where

the C-F bond isinti to the C-N bond (Schemé.5).°

Another example where the orientation of a C-F bwiwihal to a C-N bond is
likely to control the stereoselectivity of a reactihas been reported for the synthesis of
erythro-3-fluorophenylalanine 37). Reductive amination of 3-fluorophenylpyruva@s)(

with NaBH; proved to be stereoselective, affording the eogyttsomer in >90% de

(Schemel.6).
F F NHp* F
COzH NH3, H,0 CO,H
HgB----H-- CeHs ©/\|/
o] NH,
H
COy”
2 >95%
38 39a 37
) F
F,_CO, CO,H
H3B"“H“®“C6H5 """""""" ot
NH,
H NH,* )
40 <5%
| 39b N

Schemel.6: Transition state models for reductioncefminium-3-benzene-3-fluoropropanoic
acid 39).**

According to the Felkin model, the reduction occiim®ugh either transition state
(399 or (39b). The former leads to the formation of thsithro compound §7) and the

latter to thethreo compound 40). The transition state39a) is probably stabilised by the

35



Chapter 1

gaucherelationship between the C-F and the Ci¢nds. This accounts for the >95%
stereoselectivity of the reductidh.

Although applications of such interactions withdiine in asymmetric organic
synthesis are rare, they do exist and raise thefisignce of the C-F---C-Nnteractions in
influencing the relative stability of transition agts and therefore in inducing

stereoselectivity in asymmetric reactions.

It has already been noted thaR[4luoroproline in the Yaa position of collagen
peptides increases thermal stability. This exammlemonstrates that fluorine
stereoelectronic effects can be advantageouslyiegpdbo peptide chemistry. K-
Fluoroproline adopts theyxoring conformation to allow the C-F bond to aligauche
to the C-N bond in a typicaauche effect (see also Figuré.10. Similarly, (45-
fluoroproline adopts the yEendoring conformation, which provides some stabilitythe
Xaa position. The ¢gendoconformer requires the pyrrolidine ring to puckewards the

proline carbonyl (Figuré.23).

ﬁ - F
Ac-(4R)-fluoroproline-OMe 41 J\rrOMe N Y OMe
N )

Ac O Ac O

exo: 84% + 8%

F
o |
Ac-(4S)-fluoroproline-OMe 42 JﬁTOME N OMe
N )

Ac O Ac O

endo: 95% * 8%

Figurel.23 Preferred conformations of @+ and (4)-fluoroproline derivatives41) and é2) and
the relative populations of tledoandexoconformations in dioxane at 25 °€.
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All peptide bonds in the collagen triple helix are the trans conformatiorf’
therefore the predisposition of proline derivatitesadopt atrans conformation should
decrease the entropic penalty for triple helix fation. (&R)-Fluoroproline has the highest
Kiansicis (Tablel.4) and accordingly stabilises the triple helix fotiroa when located at the

Yaa position, more than $tfluoroproline in the Xaa position (Tableb).

R PR
Ktrans/cis
N N
/go OMe OA\ OMe
trans cis
Xaa X Y Kiransicis
proline H H 4.6
(4R)-hydroxy-proline H OH 6.1
(49-hydroxy-proline OH H 2.4
H F
F H

Tablel.4 Values of Kansicisfor 4-substituted proline residues measuredJ@ Bt 25 °C**

Tm (°C)
(Pro-Pro-Gly; -6
(Prof{@R)FIpIo-Gly), 45
((@SFipro-Pro-Gly, 33
(@SFipro{@R)FIpro-Gly); | 8

Tablel.5: Effect of 4-fluoroproline on the conformation&ility of a collagen triple helix with
(XaaYaaGly) strands?

37



Chapter 1

There is a correlation between highakcs and the stability of the collagen helix,
but other factors, such as steric consideratiorsaso important” *° By constructing
constrained proline analogues, Raim¢sal. showed that changes trangcis ratio arise
from changes in ring puck&.However, the correlation betweenKs s and exdendo

conformations is not well established. As descril{dR)-fluoroproline adopts the yEexo

conformation and has a highy#{scis whereas (8)-fluoroproline adopts the yEendo
conformation but has a much lowegHs/cis Suggesting that thieans conformation is much
less stable in this case.

How does this difference between the two arisdfat been advanced that in the
case of (®)-fluoroproline, the oxygen of the amide points &ds the carbon of the
methyl ester in a+r* stabilising interaction41b). In the case of @-fluoroproline, this
n—mw* interaction is less stabilising because the oxygé the amide and the carboxylic
group are further apart due to thg-€hdoconformation. Moreover, the fluorine interacts
unfavourably with the oxygen of the methyl estethatrans conformation 42b), which

disfavors the p>n* interaction. (Figurel.24).5% %4

F
Ac-(4R)-fluoroproline-OMe 41 /B\{O - /D\(O

N )
G//{ OMe /k ; OMe
J ]
(@) (0]

41a cis 41b ftrans

F F
Ac-(4S)-fluoroproline-OMe 42 @o @o
N —_—
OMe OMe
o%\ /&O

42a cis 42b frans

-n

Figurel.24 Stabilisation of thérans conformer 41b) by n—z* interaction and destabilisation of
thetrans conformer 42b) due to unfavourable steric interactions betwéemionbonded electrons
on the fluoro and ester groups, which disfavouesrthr* interaction®*
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Although it has not been discussed in the litemttine relative destabilisation of
thetrans conformer of Ac-(&)-fluoroproline-OMe 42b) could also be explained in terms
of an unfavourable dipole-dipole interaction betwéke C-F bond and the amide bond.
This explanation could also account for the highemgcis ratio of Ac-(4R)-fluoroproline-
OMe as a dipole-dipole interaction between the @rd the amide bond would also

destabilise theis conformer 413 (Figurel.25.

s
F F
Ac-(4R)-fluoroproline-OMe 41 /D\<° E— /p\(o

» »
Ac-(4S)-fluoroproline-OMe 42 @o J(\;o

N

N
OMe OMe
L AN
42a cis 42b ftrans

Figurel.25 Destabilisation of theis conformer 418 andtrans conformer 42b) due to dipole-
dipole interaction.

This analysis shows that the propensity of profesdues to adopt either thans
or cis conformation has a decisive effect on the confdionastability of proline-rich
peptides. It also demonstrates that the fluogaeiche effect and its potential use in
influencing the conformation of polypeptides ardlyftacknowledged and have already

been utilised.

It is important to note that proline has a cruc@é also in the folding of proteins
by causing turns if-sheets or by promoting-helix stability. Lummis and Beeffehave
shown that striking structural and functional cansences are observed when unnatural
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proline analogues with differentks/cis values are substituted for a proline residue at a
specific position in the sequence of the 5-hydropptamine type 3 receptor (5-HT
receptor). 5-H¥ receptors are, like GABAreceptors, neurotransmitter-gated ion channels,

members of the Cys-loop receptor superfamily.

Their study showed that proline analogues thangtyofavour thetrans conformer
produced non-functional channelse. channels unable to open. Conversely, proline
analogues with a high preference for thie conformation produced channels which stay
open longer, suggesting that ttig'transisomerisation of this proline residue provides the
switch that interconverts the open and closed sifatiee channel (Figurg.26). In this case

however, (&R)-fluoroproline and (8)-fluoroproline showed little difference from the

natural proline residue.

Open )
Al Qe
Sy W P
5-HT 4 1\ 2 ' S d
\ '3 '; o ( (LIRS 4
1 ‘“C‘:‘ b, v ALY
YA 5 LR ¥
1 LAY o R VRS,
WG & A
r_";f:,{v‘ HN., .“ e
P, - g
JA& cis-Pro L}__';
e <2 . trans-Pro o5 é
3 ) /M) Pl i
M3 S D &c )
< jﬂ 1 & ’ q) I
, < Rj/go © 5
</ -
HN“!.L -5
® >
e <= Py S
by, & %g e
Py . e
‘m‘isﬁ' o .
A1 ] (""\ >
& 8

Figurel.26 A proposed gating mechanism. A single 5-HT3 réarepubunit is depicted,
illustrating howtrangcis isomerisation could function as a switch betwdendpen and closed
state of the chann8l.
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This provided an important insight into understagdthe gating mechanism of
ligand-gated ion channels receptors. But it id stiiclear how the binding of a small
molecule, such as acetylcholine, serotonine (Sdxydryptamine) or GABA, can operate
the conformational changes in the receptor whicanofhe channel pore, located about
60 A away from the binding site of the neurotrarttni The biological role of GABA and

its binding on GABA and GABA; receptors are the subjects of Chagter
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Chapter 2

Chapter 2. The GABA-mediated inhibition

of neuronal signals.

2.1 Introduction

The brain and the central nervous system (CNSuofdn beings are probably the
most sophisticated machineries in nature and odytahe most intriguing parts of
ourselves. For example, little is known about thechanisms involved in memory or
information storage in the brain. The propagatibneuronal signals from the brain to the
muscles is also a very complex system controlledaftected by a huge number of
parameters which are not all identified. It is heee crucial for the development of
modern science to understand how neurons commeriediveen each other.

Synapses are regions between neurons where th&ielaeeuronal signal is
converted into a chemical signal and transmittecariother neuron. When the electric
signal depolarises the pre-synaptic nerve termanakurotransmitter released from storage
vesicles diffuses the short distance to the pas&sic membrane where it binds to its
receptors and opens a channel through which iongloa into the post-synaptic neuron.
The main neurotransmitters in the CNS are glutar(@®g y-aminobutyric acid (GABA)
(44), acetylcholine45) and glycine 46).

i /

e} (e} (o}
NH3* MNH i Nt *H N\)k
-O)W 3 o 3 )J\O/\/ N 3 o
43

Yoo,
44 45 46
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GABA is the main inhibitory neurotransmitter witthepending on the brain region,
20-50% of neuronal synapses estimated to be GABArg. to synthesise and to utilise
GABA as their primary neurotransmittéry Its binding on the post-synaptic membrane
causes the cell to hyperpolarise and thus to [seliledy to fire, by allowing either a flow
of chloride anions into the cell or a flow of catout of the cell. GABA is involved in a
wide range of physiological functions such as medjgin * locomotion® pain® memory'

and sleepand its receptors are the target of many impodangs.

Chapter2 outlines the central role of GABA in the CNS aimé f{pharmaceutical
importance of its receptors. The structures of GABs#d GABA receptors are then
discussed, as well as the models of GABA bindirigssihich have been proposed. The
aim of the second part of this chapter is to dis¢bae active conformations of GABA on
its different binding sites. For that purpose, GABAalogues and their biological activities
are reviewed and compared. The last part of thisptn presents the synthesis of
neurosteroids which interact with GABA. Their syesis was motivated to explore the
mode of action of neurosteroids on the GABA recepta relationship that is not well

understood.
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2.2 GABA and GABA receptors as key elements of the CNS.

2.2.1 The importance of GABA in the CNS

o
)J\/\/NHg,+

Y-aminobutyric acid GABA

44

ko)

GABA (y-aminobutyric acid)44) is the most prevalent inhibitory neurotransmitter
in the CNS. It is synthesised fromglutamate 43) by the action ofL-glutamic acid
decarboxylase(GAD) which is a PLP-dependent enzyme. The mechanid this
transformation is outlined in Scherhie2 The action of this enzyme is of huge importance
as it converts the main excitatory neurotransmiftgutamate) into the main inhibitory
neurotransmitter (GABA).

GABA is then metabolised to succinic semialdehydl® py the enzyme GABA
aminotransferase (GABA-AT) which is also a PLP-dejent enzyme. It converts PLP to
PMP, then PMP is restored to PLP by transaminatigth a-ketoglutarate 48),
regenerating.-glutamate. Succinic semialdehyde is converted umcisic semialdehyde
dehydrogenase (SSADH) to succinad®)( which has a negative-feedback inhibition on
the enzyme GAD. This auto-regulated system keepsctimcentration of GABA in the
CNS constant as the production of GABA is inhibilgdan increased concentration of the

end-product succinic acid (Scheé).
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(o] (@)

) NH,* glutamic acid decarboxylase M NH,*
O 0

H COy
43 U 44
PLP

il
GABA aminltlntransferase

'S
[=-]
Feedback inhibition

Scheme2.1: Biosynthetic pathway and metabolism of GABA.

Dysfunctions in the regulation of GABA lead to abmal concentrations of the
neurotransmitter and have serious effects on thgpggation of neuronal signals.
Particularly critical are depleted concentratiorisGABA which are related to major
neurological disorders such as Parkinson’s dis¥asézheimer’s diseast epilepsyl,2
anxiety or depressio]r?. These syndromes affect a large proportion of tbpufation
especially in industrialised countries and over ybars, the pharmaceutical industry has
introduced a number of drugs to the market to tieede disorders.

There are different ways of enhancing the actioGABA. The first method is to
inhibit GABA metabolism, that is, to block the awtiof GABA aminotransferase. This is
the mode of action of Vigabatrib@), sold in the United Kingdom under the trade name
Sabril® and used successfully to treat epilefsy’ Vigabatrin is a mechanism-based
irreversible inhibitor of GABA-AT (Schemg2.2), with only the §-enantiomer displaying

pharmaceutical activit}® 1 Sabril® however is sold as a racemate.
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Figure2.1 Active site of GABA-AT after modification with gabatrin. The ternary adduct
has been modelled according to structgm.{®
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The crystal structure of GABA-AT was reported i928° More recently, GABA-
AT and vigabatrin have been co-crystallised andténeary adducty1) of Lys329, PLP-
co-factor and vigabatrin was found in the actite grigure2.1). This finding supports the
Michael addition mechanism (pathway however the enamine mechanism (pathway
can not be ruled odf.

A second method to enhance the action of GABA iseiuce its reuptake by
neuronal GABA transporters. Reuptake into presyonajgrminals or surrounding glial
cells constitutes the primary mechanism for tertiiga inhibitory GABAergic
neurotransmission. Therefore, selective GABA uptizkebitors, like Tiagabing' 2% (53)
exhibit interesting anticonvulsant activities. Tadaine is used clinically for the treatment
of epileptic disorder$’ By binding GABA transporters, this drug permitsrm@GABA to
be available for receptor binding on the surfacehaf postsynaptic membrane. GABA
transporters have been cloned and shown to be misnatbethe large family of Na

dependent neurotransmitter transpoffelbsit no crystal structure nor homology model is

7
= = ,\O.»‘COZH
~ s
53

A third way of enhancing GABA availability is toisiulate its biosynthesis but no

available yet.

drug using this strategy has been clinically appdogo far. Instead, most of the drugs
potentiating the effects of GABA act by binding ®ABA receptors, but on a different
binding site to GABA itself. Such compounds haw#eior no intrinsic activity in the
absence of GABA. They are called positive allosterbdulators of GABA and represent a
large family of compounds which includes the clalig important barbiturates,

benzodiazepines and neurosteroids as well as dfHaaothane 1) and etomidateSd).
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Barbiturates have been used since the early 1%¥ssedative-hypnotics,
anticonvulsants and anaesthetics. The most regegsen compound of this class is
pentobarbitone55) which is the oldest anticonvulsant still in uaéhough barbiturates as
a class have been largely supplanted by benzodmeeeprhich have fewer undesired side
effects®

Diazepam %6), marketed under the name Valium® is certainly bigst known
benzodiazepine. It was the top selling drug in 18€0s and is still in use today. More
recently, neurosteroids have also been found touhatelthe activity of GABA. The term
“neurosteroid” refers to steroids which, indeperideh their origin, are capable of
modifying neural activitie€® One of the most potent endogenous neurosteroids is

allopregnanolones{) which has been recognised to have potential pleertéic applications

as an anaesthefié.
\ o)
9
o) CN
Br._ _CF,
¥ W4 LC
o Ho™"
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e
/\o)k@

1 54 55 56 57

Figure2.2 Representative compounds known to act as positiesteric modulators of the
GABA-mediated inhibition of neuronal signals.

The five compounds shown above are clinically usedchave potential use as
anaesthetics. They are believed to act at GABAptecs, although their modes of action
remain elusive. Their structural variety is reméikaand suggests that GABA receptors
possess numerous binding sites for allosteric nadidui. 1t could also be that multiple
types of GABA receptors with diverse pharmacolobigaofiles are expressed
heterogeneously in the CNS. Disclosing the strattand pharmaceutical specificities of
GABA receptors is a current challenge for both acaid research and the pharmaceutical

industry.
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2.2.2 GABA, and GABAg receptors

The action of GABA is mediated mostly by two stwetly and pharmacologically
distinct receptors, termed GABAand GABAs receptors. The GABA receptors are
ligand-gated chloride ion channels conveying th&t fsynaptic transmission. They are
antagonised by bicucullines®) and are insensitive to baclofeb9. GABAg receptors
operatevia second messenger systems and are coupled ¥oaBd K ions channels
through G-proteins. They produce slow, longer-tastinhibition?® are activated by
baclofen and are insensitive to bicuculline. Babeptors have been cloned, GAB#rst
in 1987° and GABA; in 1997° but progress to establish their precise strucasayell as
ligand binding and gating mechanisms have beenemgutidue to their membrane-bound
protein nature, which is not conducive to strudtdetermination by usual methods such as

X-ray crystallography.

0 N

H

NG
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Figure2.3 Bicuculline 68) is a selective GABA antagonist andR)-baclofen §9) is a selective
GABA; agonist.

Bicuculline and R)-baclofen constitute molecular tools for biologish selectively

“close” or “open” GABA receptors in order to undensd their specific pharmacology.
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GABA, receptors have generated a lot of interest du¢héar physiological
significance and their complexity. They have beerctibed as “the most complicated of
the superfamily of ligand-gated ion channels inmmtesf the large number of receptor
subtypes and also the variety of ligands that &utewith specific sites on the receptof”.

Indeed, GABA\ receptors are composed of five subunits drawn feolibrary of
sixteen subunitsall-a6, B1-43, y1-y3, 8, &, = and0). This structural diversity allows the
expression of approximately thirty different furmctal isoforms of GABA receptors
which are heterogeneously expressed in the CNSeahibit distinct physiological and
pharmacological properti€s. Individual neurons can also produce different péme
subtypes. In most cases, functional receptors redne presence aof andf subunits and
the most quantitatively prevalent receptor isofsrbelieved to have the structure@2Bly.
This composition is used as a model for GAB#&ceptors.

The GABA binding sites are located at the intezfaof thea and theB subunits’?
There are therefore two GABA binding sites on th&B@ » receptor and two molecules of
the neurotransmitter are required to initiate thguence of conformational changes which

ultimately results in the opening of the chlorida channel.

//_,—.,\..
@f ol | GABA GABA site
p = A s Barbiturate site
Benzodiazepine site
L Steroid site
X

Figure2.4: Schematic representations of the GAB&ceptor.
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No crystal structure of the GABAreceptor has been published to date and this
seriously impedes efforts to characterise precigedystructure of the GABA binding site.
To circumvent this problem, three-dimensional medélave been constructed by
comparison with crystal structures of related gnsteThe first protein which served as a
template for the development of homology modelstted# GABA, receptor was the
acetylcholine binding protein, a soluble analogfiehe nicotinic acetylcholine receptor
amino-terminal domain. Its crystal structure wasoréed in 200£2 More recently in 2005,
a crystallographic model based on cryo-electrorrosimopic analyses of the acetylcholine
(ACh) receptor inTorpedo electric ray post-synaptic membranes revealed witire
accuracy the structure of Cys-loop receptor-couped channel§? ACh and GABA
receptors have similar structure as they belongh&o same family of transmembrane

pentameric Cys-loop receptor ion channels.

Comparative modelling, also called homology modglliis based on the
observation that in protein families, structure rire conserved than sequefite.
Therefore, knowing the sequence and the strucfuse &Ch receptor, and the sequence of
the GABA. receptor, it is possible to align by comparisoae thrget sequence with the
template structure. By this method, one obtainscalehwhose validity depends on the
sequence analogy between the template and thé.targe

GABA receptors have been modelled using this conceptrenresults depend on

the alignment technique and on the template(s).t%s&d
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Figure2.5: Model structure of the extracellular domain of
GABA, receptors published in 2003.

Figure2.6: Model structure of the GABAreceptor showing the extracellular domdirsfrand
rich) and the transmembrane domairhglix) published in 2007
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Together with photolabelling techniques and sulbgtit cysteine accessibility
method (SCAM), homology modelling provides a beftertture of the GABA receptor
and the GABA binding site structures. To date, ipldtresidues have been shown to
contribute to the formation of the GABA bindingesitThese are Phe64, Arg66, Arg119,
lle120, Argl76, Vall78, Vall80 and Aspl83 of thesubunit, and Tyr97, Leu99, Tyrl57,
Thrl60, Thr202, Ser204, Tyr205, Arg207, and Serd@0®e B, subunit***°

From these elements, a model of the GABA binding sh the GABA receptor
has been constructed (Figuge?).® Note that GABA is drawn in a fully extended
conformation. It is however very difficult to assethe validity and the accuracy of this

model.

Figure2.7- Model binding of GABA to the GABA binding site published in 2068.
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Another GABA. binding site model has been proposed recentlyr atfte
observation that the amino group of GABA is in elantact with the aromatic ring of
Tyr97 in a catiorr interaction. The GABA binding pocket is describesl an aromatic

pocket (Figure2.8).*°

Ser204

Pro206 |

Figure2.8 GABA molecule docked into the proposed aromaticket published in 200%.

The last two years have witnessed great progresthenmodelling and the
understanding of the GABA structure in order to disclose the structures igand
recognition sites and gating mechanisms. This iseatly a very active area of research
and the convergence of different techniques wilaubtedly lead to the discovery of the
full GABA A receptor structure at an atomic level in the fewtyears.

It should also be mentioned that interesting studiave been published on the
structure of GABA receptors which are a subtype of lower complexityGABAAa

receptors’ 4
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GABAg receptors were pharmacologically characterised198d° but their
structure was fully elucidated only in 1998 witle tiscovery that they are heterodimeric
G-protein coupled receptors, formed from the GABAnd GABAs, subunits, both of
which are required to generate functional recepfbf$ie GABA binding site is located on
GABAGg; whereas GABA; is responsible for G-protein coupling (Figi®). No isoform
of the GABAg, subunit has been reported yet but the GAB#ubunit exists mainly in two
isoforms, GABAs1a) and GABAs1p). The former is predominant in the developing brain

whereas the later is the main isoform in the alohain>

No natural
ligand
Venus Flytrap
Modules
(VFT)

CGP7930

Heptahelical
Domains
(HD})

Figure2.9: Proposed structural organisation of the heteran@ABAg receptor. Classical GABA
ligands bind in the cleft of the GABAVFT shown on the lef?

Mutational studies of the GABAbinding site, guided by homology models have
shown that the Ser246, Ser269, Glu465 residuasbim Il in addition to Tyr366 and Tyr385
in lobe 1l are important for agonist and antagobisiding®® These homology models of
the GABAg binding site have been built using the structuréeocine/isoleucine/valine-
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binding proteins (Figureg.10 and2.11).>* *° It is worth noting that the phenyl ring of
baclofen §9) can fit well between Tyr366 and Tyr395 and formpassiblen-n stacking

interaction with those groups.

Tyr395

Ser246

Figure2.1Q Model of GABA and C& docked into the ligand-binding site of GABA
published in 200%!

Lobe-l Lobe-l|

BB Cys219 ’
Tyr3ee | oVIIG

~ g

| BH

Cys245

Glu465

Figure2.11: Model of GABA docked into the ligand-binding siié GABAg;
published in 2002
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Unlike GABA, receptors, the pharmacological diversity of GABAReceptors
seems limited. In fact, the agonist bacloféf) (introduced to the market in 1972 to treat
neuronal seizures is still the prototype of selectc ABAg receptor agonists. The similar

structures of selective agonisB0° and 61)°" and the antagonisR]-phaclofen 62)*

suggests that they all bind to the same recogngiien ol
¥ (:)H (I)I o}
HzN\/\/P\\H HZN\/\/R\ HoN lpl\_OH
OH OH OH
60 61 62

However, intensive high-throughput screening in ldmt few years has revealed
some structurally different allosteric compoundschs as GS3978368) or 3-chloro-4-
methoxyfendiline §4) which have potential clinical applicatiorsThey are thought to
bind to the GABAy subunit. The discovery of this allosteric modwatihas suddenly

turned GABAs receptors into more attractive targets for anadstialrugs.

~

S
)\ OMe
N N
QL D Ol
N&%N ‘;\/N cl
H H
NO, l
63 64

A combination of mutational and computational sésdhas allowed convincing
GABA binding site models for GABAand GABA; receptors to be constructed. This will
help to reveal how the GABA molecule is orientaiadits binding sites in order for
example, to design more potent analogues. It shalstiigive a better understanding of the
conformational changes induced by GABA binding idey to disclose at the atomic level

the gating mechanism of GABA receptors.
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Homology modelling is certainly a useful tool topapach the three dimensional
structure of proteins for which no crystal struetis available. However, the dynamics and
the complex structural changes which occur durgaeptor activation render the current
models inadequate for designing new potent modidatd the GABA, or GABAg
receptors. In fact, QSAR analyses have proven istofbe the method of choice over the
last 40 years and an impressive number of GABA@nads have been designed and found
to selectively bind only one receptor of the GAB&stEmM.

Selective GABA agonists or antagonists are valuphirmaceutical tools that can
be used as molecular keys to selectively openasecGABA receptor subtypes in order to
elucidate their specific functions. In addition|estive GABA agonists can also have

therapeutic applications.
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2.3 Binding studies of GABA analogues

GABA is a conformationally flexible molecule. It echiral but it binds to chiral
proteins, namely GABA and GABA; receptors, GABA transporters and GABA
aminotransferase. The fact that some GABA analogfi@sstricted conformation exhibit
selectivity to the above proteins indicates thatB&4binds in diverse conformations to its
binding sites.

Despite the intensive efforts made to define thetiva conformations” of GABA
and despite the relatively large number of analsgwhich exhibit selectivity to one
protein, little is known of the preferred bindingnformations of GABA. The difficulty in
solving this question lies in the fact that thegmaty of GABA analogues depends not only
on their conformation in the binding site, but aisdheir ability to approach this site and
to initiate the conformational changes which resulthe activation of GABA receptors.
The conformations of GABA can be characterised l®y distance between the nitrogen

and the carbon of the carboxyladg.cy and by two torsion angles; andtc as shown in

Figure2.12
B(N-c) 3(N-c) 3n-c)
1 1
g 0 o
@/i e 9 /'}//‘O == *H NM
*HaN - H SaH T 2 .
H H
Ty=Tg= 0° Ty= 1200 Te=+1200 Ty= Te= 180°

Figure2.12 Characteristic parameters of GABA conformations.
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Some interesting reviews have been published inatetwenty years, in order to
draw a general picture of the preferred bindingf@onations of GABA and eventually to
construct 3-D pharmacophore models for GABA bindhy Tables2.1 and 2.2 present
the structures of some conformationally restric®ABA analogues as well as their
biological activities on GABA, GABAg binding and GABA uptake. The values are given
relative to the activity of GABA which has been igegd the value 100. Also given in
Table2.1and2.2ared.c), v andrtc values.

Curiously, thedy.c) distance is not a determining factor in GABBinding ability,
as potent GABA agonists havédy.c) values ranging from 4.29 to 4.97 A. This still
indicates that GABA binds to GABAreceptors in a partially extended conformations It
assumed that the carboxylate binds first to amargiresidue (eithex;Arg66, a;Argl19
or B2Arg207)4° %3 ®4and that the side chain of this arginine possessase flexibility
within the binding pocket. The ligand then accomated itself in the binding site to

present the ammonium group to either some counitenii aresysten'®

It appears after examination of Tal2ld that negative values for both andtc are
associated with high activity towards GARAeceptors. This is particularly clear by
comparing the activities of the enantiomet®){(71), (72)-(73) and 74)-(75).

However, defining further the preferred torsion lasgiy and tc for GABAA
binding is very speculative. It seems that compsuwith tc between -140° and -180°
have good GABA activities. Similarly,ty between -130° and -170° give good GABA
activity as indicated by7Q), (75 and 7). This however doesn’t account for the high
efficies of isoguvacine6g) and THIP 67) which havery values between -11° and +50°,
depending on which GABA backbone, as well as wisishmembered ring conformation

is considered.
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GABA
compound Structure GABAAa GABAg uptake ON-C) ™ Tc
HaN*
GABA WO' 100 100 100 2.72-4.96 free free
44 o
Trans- HaN”
aminocrotonic WO' 41 1.3 315 4.29-4.94 free 180°
acid 65 o
*HoN +11° +178°
Isoguvacine = o ~100 <1 <1 4.29
66 o +50° +160°
e £10° #179°
THIP // OH 33 <1 <1 4.22
O=N +49° +158°
67
HaN*
Muscimol %/OH 550 1.3 1.3 4.29-4.68 free 180°
Oo>N
68
ngx‘l*
S&-S(;%C:;rydfo- ""-m/cm 825 0.2 <1 3.77-4.73 free -144°
Oo=nN
69
p
- - 'HaNy,
glcsl,ass) trans- 1 'OAO ~500  Nottested <1 4.97 1320 -140°
70
L
E - "HaN K
(IR 3R)-trans- N 25  Nottested  ~200 4.97 +132°  +140°
ACP 0
71
-
"HaN,
(4S)-ACP-1-ene o ~160 Not tested <1 4.96 -139° -168°
72
o
*HaN
(4R)-ACP-1-ene o <1 Not tested 50 4.96 +139° +168°
73
(R)-homo-B-— "HaN, 47 <1 188 | 4.24-488  -167°  free
proline o
74
(S)-homo-p- *HzNO\/L ] .
proline o 3.7 0.4 111 4.24-4.88 +167 free
75

Table2.1: Biological activities of GABA analogué$.?* ®® (cont. overleaf)
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GABA
compound Structure GABAA GABAg uptake ) ™ Tc
HaN
o
(5130 K/\[( 8.3 13 103 | 272-496  free free
OH ©
76
+ O-
®-3on M YT
GABA OH O 3.3 8.6 4.5 2.72-4.96 free free
77
o
“HsN
(RS) 3-OMe- m <1 <1 <1 | 27249  free free
78
. HaN Wo
)
(R)-(-)-baclofen <1 38.5 1 3.12-4.89 free free
59
cl

Table2.2 Biological activities of GABA analogués.®

A comparison of the activities of enantiomer)(and 73), (49-and (R)-(+)-4-
aminocyclopent-1-ene carboxylic acid, reveals steremical details on the active
conformations of GABA in the GABAreceptor and the GABA uptake sites. Inde&®) (
and (3) differ only by the orientation of the amino grouput (45-(72) is GABAa
selective whereas R-(73) is GABA uptake selective. The other set of er@andrs {0)-
(71 also indicates that the conformatid®) {s required for GABA binding activity. The

preferredry, shown below forq?), is around -115% It was assigned -139° in Tat#el ®

H
. \\J/H
H
; \(\\ £ A 2
\QC/ CH’ é — C~C H/c\\clj ’é/c\ﬁ
B e H I
C 7 H
H/+\ H
T2 73

Figure2.13 Best fit structures of7@) and {3) for the GABA, receptor and the uptake site
respectively’’
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Less information is available for selective GABAigands. To date, only two
GABA analogues are reported to possess relativelyd gselectivity towards GABA
receptors: these ar®)tbaclofen $9) and R)-3-hydroxy-GABA (77). Interestingly, 77)
shows a small preference for the GABAeceptor whereas its enantiomer6)(
demonstrates the opposite selectivity and is motigeaas a GABA agonist. It is however
difficult to draw any conclusion for GABA ligands because no conformationally
restricted compound with potent GABActivity has yet been found.

It should be noted that the polar hydroxyl grougRf3-hydroxy-GABA (77) has
the opposite stereochemical orientation to theplijlic aromatic group ofR)-baclofen.
Substitution of the hydroxyl by a methoxyl grouppptesses the activity irY§), strongly
suggesting that the hydroxyl interacts with polesidues on one side of the GABA
binding site. Conversely, the aromatic group ofitf@n is directed into a lipophilic cavity
on the other side. Since both ionised groups™Ntthd CQ tend to orient away from the
lipophilic cavity, it was suggested that the GABAinding site prefers to bind GABA

conformations having opposite signs fgrandzc (butterfly conformations}?

| Tyr366 i
Cys245 _Q__\Tz /
P A ST
I 0 N
- ] :
ol -=-: v
Ser246 @ - &
o «HO g Tyr395
Gly267/ J ,’\‘:\j/\\—

A Glu465

Figure2.14 Model of the GABA binding site showing the lipophilic cavity on thight hand side
of the GABA molecule and the polar cavity on thi feand side (adapted from J. Kniazeffal, J.
Neurosci, 2002)>°
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Other GABA analogues have been tested on the GAB#fem. 2-Fluoro-GABA
(79) for example was found to have good GABA uptakelirig potency, being 2.3 times
less potent than GABA (43% of the GABA activif{})*’

Interestingly, R)-3-methyl-GABA @0) was found to be an activator iofglutamic
acid decarboxylase (GAD). Activation of GAD results an increase in the GABA
concentration in the CNS, which confeiR)-8-methyl-GABA @0) with anticonvulsant
properties. Compound(@) was found to have the best vitro activity on purified pig
brain GAD of all GABA analogues tested in Silverrsastudies. However, it vivo
anticonvulsant activity was found to be modest. @oumd 80) appears to allosterically
activate GAD, increasingmaxWithout affecting theéy, of L-glutamate. Its enantiomeiS)¢

3-methyl-GABA, has very little potendy. *°

*H;N \/\Hko_ *H3N MC‘ HO,C 5 N\/\/ZH
79 80 Y

Binding studies with GABA analogues have furniskatuable information for the
design of new ligands. For example, specific GABhtagoniste.g.compound §1) with
a hydroxyl group at the 3-position and with t® étereochemistry, have been designed

from the observation thaf ) is GABAg selective’”

3D-pharmacophore models based on the analyses amfrkiigands have been
constructed, but often in the context of identifyitow-potency GABA agonists or
antagonists. Indeed, neither full GABA agonists aotagonists may be useful therapeutic
agents; therefore efforts have not focused on desaog highly potent GABA analogues,

which are of academic interest only. This is on¢hef numerous reasons why the active
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conformations of GABA on GABA and GABAs receptors are still elusive. However, the
data in Table2.1and2.2 will surely prove to be useful once precise moadé¢lthe GABA
binding sites can be constructed or once the drgstactures of GABA receptors can be

solved.

2.4 Steroid modulation of the GABA response

2.4.1 The nature of steroid modulation

The anaesthetic action of endogenous steroids insisobserved in 1941 but it
was only in 1984 that their ability to enhance oeal inhibitionvia the GABA, receptor
was demonstrated. The synthetic steroid alphaxaloney-pregnan-11,20-dione8®) as
well as endogenous steroids allopregnanolone;prgégnan-8-ol-20-one 83) and
tetrahydrodeoxycorticosterone (THDOC)a-pregnan-&,21-diol-20-one &4) are all
active at low nanomolar concentrations and areebedl to enhance the interactions of
GABA with the GABA, receptor, thereby stabilising the open state efréiteptor channel
complex’* However, at higher concentrations, steroids diyeectivate the GABA
receptor in the absence of GABA. This dual effedicdates that the steroid-mediated
potentiation of GABA occurs in two distinct ways i has long complicated the

elucidation of their mode of action.
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Strong indications such as the selective and ewsmidctive nature of the steroid
potentiation suggest the existence of a specigcogl recognition site on the GABA
receptor. It is selective because steroids haveeffect on the GABA receptor and
enantioselective becauseentallopregnanolone, the non-natural enantiomer of
allopregnanolones@) is much less active than its natural counterfart.

Over the past ten years, numerous studies have daead out on neurosteroids
acting at GABA receptors. Interest has been stimulated by theapleetic potential of
such neurosteroids as anticonvulsants, sedativeéshgmnotics® and also by the lack of
knowledge concerning their mode of action.

Analogues of the most potent neurosteroids haven mmthesised and their
biological activity on GABA receptors was tested. This has allowed differtagses of
steroids to be determined.

Thus, P-steroids were found to be non-competitive antagsnithey inhibit the
potentiation induced by oBsteroids through activation-dependent blockingGABAa
receptors but they also reduce barbiturate and GABfentiatior.” 33-Sulfate steroids

such as pregnenolone sulphag) (have similar effects.

The P-steroids were found to have similar activity ta-&eroids on GABA
potentiation”® This was a rather surprising result as &nd $-steroids belong to two

distinct structural classes with a different baagkd@nd might be expected to bind quite
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differently to the recognition site. Allopregnanoé 83) and pregnanolone [{gpregnan-

3a-0l-20-one) 86) are typical representatives of both classes.

Significant progress in understanding the neurogtenediated action on GABA
receptors was made in 2006 in a landmark articl#ighed inNatureby A. M. Hosie and
T. G. Smart?® They discovered that neurosteroids regulate GAB#ceptors through two
discrete transmembrane sites: one site mediatepdfemtiating effect and the other the
direct activation effect. They succeeded in locadjghe potentiation site by constructing
chimera GABA, receptors having low potentiation sensitivity dacking direct activation
by neurosteroids. After identification of the suliudtomain critical for potentiation, they
mutated several polar residues and determinedTtin&36 on thexl subunit was critical
for steroid activation and GIn241 also on tiie subunit essential for steroid potentiation.
By constructing homology models, they could therate Thr236 and GIn241 and identify
the other amino acid residues involved in the rigdiites. Figure2.15and2.16 show the

neurosteroid activation site and potentiation etpectively.
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M1 M2

Figure2.15 Neurosteroid activation binding site spanningftfee subunit interface. View through
the lipid bilayer of model GABA receptor transmembrane region with a bound THD@@cule.
aThr236 andBTyr284 are predicted to face the surrounding lipid.

Figure2.16 Neurosteroid potentiation binding site. Ribbamusture ofa-subunit M1-M4,
showingaGIn241,aAsn407 andxTyr410 docking with a THDOC molecule, viewed fronet
lipid bilayer. The channel lining the M2 domairsisown in purple, and a section of M3 is omitted
for clarity.”
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Both binding sites are located in the transmembdamaain and are only accessible
to hydrophobic molecules, although the potentiasibe seems to lie at the base of a water-
filled cavity between the subunit's M1-M4 domains. It was found that thegudiation
site cannot distinguish between-5and PB-reduced steroids whereas the activation site
may differentiate the two classes and have a eéiffiepharmacophore. As outlined in
Figure 2.17, significant receptor activation by neurosteraidies on occupancy of both
the activation and potentiation sites, which isaiccordance with the fact that direct

activation is appreciable only at high concentratio

REST POTENTIATION
I/ -\\
fab \t\ / &
X Oy
S =

L)

1+ steroid

I_:_bqub' -_'./?/ \\

/ . o)
( + 2nd steroid (0 W/
| _.: | ! 2y
\v_ "%II ——‘%6:
%,J \o
LOW EFFICACY ACTIVATION HIGH EFFICACY ACTIVATION

Figure2.17 Diagram of the GABA receptor indicating how the occupation of the nsteroid
binding sites affects receptor activation and thieeptiation of GABA responses.
Neurosteroid activation of GABAreceptors is proposed to be a two-step processlirgj to the
activation site is followed by occupation of thetgtiation site’?
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The identification of the steroid binding sitesoals a better understanding of their
mode of action and now allows the building of mprecise 3-D binding site models and
the design of new neurosteroids displaying imprgwetgntiation or activation responses.

The design of selective antagonists is pharmaccddlyi pertinent as such
compounds could be used in anaesthesia to selgcterverse the anaesthetic effects of
sedative steroids, to help patients recover aftegesy for example. Selective antagonists
may also help shed light on the physiological fioxcof GABA-potentiating neurosteroids
in health and disease.

However, only one compound has been reported ®tdadct as a selective steroid
antagonist. Its structure was published in 2B@hd immediately raised the interest of
neurobiologists. (8,50)-17-Phenylandrost-16-en-3-ol, (17-PAB7] was found to
selectively antagoniseosreduced neurosteroid effects at GABAeceptors whereaf3b
reduced steroids were only weakly affected. 17-8A {vas also reported to have little or
no effect on baseline GABA responses and barbiéumtentiatiof® Thus 17-PA
represented in 2004 an attractive pharmaceutical td a new class to explore

neurosteroids effects.

87 17-PA

Our collaborators from the School of NeurobiologyDundee had developed an
interest in this compound. It was decided to urakertthe synthesis of 17-PA and to
develop a series of analogues bearing differerdtgubnts on the aromatic ring in order to

explore structure-activity relationships.
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2.4.2 Synthesis of steroid selective inhibitors

The synthesis of 17-PA87) which was reported by Covest al.® starts from
commercially available androsteron88). Addition of phenyllithium generated diol
(3a,50,178)-17-phenylandrostane,3,17-dio89) which was then acetylated at the 3-
position. Dehydration of tertiary alcohd®@) was achieved by adding methanesulfonyl
chloride and triethylamine in DCM. Subsequent hiyhis of the acetate furnished 17-PA

as a white solid in 4 steps and 39% overall yiSicheme2.3).

Scheme2.3 Synthesis of 17-PA3() from androsteronedg) as reported by Covest al®°
Reagents and conditions: a) PhLi, THF, 0°C to 255’8, 44%; b) AgO, pyridine, DMAP, 25 °C,
5 min, 95%; c) MsCI, BN, DCM, 0 °C, 40 min, 99%; d) NaOH .8, MeOH, 65 °C, 1 h, 95%.

Different approaches can be considered for thehggig of 17-PA, but although
steroid chemistry is well documented, only a fevaraples of ¢’-phenyl-substituted
steroids have been reported.

The use of palladium chemistry represents a passliernative to the above

synthesis of 17-PA. It was reported for examplet tthee palladium-catalyzed cross-
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coupling of sodium tetraphenylborate (NaBPWith vinyl triflate$® proceeds smoothly
and in good vyields (Schen2ed4 A). However, very few derivatives of tetraphenylliesa
are commercially available which renders this mdthoattractive to the generating of a
series of 17-PA analogues with different substitseon the aromatic ring. Likewise,
Negishi coupling of arylzinc chlorides with vinybdide§? can be envisaged as an
alternative strategy to 17-PA&7Y) (Scheme.4 B). This method is appealing as it directly
furnishes the unsaturated steroid and avoids fttheus protection-deprotection sequence
shown in Schem2.3. Although these alternative methods were potentiabidates, it was

decided to follow the published synthesis in tist finstancé&®

NaBPh,, Et;N, Pd(PPhy),

2%

R
1. n-BuLi
2.2ZnCl,
Pd(PPh,),

Br

71-85%

94

Scheme2.4: Syntheses of 17-PA analogu88)(and Q5) illustrating possible

alternative syntheses to 17-FA%

Phenyllithium was generated situ by lithium-bromine exchange usingBuLi
and bromobenzene in dry ;Bx at 0 °C. This mixture was added to a solution of
androsterone8@) in THF and after work-up and purification, di@9 was obtained. The
procedures followed that described in the origirgorf® and gave §9) as a colorurless
solid in a modest 43% yield. The low conversiomiinly due to the propensity of ketone
(898) to enolise in the presence of aryllithium. Al&0% of unreacted starting material was
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recovered from this reaction. For the rest of §mtsesis, the published reaction conditions
were strictly followed and compound89, (90), (91) and 17-PA 87) were obtained in
yields similar to those reported. All characteisatdata were in accordance with the

published data.

With this reference compound in hand and a workingwledge of the route, we
then addressed the synthesis of fluorinated anatogfi1l7-PA. As described in chaplier
it was anticipated that the introduction of fluaishould induce only minor steric changes

without altering the pharmacological profile of PA.

The synthesis of thenetafluorinated 17-PA analogue was first investigated.
Presumably, a fluorine atom in theetaposition on the aromatic ring induces some steric
and electronic dissymmetry that can be accommodatéite recognition site by the free
rotation of the ring. This might be beneficial tbe biological activity of the compound.

3-Fluorophenyllithium was prepared by reactingBuLi with 3-fluorobromo-
benzene in dry ED at -78 °C. Low temperature was required to predecomposition of
the fluorinated aryllithium. The mixture was theddad at -78 °C to a solution of
androsterone in THF. It should be noted that astdrone was not soluble in,BX which
might be preferable for this kind of reaction. Afteork-up and purification, the product
(30,50, 1 7B)-17-(m-fluorophenyl)androstane-3,17-dio®6) was obtained as a colourless
solid in a low 31% vyield. Acetylation oBP6) under the reaction conditions used for the
synthesis of 17-PA gav@T) in 80% yield. Subsequent dehydration of the aeytalcohol
and hydrolysis of the acetate as described prelyipdigrnished the target compound
(3a,50)-17-(m-fluorophenyl)androst-16-en-3-089) as a colourless solid in 15% overall

yield from androsterone (Scher).
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99:R=H

Scheme2.5: Synthesis of therfluorophenyl analogue of 17-PARY) using published reaction
conditions® Reagents and conditions: a) 3-FluorobromobenzeBelLi, Et,O, -78 °C to 25 °C,
15 h, 31%; b) AgO, pyridine, DMAP, 25 °C, 15 min, 80%; c) MsCIzEt CH,ClI,, 0 °C, 45 min,

67%; d) NaOH, KO, MeOH, 65 °C, 1 h, 90%.

The synthesis of themetadifluorophenyl analogue was then addresseBluLi was
added at -78 °C to a solution of 3,5-difluorobromobene 100 in E£O. The mixture was
stirred for 3 h and added at -78 °C to a solutibrardrosterone in THF. TLC analysis
showed a complex mixture of products and purifmatof the crude material by column
chromatography proved to be difficult. However, NMRd mass spectroscopy analyses of
selected fractions were found to be consistent withformation of two main products,

(101 and @02 although these compounds could not be fully padif

Scheme2.6. Attempted synthesis 0101). The combined electron withdrawing effect of thve
fluorine atoms render th@tho hydrogen susceptible to exchange, leading to &ungof (03
and (L04).

78



Chapter 2

As shown on Schem2.6, the increased acidity of the hydrogen atortino to the
fluorine atoms promotes lithium-hydrogen exchanmehe detriment of lithium-bromine
exchange, leading to a mixture of 1,3-difluoropHesithium (103 and 1,3-
difluorophenyl-2-lithium L£04). This generates the product mixture 11 and (02 after
reaction with androsterone.

This example shows the importance of controlling anderstanding the formation
of the phenyllithium derivative for the synthesfsl@-PA analogues. The lithium-bromine
exchange reaction usimgBuLi and an aryl bromide was first described ir38 by Wittig
and co-worker® and has been widely used since then. Yet, its aréstn remains unclear
because competing reactions suck-adiminations and Wurtz-type couplings as well as
the fact that organolithium compounds do not exsstnonomers in solution, complicate its
examination. Halophilic attack @fBuLi to the halogen or a radical-mediated procass
the two main explanations for this mechanfém.

The particular reactivity of fluorinated bromobenee withn-BuLi has also been
studied. Generally, fluorinated phenyllithiums atable only at very low temperature. In
the case of ortho-fluorophenyllithiums, eliminatiaf LiF occurs above -50 °C and

generates benzyn&t®’

Preparation of the fluorinated analogues of 17-RA5), (106) and (07) were also
attempted but were unsuccessful, either becauskthhen-bromine or lithium-hydrogen
exchange reaction failed or because the fluorinatedoid could not be obtained in a

satisfactory yield after purification.

79



Chapter 2

The synthesis of thearafluorinated analoguelQ9 of 17-PA was however
successful. Preparation of 4-fluorophenyllithiumswachieved by reactingBuLi with 4-
fluorobromobenzene in ED. The mixture was then added at -78 °C to a swiudf
androsterone in THF. After work-up and purification(3a,50,173)-17-(p-
fluorophenyl)androstane-3,17-didiQ8) was obtained in 40% yield. The development of a
strongly UV-active compound after leavind0g) in CHCk for a few days was an
indication that the tertiary alcohol was not stal@er acidic conditions. It is known that
tertiary alcohols are prone to dehydrate by an Ethanism. Therefore, the acid-catalysed
dehydration of 108 was attempted in order to shorten the synthekithese 17-PA
analogues to two steps. A catalytic amounp-tdluenesulfonic acid monohydrate (pTSA)
was added to a solution df(@8) in DCM and the mixture was heated under refluxfd.

NMR analysis of the crude material revealed thenftion of the desired product
(30,50)-17-(p-fluorophenyl)androst-16-en-3-011Q9 along with a slightly less polar
compound (~15% according to crude NMR analysis)e T¢eparation by column
chromatography of these two products was achievhabtedifficult. Nevertheless,109
was obtained as a colourless solid in 60% vyieldnfi@08 and was fully characterised

(Scheme.7).

Scheme2.7: Synthesis of thp-fluorophenyl analogue of 17-PAQ9.
Reagents and conditions: a) 4-FluorobromobenzeBeiLi, Et,0O, -78 °C to 25 °C, 12 h, 40%;
b) pTSA, DCM, reflux, 4 h, 60%.
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As shown in Schem2.7, the para-fluorophenyl analoguelQ9) of 17-PA could be
prepared in two steps from androsterone by direbydration of the tertiary alcohol under
acidic conditions. It was interesting to examineetiter themetafluorophenyl analogue
(99) could also be prepared by this shorter route.

Accordingly, a solution of96) in DCM was treated with pTSA and heated under
reflux. Forcing conditionsi.g. two equivalents of pTSA and heating under reflox3 h)
had to be applied to achieve complete dehydratid®®). A mixture of two products was
obtained but this time, the major one was not tieeted strongly UV-active compound
(99). Despite the difficulty of separating the two guats by column chromatography, it
was possible to isolate the unknown compound in 5&%. NMR analysis revealed the
absence of the ethylenic proton off @nd a different pattern fitt NMR and**C NMR on
the D ring of the steroid. The structure of compmbyhl1l0) was elucidated by NMR
analyses, in collaboration with Dr Tomas Lébl a thniversity of St Andrews. Th¥C

NMR spectrum of 110 was also fully assigned (Sche@).

110

Scheme2.8 Formation of 1@-(m-fluorophenyl)-1B-methyl-5a-androsten-13--ol (110
by Wagner-Meerwein rearrangement under acidic dmmmdi.

The structure of410) shows that the methyl group®; has migrated from €
to C*’. This type of rearrangement on similar substratas been observed on many
occasion§® After elimination of HO and the development of a carbocation 6f e

adjacent methyl group, which stands almost perpeitat to the skeleton of the steroid,
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migrates to &, generating a carbocation o’CSubsequent elimination of'Hgives the
product (10). Full assignment of the structure was necessacalse the*C NMR
spectrum presented only twenty-four distinct peftstwenty-five expected carbons. It
was found that €and ¢ have exactly the same chemical shift. High resmiumass

spectroscopy confirmed the chemical compositio(lLaf) to be GsH33OF.

T
4.0 pf

1.41
104
104
1466
100

B

r

7.0 6.5 6.0 5.5 5.0 4.5 4.0 pr

1.37
1.01
161
1.00
o1

Figure2.18 *H NMR spectra ofg9) (above) showing the presence of the ethylenitopréf® at
5.93 ppm. This signal has disappeared ortthMR spectrum of 110).
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The reactivity of themetafluorophenyl steroid 96) is noticeably different from
that of thepara-fluorophenyl steroid ¥08) and illustrates the significance of the fluorine
position on reactivity. It seems according to theese examples that fluorine in theeta
position destabilises the carbocation off Gue to the inductive effect and promotes the
rearrangement whereas in tpara-position, fluorine stabilises the positive chalmethe

mesomeric effect and promotes the formation ofigsired product.

This early indication that electron-donating groopsthe aromatic ring may favour
the dehydration of the tertiary alcohol under aricbnditions prompted us to synthesise
the paramethyl (120 and the paramethoxyl (14) derivatives. Thepara-methyl
derivative of 17-PA was synthesised in a two-steguence by addition at RT of a
solution of p-toluenelithium in BEO to a solution of androsterone in THF followed by

dehydration of the tertiary alcohdl{1) with pTSA in DCM (Schem@.10.

Scheme2.10 Synthesis of the-toluene analogue of 17-PAX2).
Reagents and conditions: a) 4-bromotoluerBuLi, Et,O, RT, 12 h, 43%;
b) pTSA, DCM, RT, 2 days, 71%.

The rearranged product was formed in less than &PBtersion in this case and
(3a,50)-(17p-toluene)androst-16-en-3-dl12) was obtained as a colourless solid in a 71%

yield.

83



Chapter 2

The paramethoxyl analogue was prepared using the sameesequ It is
interesting to note that the tertiary alcohdl® could not be kept in solution and
dehydrated rapidly. This is consistent with the atoability of the methoxyl group. The
dehydration step was therefore straightforward eatalytic amount of pTSA with stirring
at RT for 8 h was sulfficient to isolate, after figdtion, the desired productoSa)-17-(p-
methoxyphenyl)androst-16-en-3-0114) as a colourless solid in 90% yield. No side

product was detected in this reaction (Sch@mé).

Scheme2.11 Synthesis of thp-methoxyl analogue of 17-PA.14).
Reagents and conditions: a) 4-bromoaniseiBuLi, Et,O, RT, 12 h, 30%;
b) pTSA, DCM, RT, 8 h, 90%.

This two-step procedure is very convenient forgheparation of the-methyl- and
the p-methoxyl analogues of 17-PA12 and (L14) and is appreciably shorter than the
published four-step route to 17-PA.

However, in the situations where a significant antoaf undesired product is
formed during the acid-mediated dehydration stepe tfour-step procedure is
recommended. This is because the desired proddcthenrearranged compound are not
easily separable. Moreover, the desired produgeieerally isolated in low yields when the
aromatic ring does not bear electron-donating sulesits.

The outcome of the dehydration of the tertiary httounder acidic conditions
strongly depends on the nature and the positidgheoSubstituent on the aromatic ring. It is
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tempting to correlate the amount of rearranged yobtb the Hammett parameter of the

substituent (Tablé.3).

F Me
F
Structure
HO HO HO HO HO
96 89 108 111 113
% of
rearranged ~75 30 15 ~5 0
product
+0.06
o +0.34 0 (or +0.15)* -0.17 -0.29

Table2.3 Influence of the aromatic substituent on dehydratinder acidic conditions.

It seems clear from Tabl2 3 that the more electron-donating the substitudm, t
less favoured is the rearranged product. It is alsar that such substituents promote
elimination of HO by stabilising the subsequent carbocation dh Elimination of H®
results then in the formation of the conjugatediolproduct (02). If the carbocation at
C' is destabilised by an electron-withdrawing substit, it quickly rearranges by
migration of the methyl group to a more stable oagtion on . This is then followed
by elimination of H* to form the rearranged product.

Although the Hammett parameter of fluorine in th&a-position is positive, it
appears from Tabl2.3that it can stabilise the carbocation af Better than hydrogen. It is
recognised by both theoretical and experimentakfagions that fluorine, despite being
considered as an electron-withdrawing substituexst &n ability to stabilise a positive
charge at thepara-position, because itgedonor ability overcomes itss-electron-

195—97

withdrawing effec Conversely at thenetaposition, only thes-electron-withdrawing

effect is observed.
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At the end of this aspect of the study, a setw# tompounds, bearing different

substituents on the aromatic ring, was prepared.

H R=H :87

R=F  :109

R=CH, :112

R=OCH,: 114

In order to add some structural diversity in thesiss of 17-PA analogues, it was
decided to hydrogenate thé®C!’ double bond. The hydrogenation is face selecti a
the resulting saturated compound has the lipopaiienatic group above the D ring of the
steroid in a similar orientation to the acetateetyin allopregnanoloneg).

In this event, th@para-methyl (L12) andpara-methoxyl (14) analogues of 17-PA

were hydrogenated with palladium on carbon as alysit This furnished the saturated

compoundsX15 and @16) in good yields and as single stereoisomers (Sel2h?).

2 R=CH, :112 HO™ P R=CH, :115
R=OCH, : 114 R=OCH,: 116

Scheme2.12 Preparation of saturated 17-PA analogues.
Reagents and conditions: a) Pd/G,(Hatm), EtOAc, 91-93%.
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The hydrogenation of each double bond is diastetecsve and the stereo-
chemistry at & was confirmed by NOESY experiments ohl$), showing that the

protons of the & methyl group are close to the aromatic protonsraidn the same side

as H".

The observation by Prof. Lambert that the steraidl@gues of 17-PA were very
poorly water-soluble, even at th& concentrations required for biological assaysisul
us on to synthesise more polar analogues. Orgatobiisla company which has a lot of
experience in the synthesis of steroids. They rexeloped water-soluble analogues of
androsterone and allopregnanol&he® and generously supplied us withp-@-
morpholinyl)-3x-hydroxy-5u-androstan-17-onell7) as a starting material. The adjunction
of a morphilino group at the 2-position generaliyproves the water solubility without
altering the pharmacological profile of steroidsitainly in most cases.

A solution of 17) in THF was treated at RT with a solutionpafoluenelithium in
Et,O prepared by addition gb-bromotoluene and-BuLi at RT. After work-up and

purification, (L18) was obtained as a white solid in 50% yield (Scherh3).

Scheme2.13 Preparation of1(18).
Reagents and conditions: a) 4-BromotoluenBuLi, Et,O, RT, 12 h, 50%.

The dehydration of dioll(18) to generate the target unsaturated compoié) (
was expected to proceed similarly to the non-mdirghiseries. It proved however to be

much more difficult. Addition of pTSA tol(L8 did not produce any elimination even after
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adding more than one equivalent and heating unefuxrin DCM for 24 h. After
screening various dehydration conditions, includimg use of HCI in ether, trifluoroacetic
acid, and bases such as DBU, it was found thaadion of trimethylsilyl chloride gave
the best results. Thus, treatingl® in MeCN with five equivalents of TMSCI for an
extended period gaved4-morpholinyl)-(3,5a)-(17-p-toluene)androst-16-en-3-0119
as a white solid in 45% yield. The TMS-protectecolbl which probably forms at’Gs
hydrolysedin situ by quenching the reaction with potassium carboa#dtaving the free
alcohol at € to be recovered. It is not clear why TMSCI is thest reagent in this case
(Scheme2.14). The modest yield of the reaction is due to ti@cdlty in purifying the
desired product and to the probable formation efrérarranged compounti2Q) in ~30%
conversion, according to NMR analysis of the crudaction mixture. 1200 was not

isolated.

()

LN

Scheme2.14 Synthesis of {19). Reagents and conditions: a) 4-BromotoluerBulLi, Et,O, RT,
12 h, 50%; b) TMSCI, MeCN, 50 °C, 3 daysd0;, 45%.

The paramethoxyl analogue 12 was prepared in a similar manner
(Scheme2.15. The dehydration of tertiary alcohdlQ1) was more straightforward here

than in the previous case althoud2) was markedly more stable under acidic conditions
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than the non-morphilino compound1@d. It is probably the nitrogen of the morphilino
group that protonates first, but this does notyfetkplain why the tertiary alcohol on the
right-hand side of the molecule does not dehydsateeadily under acidic conditions. It
was found that addition of pTSA failed to ford2@) and forcing conditions resulted only

in decomposition of the starting material.

Scheme2.15 Synthesis of122). Reagents and conditions: a) 4-Bromoanisole,
n-BuLi, E,O, RT, 18 h, 37%; b) TMSCI, DCM, RT, 24 h,®0;, 62%.

The target product 2(4-morpholinyl)-(31,50)-17-(p-methoxyphenyl)androst-16-
en-3-ol (122 was finally obtained in 62% yield by addition ®MSCI and stirring at RT
for 24 h. The compound resulting from the WagneeMein rearrangement, as well as

other by-products were detected in the crude mixtwt not purified.
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2.4.3 Biological results

A total of nine steroids were prepared in this @ctj They were all given to our
collaborators at the School of Neurobiology at Miefls Hospital in Dundee to be tested

on recombinant GABAreceptors expressedXenopus laevisocytes.

99 R=H :87 R=CH; :115 R=CH; :119
R=F  :109 R=OCH;: 116 R=OCH;: 122
R=CH, :112
R=0OCH,: 114

The inhibitory action of 17-PA8({) against &- and B-steroids was assessed and
found to be in accordance with the results pubtishg Mennericket al® Preliminary
results suggested thpara substitution (F, Cgland OMe) had a significant impact on the
biological activity, but a definitive assessmentswet forthcoming due mainly to poor
solubility.

The discovery of 17-PA was considered at the tirhdt® publication as an
important development in the understanding of ttexogd modulation of the GABA-
response. 17-PA remains today a unique pharmaeéutol to block the action of
anaesthetic neurosteroids on GABAeceptors but the more recent publication by M.
Hosie and T. G. Smdrthas somewhat reduced the interest for 17-PA gime@xistence

and the localisation of two discrete binding shase now been established.
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The future of 17-PA and 17-PA analogues lies inféee that they remain the only
selective steroid antagonists identified. Howet&rPA is not an ideal compound to work
with: high concentration (1QM) is required to obtain a maximum of around 40%
inhibition of the potentiating effect induced byog@iregnanolone at 300 nM. This shows
that 17-PA is not a potent antagonist and its strecshould be taken only as a lead for the
development of more efficient antagonists. Impngvihe water-solubility of 17-PA may
reduce the concentration needed and modifyingtitetsire at ¢’ may result in better
inhibition.

The low water-solubility of 17-PA undeniably congtes its major drawback. It is
hoped that the morphilino-analogud4d. 9 and (22 will exhibit better activities. Despite
the morphilino group, we found th&ta2) was insoluble at 10M in ethanol and addition
of DMSO was necessary to solubilise the steroicurblgiologists also observed that 17-
PA in DMSO partially precipitates during the biologl assays once added into water.
Increasing the ionic strength of the solution vatisuitable buffer or using surfactants or

complexing agents such as cyclodexffifis'®*

may hold the compound in solution.
However optimisation of the solubility to improvkeet assay by such methods was not

explored.

More studies are required to define the role oP2/in blocking respectively the
activation (.e. direct gating) and the potentiation effects ofnesteroids. The localisation
of the two steroid binding sites should inspire nobiologists to design new experiments
with 17-PA analogues. It was found in 2004 thafP¥was more effective at blocking the
activation effects of allopregnanolone than theepbation effects, but this led to the

wrong suggestion that allopregnanolone may acsirgie binding sit&°
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2.4.4 Conclusions

The preparation of nine 17-PA analogues bearintemdint substituents on the
aromatic ring was achieved in this project. Som@mpounds were prepared following the

four-step synthesis published by Cowetyal®

Some others were prepared using a two-
step sequence which proved convenient with electomating substituents on the aromatic
ring. However, the formation of a rearranged pradusas also observed. This work is a
first step towards the design of more potent ndaroil antagonists. Evaluating their
biological activities and possibly docking themoirthe modelled steroid binding sites
developed by M. Hosie and T. G. Sniashould give useful information for the design of
a second generation of 17-PA analogues.

17-PA @87) and B-(4-morpholinyl)-(3x,50)-17-(p-methoxyphenyl)androst-16-en-
3-ol (122 were re-crystallised from DCM and-hexane and the colourless needles
obtained were suitable for X-ray crystallographyeif crystal structures, which were

solved by Prof. Alexandra Slawin (St Andrews), cbé used later for the design of other

17-PA analogues (Figuz19).

87

122

Figure2.19 X-ray structures of 17-PA8{) and the more water-soluble 17-PA analodLi?)
bearing a morphilino group at the 2-position amdethoxy group at thpara-position on the
aromatic ring.
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Chapter 3

Chapter 3: Synthesis and evaluation of 3-

fluoro-GABA enantiomers.

3.1 Introduction

This chapter describes the enantioselective syisthasd analysis of the

enantiomers of 3-fluorg-aminobutyric acid123) and (24).

o F o F
OM bl -O)J\/\/NH3
(3R)-123 (35)-124

The presence of fluorine at the 3-position 23 and (@24 is expected to
influence the conformational populations of the ecoles, particularly with respect to C-F
and C-N bonds orientations. A strongauche effect is observed in protonatet
fluoroamines, where the ammonium group prefersligm jaucheto the C-F bond. This
situation exists in 3-F-GABA angaucheconformations are estimated to be 4-5 kcal’mol
lower in energy than the conformations where thd*'@®ond isanti to the C-F bond. With
such an energy difference, taeti conformations will hardly be populated in solutiand
we can assume that eithér2@) or (124) will be a poor mimic of GABA if the binding
conformations to a GABA receptor or enzyme requiteel C-F and C-Nbonds to adopt
an anti relationship. Thus, the introduction of the C-Fbtacan be viewed as a tool to

influence the conformation of GABA and explore tbenformational requirements for
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GABA binding to a target protein. The torsion angleof 3-F-GABA is limited in this
case to only two values for each enantiomer, cpoeding to the two most stable
conformations: -60° and +180° forRBF-GABA and +60° and +180° for §-F-GABA.

It follows that the two enantiomer$23 and (24) are likely to display different biological

activities on GABA receptors as they can adopirdisive conformations (Figurg.1).

H NH5* H
o F H F H F H F
B o)J\)\/ NH;*
H NH,* H H *HaN H
(R)-F-GABA CH,COy CH,COy CH,COy
A Ty= -60° B Tn= +180° ¢
H NH,* H
o E F. H F. H F H
OJK/\/ NH*
H NH;* H H *HaN H
(S)-F-GABA CH,COy CH,CO, CH,CO,
A B Tn= +180° c T= +60°

Figure3.1: Newman projections along the F-C-C-bbnd showing the three staggered
conformations for both enantiomersjjd--GABA and (¥)-F-GABA. The conformations
highlighted in boxes are predicted to be the mogufated in solution as they have C-F/C-N

gaucherelationships.

Figure 3.1 shows the different staggered conformations ABYB’ and C/C’ with
rotation around the C-C-C-Nbond and for whichy has the values -60°, +180° and +60°
respectively. Both enantiomersR)3 and (¥F)-F-GABA can access the B/B’ conformation
in which the fluorine atom and the ammonium grou@ gauche As the conformations
with the fluorineanti to the amino group are expected not to be sigmifly populated in
solution, conformation C is not accessible t®)(B-GABA and conformation A’ is not

accessible to §-F-GABA.
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It follows that a comparison of the relative bidkg activities of (R)- and (H)-F-
GABA on GABA binding sites should reveal the activenformations of GABA. For
example, if the biological activity of B§- and (¥)-F-GABA on a GABA receptor were
found to be similar, this would suggest that thivacconformations havey values close
to +180° (conformer B/B’). Conversely, if RF-F-GABA was significantly more active
than its enantiomer, we could conclude that thetrao8ve conformation at this GABA
receptor is close tay = -60° (conformer A/A). If (H)-F-GABA was more active than its
enantiomer, then conformer C/C’ would be more ratgvExperiments can be conducted
on GABA. or GABAg receptors, GABA transporters and the metabolisimyme GABA
aminotransferase. The working hypothesis impliest BABA recognition sites do not
distinguish between conformations B and B’ whicffedionly by the orientation of the
fluorine atom. This appears a reasonable assumptidhe outset as fluorine is a good

hydrogen mimic introducing only a minor steric pebation.

The 3-F-GABA enantiomers have never previously bggrthesised or evaluated
in any biological system. It was considered thathsan evaluation should furnish useful
additional information on active GABA conformatior&uch information can be compared
with the accumulated data from previous experimesisg constrained GABA analogues
(see Table2.1and2.2).

Additionally, the synthesis of 3-F-GABA enantiomewsas motivated to validate
the concept of using the C-F bond as a new toaiftoence the conformational mobility

of biologically active amines.
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3.2 Previous syntheses of 3-Fluoro-GABA

3.2.1 The dehydrofluorination approach

Prior to this study, only racemic 3-fluogeaminobutyric acid 125 has been
reported. The synthesis, published in 1979 by JoKitschet al® involved fluorination of
pL-3-hydroxyy-aminobutyric acid X26) in anhydrous liquid HF with SFat -78 °C. After
ion-exchange purification and re-crystallisatioonfr EtOH, racemic 3-F-GABA1R5) was
obtained in 50% vyield (Schem&1). The method is rather expeditious as the target
molecule is prepared in a single step and interglsti no protection of the amine or the
carboxylic acid is required. Unfortunately, it makase of quite hazardous chemicals
which cannot be readily manipulated in a standaskarch laboratory. Moreover, this
method is not applicable to the preparation of @opare 3-F-GABA from the enantiopure
precursor alcohol, as such fluorodehydroxylaticact®ns using SfFare known to proceed
via both &1 and {2 mechanisms. Therefore, the reaction of enante®@ihydroxy-

GABA with SF, would probably not result in a complete inversadrstereochemistry.

(@] OH (o] F

_OM NH,+ _HF SFy, 78°C o NE:
50% c-
126 125

Schemes.1: Preparation of 3-F-GABA using the SfRethodology.
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1 \
F$—F F$—F
F F

127 128

In order to overcome the limitations of the,Skethodology, milder fluorinating
agents such as diethylaminesulfur trifluoride (DA$I27) and the thermally more stable
bis(2-methoxyethyl)aminosulfur trifluoride (Deoxoéir'™) (128) have been developed.
The mechanism for the fluorination of alcohols gssuch fluorinating agents proceadis
the formation of an alkoxydialkylaminosulfur diflide intermediate129), followed by

the nucleophilic attack of the fluoride ion in a@dominant §2 mechanism (Schen®:?2).

R R

L) R R
R R wm k )
L F—S—F N

| |
h) @ R Re F o”F

¥ : . .
Fyo=F —— R VR TSy

129  ©

Scheme8.2: Schematic mechanism of the deoxofluorinationroilgohol with a
dialkylaminesulfur trifluoride fluorinating agent.

Deoxofluorination is a practical and widely usedtiogl for the introduction of a
fluorine atom into an organic molecule. In retrasytic analyses, the nucleophilic
replacement of oxygen with fluorine is an obvioysi@n, but it is not always the most
successful as illustrated in the following pagesdekd, due to the very poor
nucleophilicity and the high basicity of fluorideon, deoxofluorination is often
accompanied by loss of stereochemistry, eliminatiorrearrangements resulting from

neighbouring group participation.
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Previously in the St Andrews labs (R. Gilmour, 2002 first retrosynthetic
approach towards the synthesis of enantiopure HBAS was explored. The
retrosynthetic analysis in Sche®s shows that 3-F-GABA is accessible by hydrolysis of
4-fluoropyrrolidin-2-one 130) which can itself be obtained from commerciallyagable
4-hydroxypyrrolidin-2-one X31) by deoxofluorination. This constituted a very edir
strategy for the preparation of 3-F-GABA. Unforttelg, fluorination of {31) with DAST
under a variety of conditions failed to produd8@.> Mesylation of {31) followed by

treatment with tetrabutylammonium fluoride (TBAFasvalso unsuccessful.

F, HO,
(e} F 2 &
_O)K)\/NH?; fr— NH p— [ iNH
(e} (e}
130 131

Schemes.3 First retrosynthetic analysis to 3-F-GABA.

An alternative retrosynthesis was developed, sigrtfrom (3)-hydroxyy-
aminobutyric acid{6) and using a classical protection-deprotectiorusage as shown in
Scheme3.4 The most problematic step in this synthesis vis fluorination of {32

which afforded an inseparable 1:1 mixture 183 and of an elimination product.

o} F

o F H (e} OH H o OH
70)&)\/NH3+ :>M OMNTOMe :)M OMNTOMG e *oMNHf
e e
(e} e}

133 132 76

Schemes.4 Alternative retrosynthesis starting from 3-hydygXABA.

Attempts to transform the elimination product irdomore polar constituent by
Sharpless dihydroxylation met with some successdeutonstrated the impracticality of

this synthesis as a reasonable preparative méti@ttier protecting groups were also
10c
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explored but without significant success. Againsyhation of (32 followed by reaction
with TBAF failed to produce the desired product.rétrospect, conversion of the amine
into a dimethoxycarbamate or use of Deoxofluor haye reduced the production of the

elimination product but this was not explored.

3.2.2 The Gabriel synthesis approach

Due to the lack of success of the direct deoxofiasion methods described above,
an approach was taken to introduce the fluorinemaban early stage of the synthesis and
to construct 3-F-GABA from a simple building blocBcheme3.5 shows the eight-step
route of racemic 3-F-GABA developed by Dr. F. ChdrkSt Andrews® This route was
successful but was inefficient and gave only 37 wigsacemic 3-F-GABA 126) in 3%

overall yield starting from 3-buten-1-dl34). on

F\/‘\Ao

Bn
o) T 138 1
S T L NOBn — . /
3
134 135 136 Ho\/K/\OBn
137
\d
(o] o]
F F F
NJ\AOH S NMK/\OB,] 2 MSONOBn
° a1 ° 140 139

lg
o
F © F 0
@NMOH S +H3N\)\)J\O'
o 142

125

Schemes.5: Synthesis of racemic 3-F-GABA using the Gabnjgltkesis approachReagents and
conditions: a) NaH, BnBr, THF, 96%; b)CPBA, DCM, 95%; c) HF-Pyridine, DCM, 59%;
d) MsCl, EgN, DMAP, THF, 64%; e) Potassium phthalimide, DM&lux, 75%; f) B, P=40 bars,
Pd(OH)/C, 40%); g) Nal®@, RuCk.xH,O, CCl/MeCN/H,O, 65%; h) HNNH,.H,O, EtOH, 44%.
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The key step in the above synthesis is the hydrdigende mediated ring opening
of epoxide 136) which gave a 3:1 mixture of regioisomels87) and (38). Fortunately,

they could be separated by column chromatography.

With some of the elements of this route in placsirategy evolved to address an
enantioselective synthesis ofRjsF-GABA (Scheme3.6). Starting from commercially
available §-1,2,4-butanetriol, the chiral epoxid&46) was obtained in five steps and in
50% overall yield. The subsequent steps were sinildhose already developed for the
racemic synthesis. A small amount d28) was prepared but it was not pure and its

enantiopurity was not evaluated.

OH
F\/'\/\
OBn

OH WLO +
o) 147
HO\/‘\/\ a, b 0\)\/\ c,de f
OH —— OBn — l>\/\OBn —

143 144 145 Ao oBn
146
g
o] (@]
F F F
= i
N\/\/\OH N\/\/\OBH — MSO\/\/\OBn
° 150 ° 149 148
Jj
o]
F O FE O
NMOH ~~~~~~~ Kos +"'3'“\/\)J\o
° 151 (123)

Schemes.6:. Enantioselective preparation ofRj3F-GABA using the Gabriel synthesis approach.
Reagents and conditions: a) AcetoguiesOH (cat), RT, 24 h, 95%; b) NaH, BnBr, THF, R%,I2
92%; c) AcOH/HO, 50° C, 1 h, 88%; d) TsCl, Pyridine, RT, 7 h, 7&)%Triton B, E4O, RT,
85%; f) HF-Pyridine, DCM, 47%; g) MsCl, PyridineMAP, THF, 70%; h) Potassium
phthalimide, DMF, reflux, 65%; i) Kl P=40 bars, Pd(OHYC, 50%; j) NalQ, RuCk.xH,0,
CCly/MeCN/H,0, 60%; k) HNNH,.H,O, EtOH.
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In addition to the large number of steps and ther mverall yield, this synthesis
presented two additional problems. The first on¢hes opening of the enantiomerically
pure epoxide ¥45 with HF which can result in some cases in a $icgmt loss of
stereochemistry. The second problem is the cleavage of the phtlidgingroup with
hydrazine in the final step. A long reaction timaswequired to achieve an acceptable
conversion but this also promoted the formatioradiy-product byp-elimination. More
problematic was the presence of another zwitteri@mino acid by-product which could
not be separated from 3-F-GABA. This by-product videntical spectroscopically to
GABA and could have formed by reduction of felimination product with hydrazine.
Reduction of unsaturated compounds with hydrazinthé presence of oxygen has been
reported The nucleophilic substitution of fluorine by hydiee has also been
demonstrated in 1997 by M. Bdis.

Therefore, it appears from this work that, duent ¢complications occurring during
its hydrolysis with hydrazine, phthalimide is notsaitable protecting group for the

synthesis of sucp-fluoroamines.

The apparent simplicity of 3-F-GABA as a target emlle and the unsuccessful
efforts experienced in its synthesis, emphasizedifieulties and the frustrations which
often come with the synthesis of fluorinated orgamolecules. The recognition that a
reaction first published in 1982 could be used tlwe synthesis of 3-F-GABA in an

enantioselective manner gave a new impulse tgtioigct.

10¢



Chapter 3

3.3 Amino acids as precursors of 3-Fluoro-GABA

3.3.1 The serine approach

A. Shanzer and L. Somekh observed in 1982 thatniezat of N,N-dibenzyl+ -
serine benzyl esterl$2 with DAST providedN,N-dibenzyla-fluoro-$-alanine benzyl
ester {53 in 90% yield and in an enantiomerically pure fdrifhe proposed mechanism

for this transformationia an aziridinium intermediatel$4) is presented in Schen3ey.

OH © .
Bn_ /\)k
K‘)J\OBn DAST, THF, RT N o
TR 90% Bn F
152 = - 183
L,/
ol
0) o o)

Schemes.7: Synthesis of (R)-3-(dibenzylamino)-2-fluoropropanoic benzyl eqt&53) from (25)-
dibenzylamino-3-hydroxypropanoic acid benzyl e¢1&?) via formation of the aziridiniumis4).”

This reaction has been reproduced several fifiés the last twenty years and the

40 1 or for studies of-peptide

product has been used for the building of chenpcabe
conformationg: ° The formation of aziridiniumi4) as an intermediate in the above
reaction has been confirmed and can be explaingdebfact that intramolecular reactions

are faster than intermolecular reactions. It alsons that the dibenzyl-protected amine is
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more nucleophilic than fluoride anion. The openmh@ziridinium (L54) by fluoride is both
regio- and enantio-selective. The stereointegritythis reactiot ** makes the DAST-
mediated rearrangement @hydroxylamines a useful method for the synthedis o

enantiopurés-fluoroamines.

The applicability of this reaction for the enangtextive synthesis of 3-F-GABA is
evident. N,N-Dibenzyl-a-fluoro-$-alanine benzyl esterl$3) emerges as a precursor to

(39-F-GABA as indicated in the retrosynthetic anaystown below (Scheng8).

o

or Homologation /\)J\
anN/\;/\H/ — =Y OBn

_ Deprotection

O
+H3NW

F le) F 0 F
124 153
H DAST
Sl Protection Sl
%OH  E— K‘)kOBn
NH, NBn,
155 152

Schemes.8 Retrosynthetic analysis starting frasserine.

(39- And (R)-F-GABA are according to the proposed retrosyrithesccessible
from L- andp-serine respectively. The key step for this appnoacthe homologation of
the a-fluoro-ester 153. Typically, carboxylic acids can be homologatedosthly using
the Arndt-Eistert procedure, a convenient and widsled method which converts simple

a-amino acids int@-amino acids in only two steps.*®

Accordingly,L-serine {55) was tribenzylated using standard procedutés give

(2S)(dibenzylamino)-3-hydroxypropionic acid benzyl exst152) in 51% yield. This

10¢
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compound was then dissolved in THF and reacted @AST, affording (53) in 85%
yield. The reaction proceeded very cleanly andptioeluct had spectroscopic data identical
to those reported in the literatufeMild alkaline hydrolysis of the benzyl ester witfOH
gave the carboxylic acid$6) in 74% vyield. It is noteworthy that mild alkalimgdrolyses

of a-fluoro-esters have been reported to proceed withass of enantiopurity at the
stereogenic centrd. ** The free acid was then converted to the acyl @®owith SOC}
and was directly added into an ethereal solutiodiatomethane to generate diazoketone

(157) (Schemes.9).

OH O OH O© (o] (o]

a b c
NH, NBn, F F
155 152 153 156

Jd,e

o}
OMe >< /\)k/N
anNW Bn2N . -~ 2
F O F

158 157

Scheme3.9 Attempted synthesis of 4-dibenzylamind)3luorobutyric acid methyl este $8
via Arndt-Eistert homologation of acid%6). Reagents and conditions: a) BnBp(O;, NaOH,
H,0O, 100 °C, 1 h, 51%; b) DAST, THF, 0 °C, 85%; cPH 0.5 N, THF, RT, 18 h, 74%,; d) SQCI
DCM, reflux, 2 h; €) ChN,, THF, RT, 14 h.

Diazomethane was prepared from Diazald® (Sche3r) using published

procedures® *’

o
NZD)
Xe. HO. o HO) N
WSN OH- N) N I
S\\v\/\—> “ —_— C '1‘ D — N*
i
/©/ © -TsO' SZH -H,0 SCH, OH CH,
H
160 159

Scheme3.10 Schematic mechanism of the preparation of diatoame (59 from
Diazald® (60).
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Only a fewa-fluorodiazoketones have been reported in thealiteg®2° and most
of these have been described as reasonably stableur case,(3R)1-diazo-4-
(dibenzylamino)-3-fluorobutan-2-on&%7) was not purified but was characterised by full
NMR analysis and by IR analysis which showed thpécl absorption of the N=N bond at
2112 cm'. However, diazoketonel§7) was contaminated with a significant amount of
methyl ester 161), arising from direct esterification of the carlpba acid (156) with
diazomethane. This is probably due to incompletavewsion to the acyl chloride or
competing hydrolysis. The ratio of the mixtudb()/(161) was determined by NMR to be

around 65/35.

o) o o)
b
anN/\;/MOH 22 N - Ny BN <~ “OMe
i e /35
156 157 161

Scheme3.11 Preparation of diazoketon&q7) and methyl esteil6l) from carboxylic
acid (156). Reagents and conditions: a) SQCICM, reflux, 2 h; b) CkN,, THF, RT, 14 h.

139.186

mmmmmm

__—192.591
192.26

Figure3.2 DEPT NMR spectrum (CDg;| 75 MHz) of fluorinated diazoketon&X7) contaminated
with methyl ester161).

11C



Chapter 3

-191.822
191.91

——— -191.722
———— -191.729

/ /\
[U\ / JH—F Hz
M “Jnr 50.3
bt A / 3nr 30.5
W\ M S 23.0
o /,J/ J nr 4.0

Figure3.3 F NMR spectrum of the diazoketone (above) andiitsiated spectrum (below) from
which Jy.rcouplings are extracted.

The key step for the Arndt-Eistert homologation gadure is the Wolff
rearrangemeﬁjt from the diazoketone which forms a ketene inteiated which is
subsequently hydrolysed to the homologated estereNhan one hundred years after its
discovery, questions remain about the mechanisnthisf rearrangement, for example
whether the loss of Nis concerted or not, with the migration of theyalgroup. It seems
than both pathways co-exist although it has beggested that diazoketones adopt the Z
conformation in the Wolff rearrangement. In thiswfmrmation, the migrating and leaving
groups are antiperiplanar, which indicates -at tleas partially concerted mechanism
(Scheme3.12. The migratory aptitude of the R group has alserbstudied and it appears
that phenyl groups migrate faster than methyl gsoup

H*

o o)
[ )k/N*‘///N— R& = .
R - S R R ) =C=0 /_4
! A ¢ on

‘0O—R,

Scheme3.12 Schematic mechanism of the Wolff rearrangement.
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Perfluorinated alkyl groups display a poor ability migrate in the Wolff
rearrangemefit 2 and E. R. Larseet al. have shown that perfluorinated acids failed to
undergo the Arndt-Eistert reaction in a normal n&nifhey concluded after a series of
experiments that at least two methylene groupsexqeired between the carbonyl and the
perfluorinated chain for the Wolff rearrangemenptoceed convenientR/. Interestingly,
trifluoroacetic acid is conveniently homologateiéhgsstandard conditiorf§;® and it is not

clear why this should be so.

It was exciting to test the feasibility of the Wolfearrangement om-
fluorodiazoketonel(57). Successful homologation df56) to B-fluoroacid (58 using the
Arndt-Eistert procedure, would open up a new rdatthis class of compounds for which
very few methods have been developed. In the ey&bi) failed to undergo the Wolff
rearrangement in our hands. Crude diazoketd®@) (was dissolved in various solvents
(BnOH, THF/water, DCM/MeOH), the solution was pitrl from the light and the
catalyst silver benzoate;Bs0,Ag was added to the mixture at 10-20 mole %. Saioica
heating or addition of Lewis acids also failedriduce the desired rearrangement. It is not
clear why the homologation of thésfluorodiazoketone did not proceed in the expected
way but two explanations can be advanced: firskg, presence of fluorine could reduce
the migrating ability of the alkyl group. Secondifyketene 162 does form, its hydrolysis
could result in loss of fluoride (ScherBel3. The later explanation appears more probable
as unsaturated compounds were detected in the crodkéure after the Wolff
rearrangement but it was not possible to isolatg lammologated product from the

reactions.
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~N
BnQN/\i)k/'\r — BnQN/\i/SC% — anN/\/\WoR1
F F (e}
157 162 163

Scheme3.13 Putative mechanism of the Wolff rearrangemenaigluorodiazoketonel(57).

At this stage, it is not possible to give a defidtanswer about the aptitude ef
fluorodiazoketones to undergo the Wolff rearrangeinand further experiments perhaps
merit investigations. However, the lack of successing this work and the lack of
precedent in the literature suggest th&tuorodiazoketones are unsuitable substrates for
the Arndt-Eistert reaction. This led us to recoasidur approach to the synthesis of 3-F-
GABA.

As homologation appeared not to be compatible aitti-fluorinated substrate, the
order of the fluorination and homologation stepsspnted in Schem®9 was inverted.
Accordingly, theB-homoserine derivativel64) now emerges as the key compound in the

new retroanalysis (Schemel4).

o Deprotection o DAST OR
HNTNY ZU g G == [ C N
F o F e} NBn, O
124 164

ﬂ Homologation
Sinl Protection oH 0o

NH, NBn,

155 152

Scheme8.14 Revised retrosynthetic analysis.
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3.3.2 The aspartic acid approach

Fluorination via the aziridinium intermediatel%4) as shown in schem®.7 is
obviously not limited to serine derivatives and dam applied to anyN,N-dibenzyl-
protected B-amino-alcohol. In fact, similar rearrangements ehédbeen observed with
variousN,N-dimethyl$-amino-alcohol& andN-piperidinep-alcohols? which extends the
scope of this reaction. Thus, fluorinationfshomoserine derivativel64) with DAST or
Deoxofluor is expected to behave similarly to thgperienced previously with benzylated
serine 152), although the regioselectivity of the openingtloé aziridinium might be less

specific in this case.

OH
HO/\l/\n/

NHz O
165

B-Homoserine 169 is a well known compound for which different syases have
been reported. However, homologation procedures sscArndt-Eistert or Kowalski
procedures are not attractive in this case becagsée up of these procedures is
impractical and expensive. An efficient method ggviaccess to164) or its enantiomer
(166), avoiding tedious protection-deprotection mard@tions was needed. It rapidly
emerged that aspartic acid, which contains foubaas like GABA, was an ideal starting
material for the synthesis of 3-F-GABA. ScheB&5 shows the key intermediates of the

retrosynthetic analysis starting from aspartic t&Y).
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o
DAST

RO MeO HO
\H/\:/\NBnZ :D YY\OH : o

o F O  NBnm, O NH,
166 167

Scheme3.15 Retrosynthetic analysis starting fraraspartic acid.

The synthesis di-aminoalcohol 166) from L-aspartic acid{67) requires selective
reduction of thex-carbonyl in the presence of tfecarbonyl group of the side chain. This
has already been reported many tifffe€.Typically, aspartic acid is selectively esterified

Boc-protected and then reduced with sodium boradgdiNaBH, or borane BH

(Schemes.16).
(o] o]
HO. MeO MeO
NOH a) SOCl,, MeOH NOH ¢) CIO.Et, NMM WOH
o} NH; b) Boc,O o HN\H/O d) NaBH, ) HN\H/O7<
167 168 © 169 ©

30, 33,34

Scheme3.16 Example of a preparation dfg9.

The fluorination step with DAST requiresNgN-dibenzyl-protected nitrogen and
can not be performed on a Boc-protected amino aagih as 169. It was therefore
decided, in order to reduce the number of synthetieps and protecting group
manipulations to attempt the reduction reaction aordibenzyl-protected amino acid.
Accordingly, a new route was designed and it stamtéh the esterification of aspartic
acid.

The selectivep-esterification of aspartic acid was straightforsdvausing the
procedure published in the 1950s by D. ColeffaAddition of thionyl chloride to a
methanolic solution of aspartic acid furnishedgerfte-crystallisation from EtOH/ED,
B-methyl aspartate hydrochloridd70 in 70% vyield. The selectivity of the reaction
originates from the formation of the anhydridg1) which is opened by methanol irpax

ratio higher than eight (ScherBel7).%
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O
O ( \J (o]
SOCl,, MeOH
HO & MeO
NOH o] - NOH
*HiN

O NH, O  NHy

167 171 170 or

Scheme3.17 Preparation of-methyl aspartate hydrochlorid&7(0).

The dibenzyl protection of the amino group was eebd by reductive amination, a
method which does not affect the freecarbonyl. The reaction proceeded smoothly, by
addition of benzaldehyde and sodium cyanoborohgditda solution of amino acid 70
in methanol. NaCNBElreduces imines but is not reactive enough to redesters or
carboxylic acids. In the eventS)¢{N,N-dibenzylaspartic aci@-methyl ester 172 was

isolated in 64% yield (Schen®18).

(o] o]
OH — OH —» OH

O NH, O  NHs'

Cr

O  NBn,

167 170 172

Scheme3.18 Synthesis of{72) from L-aspartic acidiia reductive amination. Reagents and
conditions: a) SOG] MeOH, RT, 62%; b) benzaldehyde, NaCNBMeOH, 64%.

Compound 172 now bears differentiated carboxylate groups whiglere
anticipated to react differently in the presenceaafeducing agent such as borane;BH
which is known to efficiently reduce carboxylic dsibut not esterS.

However, such experiments with BHailed. No reaction was observed after
addition of one or two equivalents of BHat room temperature or even after reflux in
THF. The addition of three or more equivalents bf;Band heating under reflux, resulted
in a complex mixture of non-reacted, partially reeld and doubly-reduced products,
showing that the reduction 0172 with borane is not selective. More forcing coratis
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produced the doubly-reduced chiral di&l’8) which was isolated in 75% vyield (Scheme

3.19.

o}

MeO MeO HO
OH % OH . \/\‘/\OH

O NBnm O  NBn, NBn,

166 172 173

Scheme3.19 Reduction of 172) with borane is not selective.

This unsuccessful result illustrated that dibermytection of the amine renders the
reduction of thex-carboxylic acid more difficult. The conclusiontisat 3-homoserine is
more conveniently synthesised by the method shosred®&cheme3.16 which involves

protection of the nitrogen as a carbamate andrbaunction with NaBHl

Examination of the literature revealed that comub(ir66) is unstable in solution
and prone to lactonisatidh 3 (Scheme3.20. In fact, it has been reported to lactonise
quantitatively after a few days in the refrigeratoAlthough the ring open form can be
recovered by acidic treatment, this behaviour ratBg againstlg6) as a good substrate

for the fluorination reaction.

OH
(e} Nan Bn,N

166 174

Schemes.2Q Lactonisation of 166).

Therefore, investigations of the route using agpaxid as a starting material were
discontinued at this point. Once again, a new apgrovas required and again, it was
decided to begin the synthesis of 3-F-GABA fromtaro natural amino acid. This time,

phenylalanineX75 was chosen.

OH
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3.4 The phenylalanine route

Amino acids are potentially practical starting mmais for the synthesis of
enantiopurep-fluoroamines as illustrated by the sequence ineB&h3.21 They are
conveniently reduced t&-hydroxylamines and have the potential to be t@mséd intop-

fluoroamines by fluorination with DAST or Deoxofluo

[e] (@]
Benzylation Reduction Fluorination
R/H)VLOH e R/\Hkosn e R/Y\OH e R/\/\Nan

NH, NBn, NBn, F

Scheme8.21 Schematic synthesis of enantiopffuoroamines fronu-amino acids.

In the context of 3-F-GABA synthesis, substituentdrild clearly be a carboxylic
acid but competing lactonisation occurs in thisecas discussed above. Interestingly,
aromatic rings can be used as masked carboxylktfanctionalities where the carboxylic
acid is released by ozonolysis, potassium permarganor ruthenium-catalysed
oxidations. M. Schiler in the St Andrews lab, rélyedemonstrated the applicability of
this approach on fluorinated substrates by comgrfi,2-difluoro-diphenylethanel76)
into 2,3-difluorosuccinic acidl{7) by ozonolysis® ** Ruthenium-catalysed oxidations of

aromatic rings can also by conducted with fluogsubstrates (Scher@e2?).>4°

F F (@]
O3, AcOH, H,O
3, AC 202 HO
OH

45%
F o F

176 177

(@] o} (0]
F A RuCl,, NalQ,, F
S r s
MeCN/H,O/EtOAc : OR
23-34%

Scheme3.22 Examples of ozonolysis (above) and rutheniumbgsgal oxidations (below) on
fluorinated substratés.**
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The envisaged retrosynthetic analysis starting froqphenylalanine X75 is
outlined in Scheme3.23 This synthesis contains two important steps whinlolve
fluorination of (L 78) and then oxidation of the phenyl ring. Prior lte Oxidation step, it is
required to convert the dibenzyl protecting grodXr9 into a group compatible with

oxidation conditions.

_OW Deprotection HOW Oxidation

i e— O M — <" ONRR,

o F o F @AF/\

123
Deprotection/ o Benzylation/ o
Protection : NBn, Fluorination oH Reduction oH

:; E : NBn, NH,

179 178 175

Scheme8.23 Retrosynthetic analysis starting franphenylalanine.

Preparation of amino alcohol{8 was straightforward and was achieved using
published procedurdé*® Accordingly, L-phenylalanine was perbenzylated using benzyl
bromide and KCO; in EtOH. This reaction was performed on a largdesand the crude
product obtained after work-up appeared clean eméaidpe taken through directly for the
further step. However, an analytical sample(2%)(dibenzylamino)-3-phenylpropanoic
acid benzyl esterl80 was obtained after purification. Reduction &8¢ was achieved
with LiAIH 4 in THF at O °C. The excess of LiAlHvas quenched by the careful addition of
water. After work-up and purification2S)(dibenzylamino)-3-phenylpropan-1-o178

was obtained in 85% yield over two steps as a c¢laes solid (Schem@.24).
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OH a OBn b OH
NH, NBn, NBn,
175 180 178

Scheme3.24 Preparation of2S)(dibenzylamino)-3-phenylpropan-1-dl{8) from -
phenylalanind’*° Reagents and conditions: a) BnBsQOs, EtOH, 70 °C, 3 days; b) LiAlH
THF, 0 °C, 2 h, 85%.

The ®R)-enantiomer 183) was prepared in a similar manner to tBegnantiomer

from p-phenylalanine methyl ester hydrochlorid81) (Scheme3.25).

o} (e}

7 Come 2 " Some __ >, " oH
NH* NBn, NBn,
cr
181 182 183

Scheme3.25 Preparation of2R)-(dibenzylamino)-3-phenylpropan-1-di§3) from p-
phenylalanine methyl ester hydrochloride. Reageantsconditions: a) BnBr, 0;, MeCN,
80 °C, 16 h, 79%; b) LiAlg THF, 0 °C, 2 h, 93%.

Fluorination of (78 with Deoxofluor was reported in 2002 to give then-
rearranged produc{2S)}N,N-dibenzyl-1-fluoro-3-phenylpropan-2-aminél8d) in 78%
isolated yield® However, in 2004, the reaction was reported te gimixture of {79 and
(184) in a 4:1 ratio (Schent® 26) favouring the rearranged proddtfrhe later publication

was an encouraging observation for our synthestsF{GABA.
Deoxofluor,

on _DEM.0°C " Nen, | F
NBn, F NBn,
178 179 184

N 78% yield:(l’
71% vyield !/ 15% yield

Scheme.26 Fluorination of {78 as reported by J. M. Shreesteal>® >
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The fluorination ofN,N-dibenzylff-amino alcohols is reported to be concentration-
dependent, with a higher concentration of Deoxafluenefiting the formation of the non-
rearranged product, possibly by direct substitutfoli was therefore decided to perform
the fluorination of {78) under more dilute conditions.

Accordingly, 0.6 mM solution of Deoxofluor in DCM a8 added dropwise at
-10 °C to a 0.1 mM solution ofL{8 in DCM. The reaction mixture was allowed to warm
slowly to room temperature and was stirred for 13\tier work-up and purification by
flash chromatography, the desired product was obtained as a colourless oil in 75%
yield and the isomer4) isolated in ~12% vyield. The dilute reaction cdiwtis appear to
favour the intramolecular reaction and the formatiof the aziridinium ring 185.
Consequently, the formation ofl§4) results most probably from non-regioselective

opening of aziridiniumi85) by fluoride (Schem8.27).

OH N+/\ 7" ONBn, F
NBn, WF_ F NBn,
178 185 179 184

Scheme3.27 Proposed mechanism for the formationIof9) and (L84).
Reagents and conditions: Deoxofluor, DCM, -10 °&%7(179).

The influence of solvent and temperature on theosedectivity of aziridinium
ring-opening was found to be very limited. DCM wthe most convenient solvent for this
reaction, providing a high ratid 79/(184) (Table3.3). Carrying out the reaction at room
temperature, -10 °C or -78 °C had no significanpaet on the ratio1(79/(184). Also,
DAST and Deoxofluor gave very similar results. Te&ies of experiments indicated that
the regioselectivity of the reaction could not lasilyy improved but this was not essential

as(2R)N,N-dibenzyl-2-fluoro-3-phenylpropan-1-amin&7@ could be isolated readily and
121
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in good isolated vyield (75% yield). The enantiom@S)N,N-dibenzyl-2-fluoro-3-

phenylpropan-1-aminel86) was obtained similarly in 76% yield frorh&3).

Solvent Ratidl79184
(at 0 °C)
THF 73127
MeCN 74/26
DCM 80/20
CCly/DCM (3/1) 82/18

Table3.1: Ratio179184 of the fluorination reaction in various solvents.
Ratio was measured directly B NMR analysis.

The enantioselectivity of the fluorination reactionth substrate 78 was not
previously reported in the literature and althodlgls type of rearrangement was found to
be enantioselective on the serine derivatd®2(, possible involvement of a phenonium

aniorf or a §1 pathway had the potential to reduce the enantigpélso, theap values

of enantiomers 179 and (86 were found to be very low c(]zoD +1.1 and -1.0
respectively) so that enantiopurity could not beedained by measurement of the optical
activity. It was therefore essential to verify theantioselectivity of the reaction and this
was accomplished with Mosher's amides, which are thost widely used chiral
derivatising agents for assessing enantiopurihol amines?

Using parallel procedures, both thi®-(and §)- enantiomers(79 and (86) were
debenzylated by hydrogenolysis in MeOH using Pd@@Has a catalyst. After filtration of
the solids and evaporation of the solvent, theemmdines were directly coupled ®)4(-)-
MTPA-CI (187) with DMAP and EfN in DCM. The reactions were quenched by the
addition of water and the solvents were removed fdsidues were finally taken up in

CDCl; and analysed b{F NMR (Schemé.28.
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o
<~ “NBn, g
5 F F,C OMe

a) hydrogenolysis
6] 179

o
Doy o
FiC OMe 1 87
NBn, h
F F F,.C OMe

(S 186 (5. 9) 189

Scheme3.28 Preparation of the Mosher's amidé8® and (89).

The°F NMR signal for the fluorine at the stereogenintoe for compoundslg8),
(189 and the mixture of the two diastereoisomers @ashin Figure3.4. Single peaks are
observed for pure Mosher’'s amides derived from goaners (79 and (86) suggesting
that the two enantiomers are enantiopure. To contitat peaks at -184.87 ppm f@&, ©
(188 and -184.73 ppm fory S (189 are not artefacts, the two Mosher’'s amides were
then mixed in one tube and the NMR spectrum ofrive showed unambiguously two

distinct peaks, proving the very high enantioseélggtof the fluorination reaction.
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Figure3.4 *F NMR analysis of Mosher’s amides3g) (spectruna) and (189 (spectrunb) and
mix of (188 and (89 (spectrunt) showing the high enantiopurity of amind§9 and (.86).

In appropriate cases, absolute configuration camdiermined by X-ray crystal

structure analysis. For that reason, the hydrozhkalt of the dibenzyl-protected amine

(179 was prepared. Thusl{9 was first subjected to hydrogenolysis, and diteation

of the palladium catalyst, 1 M HCI in diethyl ethveas added to the methanolic solution of

the amine to generate the hydrochloride (Schgr29.

E

179

7 NHg*
E

cr

190

Scheme3.29 Preparation of [R)-fluoro-3-phenylpropan-1-amine hydrochloridé()
Reagents and conditions: a) Pd(@RB) H,, MeOH; b) HCI, EtOH/EO, 76%.
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Crystals of the hydrochloric sall90) were obtained by re-crystallisation from
EtOH/ELO and one of these was amenable to crystal stei@nalysis. X-ray analysis
confirmed the absolute configuration of the amimé¢ R). The C-F bond liegaucheto
the C-N bond, with a torsion angle F-C-C-Nf 62.9° (Figure3.5). This is consistent with

recent observations indicating this as a prefeccgdormation ir3-fluoroamines.

Figure3.5: The absolute configuration afg0 was determined
by X-ray structure analysis to bi)(

b : NBn,
NBn, NBn, E
179

180

b NBn,
NBn2 NBn2 F
186

182 183

Scheme3.30 Enantioselective syntheses of chpeluoroamines 179 and (L86) from L- andp-
phenylalanine derivatived80) and (82 respectively. Reagents and conditions: LiglHHF,
0 °C, 2 h, 85-93%; b) Deoxofluor, DCM, -10 °C, 157B-76%.

As the enantiopurity and the absolute configuratdrg-fluoroamines 179 and

(186) was unambiguously established, the synthesisdctel progressed toward the

oxidation of the phenyl ring.
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A suitable protecting group, stable under stronglidative conditions and
preferably easily introduced and removed was requio replace the dibenzyl protecting
group. Examination of the literature revealed maxamples of Sharpless oxidations
carried out with a Boc-protected amiie® Therefore, 179 and (86) were converted
using standard procedures inf®) and §)-tert-butyl-2-fluoro-3-phenylpropylcarbamate
(191 and @92 respectively as indicated in Sche®81 The two enantiomers were

obtained as colourless crystals amenable to Xiragtsire analyses (FiguBe6).

: NBn, _ab - NHBoc
F F

179 191

NBn, _&b NHBoc
F F
186 192

Scheme3.31: Preparation oN-Boc-protected amined491) and (92).
Reagents and conditions: a) Pd(@8) H,, MeOH, 3 h; b) Bog, 14 h, RT, 90%.

191

192

Figure3.6. X-ray crystal structures of enantiomeR-(191) and §)-(192).
Torsion angles F-C-C-N are -66.8° itB(Q) and 66.4° in192).
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Aromatic compounds101) and (92 were then subjected to ruthenium-catalysed
oxidation following Sharpless conditioA%:Enantiomer 191 was mixed in a biphasic
solution (CCI/MeCN/H0O; 1/1/1.5) with sodium periodate NalQ20 equivalents).
Ruthenium trichloride hydrate RutH,O was then added (6-10% mol eq.) and the
mixture was vigorously stirred at room temperatimetwo to four days. Filtration over
Celite followed by evaporation of C£hnd then extraction of the aqueous phase into
EtOAc emerged as the most practical work-up. Disagimgly, *>F NMR analysis of the
crude material showed the formation of severalrfhaied products which could not be
easily isolated by flash column chromatography ((Fég.7). The oxidised product may
have been formed in a low vyield but the purificatiproved too problematical.

Encouragingly, no aromatic products were deteatdtie reaction.

Figure3.7: *>F NMR spectrum (CDGlat 280 MHz) of the crude material from
the ruthenium-catalysed oxidation aB(Q).
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The oxidative cleavage of aromatic rings by rutbemiis believed to proceed
according to the simplified mechanism showed inegofi3.32 RuCj is first oxidised by
water to give Ru@which is further oxidised to the active ruthenitgiroxide species by
concomitant reduction of lOto 10;. RuQ; adds at the IPSO carbon of the aromatic ring
to form intermediate193). Note that addition at another position on thmg rieads to the
formation of the same intermediatk94).>’ The C-C bond cleavage df93) results in the
formation of aldehydel@5 which is further oxidised in a similar mannerdompound
(194). Under Sharpless conditiond9¢) becomes hydrated and then oxidised by periodate

or ruthenium oxide to generate carboxylic adiélg).

2105 210,
R \ / 0=Ru=0
0" o
R\ o o o
o o Ho OH
o
195 194
O=dln, ‘
/
o
R)J\OH
193 196

Scheme3.32 Schematic mechanism of the ruthenium-catalysed
oxidative cleavage of aromatic ring.

Although the oxidation oN-Boc-2-fluoro-3-phenylpropylaminel91) turned out to
be disappointing, the fact that the aromatic oxatahad occurred was encouraging and
prompted further investigation to optimise the tiac As stated in the literatur@ the
reaction time of the oxidation was found to be Bigantly shortened by the addition of
HIO, instead of Nal@ as co-oxidant, but this again, gave rise to a ¢exmixture of
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compounds. Conversely, addition of NaH{@as prejudicial to the reaction and a
substantial amount of starting material was recedeeven after longer reaction times. It is
also clear from the literature that the oxidatisrvery temperature-sensitive and must be
carried out between 25 °C and 40%Qt can stop if the temperature falls below 20°Gfor
stirring is insufficient. Hence, the reaction mipduwas immersed in a temperature-
controlled water bath at 25 °C and the developnwna black-coloured spot, which
indicates the presence of oxidised ruthenium, whk® aarefully examined. After
modifications to the reaction conditions failed gmduce any improved results, it was
decided to undertake the oxidation step with aed#fiit substrate and to prepare the di-

Boc-protected amined 97) and (L99).

The secondert-butylcarbonyl group was introduced ontb/9) and (86) using
standard methodology, in aprotic solvent with alygic amount of DMAP. The removal
of the dibenzyl group, and its replacement withBod group was performed in one step,
by evaporating MeOH after installation of the fiBbdc group, dissolving the residue in
MeCN and heating the mixture under reflux after igold of Boc,O and DMAP.
Accordingly, the di-Boc-protected amine was obtdimes a colourless oil in 80% vyield

from the dibenzyl protected amine (Schesr&3).

;i NBn2 a,b,c -
F F
179 197
@/T\
198

NBoc,

©/\‘/\NB"2 abe NBoc,
F

186

Scheme3.33 Preparation oN,N-diBoc-protected amine497) and (98).
Reagents and conditions: a) Pd(@8) H,, MeOH, 3 h; b) Bo®, RT, 14 h;
¢) BogO, DMAP, MeCN, 80 °C, 14 h, 78-80%.



Chapter 3

Subjecting compoundsl197) and (98 to the standard Sharpless conditions
furnished the targeted produci®){and §)- N,N-diBoc-3-fluoro-GABA (199 and @00).
The reaction was surprisingly clean as shown by#eand'H NMR spectra of the crude
product mixture. The only problem encountered is tieaction was the cleavage of one
Boc group which presumably occurred during the iaaiktraction of the aqueous phase.
This could be avoided by extracting the water pheisieout acid but with a large volume
of EtOAc. Purification by flash column chromatogngpafforded 199 and @00 in 75%

and 76% vyield respectively, showing the reliabittyd efficiency of this transformation.

N
o

©

8.581

194
4.040
3.781
1.509

T T T T T T T T T T T T T T 1
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

k|

Figure3.8 '°F (in CDC} at 280 MHz) andH NMR spectra (in CDGlat 300 MHz) of crudel@9)
product showing a clean conversion. THeNMR spectrum is contaminated only by residual
EtOAcC.

1.330
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a HO
% NBoc, R — W\NBOCQ
F O F

197 199
a HO
NBoc, E—— NBoc,
m w
198 200

Scheme3.34 Syntheses 0fl99 and @00 by ruthenium-catalysed oxidative cleavage of atin
ring. Reagents and conditions: Nal@8 eq), RuGlxH,O (6% mol), CC/MeCN/H,0, 25 °C,
3 days, 75-76%.

The final step of the synthesis required acidiaetge of theert-butylcarbonyl
groups, for which trifluoroacetic acid (TFA) is aramon reagent. However, TFA can be
difficult to separate from amines and we have fododng our synthesis of racemic 3-
fluoro-GABA that purification on ion-exchange colamcan also be problematic.
Consequently, it was judged that removal of theodiBroup would be more conveniently
achieved with HCI gas. Re-crystallisation would rthgield 3-fluoro-GABA as its

hydrochloride salt.

Deprotection of the Boc protecting groups, followad purification were indeed
straightforward: HCI gas, generated by additiorcoficentrated sulfuric acid on sodium
chloride was bubbled through a solution d99 or (200 in dry DCM at 0 °C.
Precipitation of the 3-fluoro-GABA hydrochloric $abccurred within 10 minutes, and
single re-crystallisation from EtOH and &t afforded (®)- and (¥)-fluoro-4-
aminobutyric acid hydrochloridd23) and (24) as colourless crystalline solids, in around

80% yield (Schema8.35).
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HO HO
W\NBOCZ WNBOCZ

6 F o F
199 200

J ) J )
HO Lo .
\H/\:/\NH; WNHs
© F o F

123 124

Scheme3.35 Synthesis of (B)- and (¥)-fluoro-GABA hydrochloride by HCI gas treatment of
diBoc-protected amined99 and @00).
Reagents and conditions: a) HCI gas, DCM, 0 °Qnirf) 80%

In order to confirm the integrity and absolute stethemistry of the products, X-
ray crystallography was explored. Obtaining crystlitable for X-ray structure analysis
was however more challenging than expected as adhgaounds re-crystallised as light
flakes. Finally and despite the small size of tingstals, sufficient diffraction enabled
structure elucidation of 8- and (¥)-fluoro-GABA hydrochloride, 123) and (24

(Figure3.9).

123 124

Figure3.9 X-ray crystal structures of B§-fluoro-GABA. HCI (123
and (&)-fluoro-GABA.HCI (124).
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3.5 Conformation and evaluation of 3-Fluoro-GABA

enantiomers

3.5.1 Conformational and NMR analyses

As expected, the ammonium aliggaucheto the fluorine in both enantiomers
(3R)- and (¥)-fluoro-GABA hydrochloride (Figures.9). The F-C-C-N torsion angle is
-56.0° for the R)-enantiomer and 64.8° for th&){enantiomer and although these two
values are different, they remain close to thegm¢daucheangle (x60°). It is perhaps not
surprising that both enantiomers re-crystallisedlifferent conformations as 3-F-GABA,
like GABA, is a flexible molecule. TheS|-enantiomer crystallised in a fully extended
conformation, having the ammonium group and the é@ubons in a same plane. THg-(
enantiomer adopted a slightly twisted conformatiwith the carbon of the carbonyl
pointing out of the plane formed by the ammoniund @ne three other carbons. The
different conformations observed between the twanéomers probably result from
slightly different crystallisation conditions.

Crystal structures of GABA hydrochloride are avaliéa from the Cambridge
Structural Database, under the codes GAMBACO01 aAMBAC10. Both structures show
GABA.HCI in an extended conformation (FiguBelO A). Also, at least three different
conformations were found for GABA re-crystallised a zwitterion (GAMBUTOL,
GAMBUTO04 and GAMBUT10), indicating the flexibilitpf the molecule (Figur8.10 B
C andD).

X-ray structure analysis confirms that 3-F-GABA aB@ABA can access various

conformations in the solid state, but it gives olifgited information on the most stable
13¢



Chapter 3

conformation in solution. The conformational belwaviof 3-F-GABA in agueous solution

is important in understanding its binding properto® GABA recognition sites.
k/\/ B c
A

D

Figure3.1Q Crystal structures and conformations of GABA.HE&) and GABA 8, C andD)
obtained from the CSD.

Similarly, the identification of low energy rotametructures of GABA in the
aqueous phase can furnish useful information orsiples relevant biologically active
conformations'H NMR analysis is not useful for a conformationahlysis of GABA due
to the achirality and rotational mobility of the haoule (Figure3.11). Ab initio
calculations however have proven to be more inftiman the case of small molecules
such as glycing® adrenalin€ or glutamic aci®! The neurotransmitter GABA has also
been studied in this way;*®and recently, M. J. Jordat al have investigated GABA and

GABA analogues structures in aqueous solution usemgputational method4: ®°
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Figure3.11 *H NMR spectrum of GABA in MeOD (300 MHz).
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The major problem facing computational chemistsoisadequately model the
hydration of GABA in order to obtain geometriesateld to experimental results. It is
known that GABA exists in solution as a zwitteriamd binds GABA receptors in
extended conformations. Failure to account for GABAydration gives misleading
conclusions that neutral or folded structures heerhost stable in solution. Hydration of
GABA can be modelled by the explicit inclusion ohter molecules or by estimating long-
range water interactions with GABA using a poladisentinuum model with the dielectric
constant associated with water. In this model, GABAnclosed into a water cavity with a
surface built according to GABA’s van der Waalsface®® To date, computation is still
limited in such predictions and it was stated if£€hat by using aab initio approach, “it
remains unclear ... which conformation, or conforimasi of GABA are biologically
active.®®
Thanks to the presence of fluorine, the solutionfaonations of 3-fluoro-GABA
can be disclosed more readily by the careful imagtion of the”F and'H NMR spectra
which contain much more information than thd NMR spectrum of GABA. The
stereogenic centre present in 3-F-GABA renderspifieons of both methylene groups
diastereotopic, with different coupling constantghwthe fluorine atom. This can be
observed in thé’F NMR spectrum which is a multiplicity of 25 sigealFigure3.12). A
total of 32 lines is expected in theory from theugling of five protons but some peaks
clearly overlap. Because of the high resolutiothef>F NMR multiplicity, an attempt was
made to extract the coupling constants from thetspe. With the coupling constants in
hand, it is then possible to reconstruct the gepnadtthe molecule and suggest the stable

conformation(s) of 3-F-GABA in solution.

13t
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Figure3.12 *F NMR (a) andH NMR (b) spectra of 3-F-GABA in fD at 500 MHz.

The similar chemical shifts of the diasterotopiotpns and their largér coupling
constants generate a second-order spectrum whengingp constants cannot be read
directly. To access these values, it proved necgssasimulate the spectrum and retrieve
the coupling constants in that way. The NMR simatasoftware DAISY which is part of
the NMR processing package TOPSPIN was used festhdy.

In a separate evaluation, theoretical values focalpling constants of the 3-F-
GABA six-spin system were calculateab initio (Dr Tanja van Mourik, St Andrews
University). Firstly, the ten most stable conformevere identified and optimised using
Density Functional Theory (DFT) with the B3LYPfunctional and the 6-31+G* basis set
(Figure 3.13. The coupling constants of ten conformers wern tbalculated and are

presented in Tablg.2
13¢
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22.5 24.1 24.7

30.7 38.1

Figure3.13 Ten most stable conformers of 3-F-GABA calculatsthg DFT.

Hq :Hz Ha y5
© %, NH*
o H F 123
N° AE, use 2uae | Pnara 2vansl] 2k 2nae | 2nsms 2rzmsll Zhans 2namz | Znar
(kJ/mol)
1 0.00 259 28.80 047 6.20 4.60 49.22 1.73 6.61 -14.18 -17.70 47.95
2 3.95 -1.40 13.97 2.04 10.46 4.43 1553 2.73 11.22 -12.46 -16.43 47.64
3 4.09 17.27 33.99 1.02 445 1.23 2258 7.91 10.48 -15.04 -11.88 51.54
4 14.53 -1.40 17.76 8.05 8.84 17.75 49.93 3.00 4.78 -12.44 -15.75 52.74
5 22.50 7.09 3059 099 465 435 11.13| 4.69 12.34 -14.20 -17.27 48.65
6 24.10 8.75 2752 197 11.06 14.37 51.73 1.37 10.78 -13.94 -16.10 55.54
7 24.69 9.80 30.51' 1.75 10.12) 3.49 14.19 421 11.29 -13.75 -16.52 56.42
8 29.90 10.70 29.62 1.65 10.50 553 5226 157 6.37  -1458 -16.18 56.84
9 30.67 6.75 29.05 1.20 4.18 15.03 49.78 1.25 11.82 -14.32 -15.69 47.85
10 38.07 0.20 8.36  3.31 11.04 14.37 51.73' 1.37 10.78 -13.94 -16.10 55.54

Table3.2 Relative energy and coupling constants of thentest stable conformers calculated
with DFT-B3LYP for 3-F-GABA.
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The four lowest energy structures in Figl#d3 have intramolecular hydrogen
bonding between the ammonium and the carboxylatepg; and although they emerged
as the lowest energy conformers, they are not éggeto be relevant in an aqueous
medium. The next six structures are more intergstspecially structured and7 which
closely mimic the conformations found in the sddidte structures of §-F-GABA.HCI
and (R)-F-GABA.HCI (Figure3.9). The coupling constants associated with confaomat
6 were then entered into the NMR simulation softWMaSY and used as approximate
values which were then refined by the software sdv@mes by iteration to match the
simulated spectrum with the experimental one. & fiaally possible a find a good match
between the experimental spectrum and the simulated (Figure3.14 and 3.15. The
coupling constants determined by the software \i@rad to match equally well for tHé

NMR and**F NMR recorded at 400 MHz and 500 MHz (TaBl8).

13¢
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Experimental 1H NMR at 500 MHz

AA I,

T T T T T T T T T T
5.30 5.25 5.20 ppm 3.4 3.3 3.2 3.1 3.0 2.9

T
ppm
Simulated 1H NMR at 500 MHz
] A A _J Vv A AN
T T T T T T T T T T T
5.30 5.25 5.20 ppm 3.4 3.3 3.2 3.1 3.0 2.9 ppm

Figure3.14 Experimental (above) and simulated (beldW)NMR spectra of 3-F-GABA at
500 MHz in BO at 25 °C.

Experimental 19F NMR at 500 MHz

T T T T T T T T
-188.45 -188.50 -188.55 -188.60 -188.65 -188.70 -188.75 -188.80 ppm

Simulated 19F NMR at 500 MHz

T T T T T T T T
-188.45 -188.50 -188.55 -188.60 -188.65 -188.70 -188.75 -188.80 ppm

Figure3.15 Experimental (above) and simulated (beld%)NMR spectra of 3-F-GABA at
500 MHz in BO at 25 °C.
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Hq :Hz Hy \L"s
© ‘ ‘ NH3+
o M
123
Hl H2 H3 H4 H5

F 31.33 17.02 49.43 34.04 14.55
H* -15.03 3.97 0 0

H? 8.05 0 0

H° 2.34 9.47
H* -13.11

Table3.3 Experimental coupling constants extracted fromusated NMR spectra.

The experimental coupling constants in Takl& can then used to reconstruct the

most appropriate geometries of 3-F-GABA conforméks. 3-F-GABA has a degree of

conformational flexibility,

is expected that

itan adopt several low-energy

conformations in solution, particularly with rotati around the £C; bond. The coupling

constants in Tabl&.3 are consistent with an extended structure of 3AB& in solution

(such as structur@® computational studies are expected to confirm. thi

14C
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3.5.2 pKa studies

The introduction of a fluorine atom does not indacgignificant steric perturbation

but it can of course change the electronic distigouin the molecule. This aspect of

fluorine substitution has to be taken into accaluring the design of fluorinated medicinal

chemistry compounds and in particular, in the adggfluorinated amines, as it is known

that the fluorine causes adjacent functional graepbecome more acidic. The effect of

fluorine substitution on the pKa of primary aminiesnot well documented but a few

reports indicate that it lowers the pKa by oneanto pKa units (Figure.16).

In the case of 3-fluoro-GABA, fluorine can potetifianfluence the zwitterionic

nature of the molecule by lowering the pKa of theiree and this could affect its

protonationin vivo. It was therefore of interest to measure the pliaftuoro-GABA.

NH,*

H:
F

pKa=10.7
s pK

28,07 § \pKa=173

R NHy

©)vzo1

R=H: pKa=8.47 } A _
R=F:pKa=7.35} pKa=1.12

NH,
sugar—N
H

OH

R=H: pKa=10.2 Y A ... _
R=F: pKa=8.7 § ApKa= 1.5

R
NH*
7

R=H: pKa=8.50 Y A ... _
R=F:pKa=6.98} pKa=1.52

Figure3.16 Examples of the fluorine substitution on the gk@ome primary amine$.*
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It is noteworthy that the pKa of cyclopropylamir#() which has a fluorine atom
and an ammonium group locked ircis relationship, is almost 0.4 of a pKa unit higher
than isomer 202 in which the fluorine and ammonium substituente anti.®®
Cyclopropylamine Z01) is therefore less acidic thaB02 and less prone to deprotonate.
The lower acidity of 201) can be accounted for by an optimal charge:- €lipaéraction
which stabilises the molecule and makes it morécdit to abstract a proton from the
ammonium group (Figurg.17). It follows that conformations which have the Gurd the
C-N" bondsgaucheare more difficult to deprotonate than those iriclvithe C-F and C-N

bonds arenti.

(@) (b)

Figure3.17 Stabilising charge---dipole interactiona. (

The pKa values of GABA measured in water at 25 P€ 403 and 10.58" "
Before measuring 3-F-GABA hydrochloride, the poiemietric titration of GABA
hydrochloride was carried out in order to validduwe titration method.

Accordingly, GABA HCI (6 mg) was diluted in pureideised water (2 mL) and
the solution was immersed in a temperature-coetiolivater bath at 25 °C and
magnetically stirred. A pH electrode designed floe titration of small volumes was
soaked into the GABA solution and the pH valueseme&rad on a pH meter which had
previously been calibrated with standard solutiangpH 4 and pH 7. The NaOH titration
solution (2.073x18 mol.L") was calibrated with a known tartaric acid solntlny acid-
base titration using phenolphthalein as an indicdtmder these conditions, the added
volume of NaOH solution at the equivalent point veasund 2 mL, which induced a

significant dilution factor. However, after minoorecection, the experimental pKa values
14z
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for GABA. HCI turned out to be very close to thedhetical ones, confirming that this
titration method was reliable (Graf@l). The pKa values can be read graphically on the
curve in Graph3.1 or more accurately from the volume of NaOH (2.0M@% mol.LY)

added.
pH Potentiometric titration of GABA HCI

12

pKa:10.35 W

10 1

4 pKa=4.05 /«X’/
2 : : :
0 0.5 1 15 2 2.5 eq NaOH

Graph3.1 Potentiometric titration of GABA HCI.

Similarly, 3-fluoro-GABA HCI (7.1 mg) was titratedgainst NaOH solution and
the titration curve is presented in Grapl2. The experimental pKa values can be read
graphically on the curve and according to the vauai NaOH (2.073x16 mol.L?)

added.
pH Potentiometric titration of 3-fluoro-GABA HCI

12

10 | /
pKa=8.95

8 /

6 )

4

pKa=3.30 M

eqg. NaOH
0 0.5 1 1.5 2 2.5

Graph3.2 Potentiometric titration of 3-F-GABA HCI.
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As illustrated on the titration curve in GraptR the fluorine substituent in 3-F-
GABA lowers the pKa of the carboxylic acid by 0.F8a unit and the amine by 1.6 pKa
unit (Table3.4). The pKa value of 3-F-GABA (pKa=8.95) is in thanse range as other
fluorinated primary amines, such as fluoroethylaanfpKa=8.97) and fluorinated GABA
analogue (R)-(3-amino-2-fluoropropyl)sulfinic acidk203 (pKa= 8.5), a structure that was
recently published in 2007.

| pKay pKa

GABA.HCI 4.03 10.55
3-F-GABA.HCI| 3.30 8.95

Table3.4: pKa of GABA.HCI and 3-F-GABA.HCI

Interestingly, 203 was prepared frortert-(2R)-fluoro-3-hydroxypropylcarbamate
(204 by mesylation and reaction witért-butyl thiol. Sulfide 05 was then oxidised with
MCPBA and reacted with trifluoromethanesulfonic atndgive @03). Compound Z04)
was presumably prepared frarrserine {55 as described previously but details of the
synthesis were not given as a patent was depobijedstraZeneca for this class of

compoundg?®

(@] OH
Sk I
S N NH,* [ S % NHBoc ——— HO % NHBoc — -
(l)l/p{H\ s /?/H\ oc /'?/H\ oc HO 5
2
203 205 204 155

Schemes.36 Schematic synthesis of novel fluorinated GABAlagae 03)."%"*

A pKa of 8.95 signifies that 3-F-GABA will exist as zwitterionin vivo and
therefore will likely behave as a GABA analoguetlat respect. pKa values are most
probably not determining factors for the bindindgirafy of GABA analogues. As an

example, muscimolb@) also shown in Tabl2.1is one of the most potent GABA analogue
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at GABA, receptors but has pKa values of 4.8 and 8.4. Musicis isolated from the

white-spotted red mushrooAmanita Muscaria

No) X
\m/\NHf

N—O
68

3.5.3 Conclusions

The first successful enantioselective synthestsoth (R)- and (F)-fluoro-GABA
hydrochloride was executed as summarised in Schg®e Over 100 mgs of both
enantiomers were obtained in six steps and in aeratlvyield of 31% fromuc-
phenylalanine andb-phenylalanine methyl ester hydrochloride respetyiv In this
synthesis, it was shown that the fluorination oé tHibenzylamino alcoholl{9) is
enantioselective and that the oxidation of the atmring proceeds cleanly to furnish the
carboxylic acid 199. More generally, this synthesis shows that eoante -

fluoroamines are accessible frearmamino acids.

o}
OH
NH, NBn, NBn,
175

180 178

c - NBn, d : NBoc,
F F
179 197

. HO f HO .
WNBOCQ W NH;
o F F

(o] F cr

199 123

Scheme3.37: Enantioselective synthesis ofRi3fluoro-GABA hydrochloride 123 from -

phenylalanineX75). Reagents and conditions: a) BnBp(;, EtOH, 90%; b) LiAIH, THF,

95%; ¢) Deoxo-Fludt, DCM, 75%; d) 1.Pd(OHJC, H,, BocO, MeOH, 2.BogO, DMAP,
MeCN, 80%; e) Nal@) RuCk, CClL/MeCN/H,O, 76%; f) HCI gas, DCM, 80%.
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3.6 Biological studies

3.6.1 Studies on GABA receptors

The activities of 3-F-GABA enantiomers were evaddhtat the School of
Neurobiology at Ninewells Hospital in Dundee on ambinant GABA, receptors
expressed inXenopus laevisoocytes. To generate cloned GABAeceptors, DNAs
encoding the human GABAdA;f.y, subunits were used to produce cRNA transcripts,
which were injected intranuclearly intdenopus laevi®ocytes. Recordings were then
made from oocytes two to twelve days after cRNAGtipn. Such a procedure allows the
expression of human GABAreceptors at the surface of oocyte membranestasdcas
proven to be an effective experimental model fgulesing GABA induced chloride flux
across membranes. The activities of GABA agonisgisewneasured by recording induced
currents at a holding potential of —.60mV. In theéadaresented below,.k refers to the
maximal current produced by a saturating conceatraif the agonist and Egrefers to
the concentration of agonist that produces a respb0% of the maximum,..

Unfortunately, a comprehensive study on the effe€t3-F-GABA enantiomers at
GABA receptors can not be presented here as, to dalie pceliminary results were
obtained from biological testing. Nevertheless, emagal picture of the action of 3-F-
GABA enantiomers on human GABAreceptors can be drawn and it appears tHaY- (3
and (¥®-fluoro-GABA have similar activity on GABA receptors (Table3.5 and

Graph3.3).

14¢
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Emax EC:';O
GABA 100%  4.910M

(3R)-F-GABA 77% 2.4 10 M

(39-F-GABA 82% 3.810 M

Table3.5: Activities of GABA and 3-F-GABA enantiomers on BA, receptors.

100 » GABA
| A R-fluoroGABA
+ S-flucrcGABA
80
E 60
=
E
v _
=
40 -
-
20 4
0 -
I ! o ! o rrT ! o ErT
10° 10° 10° 10°

[Agonist] M

Graph3.3: Activities of GABA (m), (3R)-F-GABA (A) and (¥)-F-GABA (e) on GABA,
receptors.

The curves in GrapB8.3indicate that (B)-fluoro-GABA (123 requires to be seven
times more concentrated than GABA to reach thegoE€sponse of GABA, and in that
respect, theR)-enantiomer is 14% as active as GABA on GABreceptors. TheSj-
enantiomer is only 10% as active. By comparisoR)-{8/droxy-GABA is 3.3% as active

as GABA and (9)-hydroxy-GABA is 8.3% as active (see Tal p 66). Drawing any
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conclusion at this point would be too speculatipat it appears from these data that;
firsty, GABAa receptors do not distinguish significantly betwe@R)- and -
enantiomers, suggesting thatin GABA binding conformations is close to 180° ahdt,
3-F-GABA, despite its close steric resemblance WBABA, exhibits poor binding
activity. It is hoped that further experiments vallow the respective biological effects of

both enantiomers to be refined.

3-F-GABA enantiomers were also tested on a whotlfpdke system where the
effects of GABA and 3-F-GABA were observed for mouronal activity associated with
the fictive swimming response of the tadpole (Fég®:18. The experiments were

conducted at the School of Biology in St Andrew®iof. K. Silar’s research labs.

Stimulating
= electrode
=Y

ventral

root ) Caudal 1mm
recording ventral
root
recording

Figure3.18 Schematic representation of the biological testelucted on tadpoles.

Experiments performed on racemic 3-F-GABA (prepabogdF. Chorki) showed
that the compound largely retained the propertfeSABA and bind to both GABA and
GABAg receptors. The GABAresponse was indicated by the reversal of itsceffey
selective GABA and GABA; antagonist$® It was also noticed that 3-F-GABA, when
compared to GABA, reduced significantly the swinsede duration of the tadpole (Graph
3.4). The swim episode duration is the time betweenfitst and the last burst in the

swimming episode provoked by the stimulation of tle@vous system. The fact that the
14¢
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tadpole stopped swimming quicker with 3-F-GABA segigd that it remained available
longer than GABA, which could be the result of eéw affinity of 3-F-GABA for GABA

transporters or that it is metabolised more sldwlyGABA aminotransferase.

100
0 I
Bl
40

0 : . .

Contral 100 ph 200 p 200 phd
GABA GABA F-GABA

Change in episode duration
(% of control)

Graph3.4: Analysis of the effect of GABA and racemic 3-F-BA on swim episode duratidf.

Experiments performed on enantiopure 3-F-GABA stbwelear difference in the
swimming response between ti-(and §-enantiomers, withS) being more potent than
(R). When GABA, receptors were blocked with bicucullirs8], a marked difference was
still observed between the two enantiomers. It wasanced that 3-F-GABA and
particularly the §-enantiomer was GABASselective. Interestingly, very few compounds
are known to exhibit selective GABAactivity, baclofen §9) being the only GABA
agonist approved for clinical use. But recentlyR)(&3-amino-2-fluoropropyl)sulfinic acid

(203 was reported to have a high GABGSABA, selectivity’?

N

fe O
~ I/Y\ NH3" \n/\‘/\NH3+

o F (0] F

203 124

The close structural and stereochemical analogyd®at 203 and (¥)-F-GABA
(124 clearly support the idea that the latter is GABs®lective, buin vivo experiments on
tadpoles are unsuitable to validate this hypothdsmwvever, it could be confirmed by
experiments on cloned GABRA receptors. Obviously, such experiments merit

investigation.
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3.6.2 Studies on GABA aminotransferase

Early observations that racemic 3-F-GABA might remaetabolically available for
longer than GABA prompted us to test 3-F-GABA eim@mers as substrates or inhibitors
of GABA aminotransferase (GABA AT). As stated inapter2, GABA AT is a PLP-
dependent enzyme which metabolises GABA to sucseainialdehyde4({) (Schemel.3
and2.1). In 1981, R. Silvermast al’® investigated the activity of racemic 3-F-GABA and
found that it was a substrate for GABA AT but witha@onversion of PLP to PMP. 3-F-
GABA was able to bind to the enzyme but was notlieeid to succinic semialdehyde in
the normal manner with concomitant PLP reductio®kP (see schemk3). Instead, it
emerged that the enzyme catalysed the eliminafid#Fofrom the substrate, converting it

ultimately to succinic semialdehyde by a processrearised in Schen®38

O
o o)
Lyssog
N o H
HsN / Lysazg F H HoN—Lys3og
o NH* F /Nﬁ+ ~_
7 7
o o NH;" o
Z0sPO | ~ Z04PO | AN 2 0,PO | 1
> Es N > —_— N+/
- 1

M
Lysszs HN F™Q

> N __NH* NH*
|)
o
> 0,PO > O3PO 2 0,PO | ([
N+

Scheme8.38 Elimination of HF from 3-F-GABA catalysed by GABAT.
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Samples of the 3-F-GABA enantiomers were sent wf. FR. Silverman at the
Northwestern University of Evanston (lllinois, USA) be evaluated with GABA AT.
Consistent with the previous results with racemiE-GABA, neither enantiomer was
found to be a substrate for transamination but botlderwent HF elimination.
Interestingly, elimination of HF from théR(-enantiomer proceeded at a rate of 6.63%10
umoles.mift.mg" whereas HF elimination fronSf-enantiomer was ten times slower at
6.26x10° umoles.mift.mg*. These values were obtained using a fluorideselective
electrode, but HF elimination was also measured thy evaluation of succinic
semialdehyde productidfh.However, the rate of succinic semialdehyde prddoctrom

(S-enantiomer was too slow to calculate kinetic tants using this method.

The ability of both enantiomers of 3-F-GABA to bitml the active site of GABA
AT was then examined. In order to achieve thiR){&nd (¥)-F-GABA were assayed as
competitive inhibitors of GABA transamination acdimyg to the following principle: the
oxidation of one molecule of GABA to succinic seld&hyde generates one molecule of
PMP, which in the presence of radiolabelédC] a-ketoglutarate 48) produces one
molecule of radiolabeled“iC] L-glutamate 43) (see Schem@.1). 3-F-GABA does not
generate PMP, therefore the amountieéetoglutarate converted tdJ) is representative
of GABA transamination. The conversion dBj to (43) was then measured with different
concentrations of - and (H)-F-GABA (Table3.6). In the event, it was found that the
(R)-enantiomer 123) showed substantial competitive inhibition of GABnsamination

whereas the§)-enantiomer 124) showed no significant inhibition.
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% a-KG (48) converted to Glu
Concentration of (43)/unit time
3-F-GABA | (3R)-F-GABA | (39-F-GABA
enantiomer (nM) (123 (129
0.00( 6.7¢ 6.7¢
0.050 6.97 7.28
0.250 3.89 7.00
0.50( 1.87 7.2¢
1.00c¢ 0.97 6.74

Table3.6: Inhibition of GABA transamination as measuredaeduction in the rate of conversion
of [**C] a-ketoglutarate to'fC] L-glutamate over 15 miff.

The data in Tabl8.6 clearly indicate that theS[-enantiomer does not bind well to
the active site of GABA AT, as such binding woultdhibit the transamination of GABA,
resulting in a reduction in the rate of glutamatedpiction. Conversely, th&J-enantiomer
causes inhibition of transamination, suggesting th& enantiomer binds much more
efficiently to the enzyme. In another experimentywas shown that theRf-enantiomer
inhibited GABA AT at least ten times better thare tf§)-enantiomer, indicating an
improved binding affinity of R) over §).

These findings suggests that the preferred confitoman solution of (®)-F-
GABA (123 is more optimal for binding to the enzyme tha@ pineferred conformation in
solution of (H)-F-GABA (124). A possible interpretation of these results, dase the
conformational analysis shown in Figu8d (p 99) is that the preferred torsion angldor
binding to the GABA AT is close to -60°. Only thi){enantiomer can access this binding
conformation whereas in the case of ti8-gnantiomer, such a conformation is much
higher in energy. The preferred binding modes ofBBA (3R)- and (¥)-F-GABA are

described in Schen:39
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H F
NH,* H NH5*
CH,CO, CH,CO,
= o = _60°
GABA -0 123 =60
NH3"
F H F H F H
H NH3* H H *HaN H
CH,CO5 CH,CO, CH,CO,
Ty=-60° Ty= +180° Ty= +60°
124 .

Scheme3.39 Topological description of the preferred bindsanpformations of GABA and 3-F-
GABA enantiomers for GABA AT. In (8-F-GABA (124), the conformation withy=-60° is high
in energy due to thanti relationship of the C-F and C-Nonds.

The difference in binding affinity of both enantiers (R)- and (H)-F-GABA is
interpreted as an indication that GABA binds to GABT with a torsion angley close to
-60°. This statement is supported by mechanistitsicerations of 3-F-GABA binding to
the active site of GABA AT. After entering the stiase binding site of GABA AT, the
substrate follows a cascade reaction involvingt fihe deprotonation of one ammonium
proton, then the attack to the imine carbon of tlyg329-PLP adduct and then the
formation of the 3-F-GABA-PLP adduct. The approatihe nucleophilic amino group of
3-F-GABA to the electrophilic imine carbon occursttwa Biirgi-Dunitz trajectory®
Deprotonation of the ammonium is assisted by tde shain hydroxyl group of residue
Thr353, located 3.6 A away, top and back side efithine carbon atom (Thr353 can be
seen in the background of the active site of GABA & Figure2.1). The threonine-
assisted deprotonation and the nucleophilic attacgly that the ligand adopts the

conformation shown in Scher3e40with the torsion angley=-60°.
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0 (o) H‘N»?H
H ~
5 aH Lys
O g ~=H om_{ o YS329
H  NHg* H H _NH
low energy .
123 _ conformation 20,P0 =

high energy
conformation
~O;PO

Scheme3.4Q lllustration of the dynamic binding process ©28) and ((24). The conversion of
(124) to the active conformation needs energy penaltyia C-F bond becomasti to the C-N
bond. In (23, the C-F and the C-Nbonds remaigauche’”

This study suggests that GABA has a preferred bipdionformation on GABA
AT and that only the ®)-F-GABA enantiomer can easily access this bindimgde in
solution.

The difference in activities observed between 3A4B& enantiomers on GABA
AT validates for the first time the concept of gsthe C-F bond as a tool to influence the
conformational mobility of biologically active anes. It also demonstrates that the C-F

bond can be used as a conformational probe to Irekieabinding conformation(s) of
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GABA. Further conformational studies will now benclicted on other GABA recognition

sites, such as GABAreceptors and GABA transporters.

3.6.3 Conclusions

(R)- and ©- 3-Fluoro-GABA enantiomers have been found tospss similar
activities on cloned GABA receptors expressed Xenopuslaevis oocytes. They are
respectively 14% and 10% as active as GABA. A ctifierence in activity was observed
in vivo on tadpoles. Interestingly, th&{enantiomer was found to be much more potent
than the R)-enantiomer. This difference could arise from GABg#electivity but further
experiments on cloned GARBAreceptors are required. A marked difference wa® al
noticed on GABA-AT, with theR)-enantiomer being metabolised ten times quickan th
the ©-enantiomer. This study has shown that the steteasve introduction of the C-F
bond at the 3-position in 3-F-GABA influences thenformational mobility and the
biological activity of the molecule.

Importantly, the concept of using the stereoeleitranfluence of fluorine to limit
the conformational mobility of bioactive moleculean potentially be applied to many
other biological targets including amines and amsiide which the fluorine atom is known
to exercise a strong conformational influence. Tdiifers exciting prospects for future

research.
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3.7 Toward the synthesis of 3-fluoro-GABA analogues.

3.7.1 Synthesis of conformationally constrained GABA analgues

3-F-GABA, despite the conformational constraintsaduced by the presence of
the C-F bond, remains a flexible molecule. Its nstable conformations in solution do not
inform for instance on the preferred orientatiorited carbonyl group of GABA on GABA
binding sites. An interesting example of a confaiorally constrainted GABA analogue
is (1S,39)-trans-3-aminocyclopentane carboxylic aciddf (see Table.1) which exhibits
high activity on GABA, receptors whereas its enantiomer is much lessedCtiThe
cyclopentane ring obviously induces conformatiarmaistraints but is still quite flexible.

Thus, compound7Q) can access different conformations such78s)(and {0b)
as illustrated in Figur8.19 In the scope of this work, it was thought that thtroduction
of a fluorine atong to the amino group, at the 2-positi@06) or at the 4-positiorn2Q7) of
the cyclopentane ring, could further constrain th@nformational mobility of the
cyclopentane ring. Indeed, conformatiorZ0§b) and @O07b) are not expected to be
significantly populated in solution due to tasti relationship between the C-F and the C-
N* bonds.

Amino acids (R,2S 39)-3-amino-2-fluorocyclopentane carboxylic ac20@ and
(1R,3R,4R)-3-amino-4-fluorocyclopentane carboxylic acRDY) are unknown and present
challenging target molecules for synthesis. Inipaldr, compound206) and its (R)-
isomer can be regarded as conformationally resttienalogues of 3-F-GABA. For that
reason, it was judged interesting to assess thea®gues for testing on GABAand

GABA; receptors.
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a _
| S 3¢
HaNo. co, =" & : v
r & b <
70 70a 70b
e 4
: P T 1 ) i’
Lo A4 é& e
- - g ©
206 206a 206b
e _
*H3N:.,Q/COZ’ - 4 = _EL
" 207 207a 207b

Figure3.19 lllustration of the cyclopentane ring flexibility (70) and the effect of the C-F bond
on the conformational mobility o206) and 07). ConformationsZ06b) and 07b) have the C-F
and C-N bonds in aranti relationship.

It should be noted that close analogues 2ii6( and @07) have already been
prepared and tested as inhibitors of GABA-AT, dubathem Q08), (209, (210 have the
amino and the carboxylic acid groups inisirelationship, which appears to be optimal for
GABA AT inhibition. They were all synthesised froeommercially available (-)-2-

azabicyclo[2.2.1]hept-5-en-3-on21(l) (Schemes.41).5% 81
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A&NH

o]
21

A T N
*H,N @CO{ *HaN \Q/coz- *HyN \gcoz-
B £ F
210

208 209

Scheme3.41 Preparation of halogenated 3-amino-cyclopentanieoxylic acid derivatives
from (211) 2081

It is known that arans relationship between the amino and carboxylic psois
preferable for GABA binding activity’® Trans compounds such ag@) have been
prepared by thermal isomerisation ofs compound¥ or by re-crystallisatiofs of
cis/trans mixtures, but no straightforward and appealingesiselective synthesis of ()
has emerged. The synthesis @&-3-aminocyclopentane carboxylic acids is however
straightforward from Z11). It was decided to prepare such compounds and, ttee
investigate the enantioselective synthesis of fhaded and non-fluorinated analogues of

(70) for biological evaluations.

Non-fluorinatedcis-3-aminocyclopentane carboxylic acids were reagilgpared
following published procedurés, % starting from 2-azabicyclo[2.2.1]hept-5-en-3-one
(212) which is commercially available in enantiomeriar@ form and as a racemate.
Accordingly, enantiopure amino aciddl@® and @14) were synthesised from (211) by

hydrogenation over Pd/C and/or acidic hydrolysishefamine bond (Schem3e42).

*HiN, \COyH *HiN, “CO,H
3N, 2 b / NH a NH b 3N, X 2
Ccr > E—— cr
o (@)
212

214 (211 213

Scheme8.42 Synthesis of enantiopure cyclopentane amino 42ty and @14).2* ®> Reagents
and conditions: a) Pd/C,,HEtOAc, 18 h, RT, 95%; b) HCI 4 N, AcOH, 5 h, 10, 60-72%.
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Similarly, racemic amino acids215 and @16) were obtained from racemic

(£)(211) (Schemes.43.

"H3N, .COH *HaN, .COH
3N, w2 b / NH a,b 3N, ]
cr - " o
o

216 +1) 211 215

Scheme.43 Synthesis of racemic cyclopentane amino acds$)(and @16).3* %

Reagents and conditions: a) Pd/G, EtOAc, 18 h, RT; b) HCI 4 N, AcOH, 5 h, 70 °C.

The synthesis ofrans-3-aminocyclopentane carboxylic acid derivativesswlaen
investigated. The proposed retrosynthetic anafygsented in Schen®44was motivated
by the observation that oxazabicyclo[2.2.1]-hemr® R17) reacts under specific
conditions with alcohols or Grignard reagents teegrans1,4-substituted cyclopentane

derivatives as shown in Sche&5%%%

N\
N—O

R

*HaN.,, coy RHN,, CN I AG
(7 =" —
70 217

Scheme3.44 Proposed retrosynthetic analysis o8)(

o
OH

N—O \
@ MeOH, CuCly, RT, 15-22 h R\H/N»,,, @/0"/'9
o
R=Bn :55%
217 218 R=0OBu:20%

Scheme8.45 Opening of 217) by methanof!-

Accordingly, (x)N-(carbotert-butoxy)-2,3-oxazabicyclo[2.2.1]hept-5-ene219)
was prepared using published procedﬁ?eﬁom cyclopentadiene and-butyl-N-

hydroxycarbamate2@0). This compound was then oxidised with Nal®@ form the
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dienophile nitroso specie2Z1) which reactedn situ with cyclopentadiene in a hetero
Diels-Alder reaction. The reaction proceeded cheamd the product2(l9 was obtained

as a brown solid in 72% yield (Sche@46).

o
0 0 sl
HNOH  ——~ %\O)J\N/OH d %\OkNéo OJ('?'_CP
or b @
220 221
219

Schemes.46 Preparation ofg19) by hetero Diels-Alder reactidfi.
Reagents and conditions: a) BO¢ K,.COs, ELO, 0 °C, 15 h, 89%;
b) Cyclopentadiene, NalPMeOH, 0 °C, 30 min, 72%.

The nucleophilic ring opening o219 with cyanide was then attempted. Different
sources of cyanide, such as potassium copper ayaGdu(CN), trimethylsilyl cyanide
MesSICN or potassium cyanide KCN were examined wifffiedint Lewis acids such as
CuSQ or FeC} under various conditions, but the target compowad never detected.
Instead, when Mg&SICN and CuS@were added to a solution &9 in DMF and stirred
at 60 °C for 20 h, an unexpected compound was rddaas a white solid in 57% vyield.
NMR and high resolution mass spectroscopy analgiewed its structure to be solved.
X-ray crystallography confirmed the structure to dezol-2-one 222) (Figure 3.20. A

mechanism to account for its formation is suggestestheme3.47.

H;E““@

222

Figure 3.20: X-ray crystal structure o2
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>L/ZZ LA

—o”

O — Y7o — %m O — 20
219 222

Scheme3.47. Proposed mechanism for the formation2#3).

The Lewis acid CuS©promotes the opening oR19. The carbonyl of the
carbamate then attacks the allyl cation to genenatermediate 223, which upon
elimination of isobutene, generates the prod@@2( This mechanism is based on a
reaction mechanism published by G. Procter for forenation of oxazolidinone2R4)

(Schemes.48.% 1

o

Ph
H’)7/Z<N—o
HO : HO(
O LA @ NSO )
HO 3\ =SV
y Co o
H "
Ph

o"

224

Schemes.48 Formation of oxazolidinone2g4) %% **

Presumably, the formation of compourg2® could be avoided by replacing the
Boc protecting group by a benzyl group. Howevers ttoute was abandoned, mainly
because the priorities of the project changed iat fihint, to address a synthesis of the
enantiomers of 3-F-GABA. It may be worth in theug to re-investigate the synthesis of

3-F-GABA analogues206) and @07).
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3.7.2 Towards the synthesis of a fluorinated analogue @arnitine

(R)-Carnitine 25 is a close structural analogue of 3-hydroxy-GABA). It is
ubiquitous in mammalian tissues and is essentialefeergy metabolism, transporting
activated fatty acids to the mitochondria, whereytlare broken dowwia (-oxidation.
Chemically, carnitine can be prepared from 3-hygf@ABA, and of relevance to this

study, the 3-fluoro analogue of carnitir®26) is potentially accessible from 3-F-GABA.

Y S
o OH )
225 226
(R)-Carnitine biosynthesis (Schen®49 starts from K-trimethyl lysine 227)

which is hydroxylated at the 3-position to gi&2§. Aldol cleavage of428) then yields
glycine @6) and 4N-trimethylaminobutyraldehyde?®9), the latter of which is oxidised to
y-butyrobetaineZ30). In the last stepy-butyrobetaine is hydroxylated at the 3-position by
y-butyrobetaine hydroxylase to yielR)(carnitine £25).°% °In Escherichia coli carnitine

is then metabolised by dehydrationytbutyrobetainevia the formation of crotonobetaine

94
(231).
0 (0] OH I (0] (0]
M < — W/N+/ == M <2 * JK/NH
+ N* +
-0 - N\ -0 ;i ~N H ~ ‘0 3
NH;* NH;*

227 228 229 46

(] OH | 0 |
+/ e
'OM N N = .O)J\M N ~

225 230

ﬂ Escherichia coli
-OMN<

231

Scheme.49 Biosynthetic pathway and metabolism Bj-carnitine? %
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Fluorine, in addition to being a good hydrogen nairtéin also mimic the hydroxyl
group. Moreover, as for 3-F-GABA, the C-F and C{bnds are expected to orientate
gaucheto each other in2R6), introducing conformational constraints in thelecole. 3-
FluoroN-trimethylaminobutyric 226) could potentially be utilised for conformational
binding studies or as a carnitine inhibitor of eme&g involved in carnitine biosynthesis or
metabolism. As such, 3-fluomd-trimethylaminobutyric 226) emerged as an interesting
carnitine analogue which could presumably be pexpdy direct methylation of 3-F-
GABA enantiomers. However, an alternative and peshaore straightforward synthesis

of (226) was sought.

Thus, carnitine isobutyl este232) was first prepared using a published proceture
and was then treated with Deoxofluor under varioasditions. The best results were
obtained when Deoxofluor (2 eq) was added at raemmperature to a solution d@32) in
DCM. Unfortunately, the desired produ@B@ was detected only by NMR analysis of the
crude reaction mixture and in only 5-10% conversiad it could not be isolated. Addition
of a larger excess of Deoxofluor may have resuite@ better yield but this was not
attempted. Other deoxofluorination methods, sucthasonversion of the hydroxyl group
to a mesylate and fluorination with TBAF were explh, but again, these approaches led
to a very poor conversion and/or elimination sidedpcts (Schem@&.50. This study

suggested that deoxofluorination @3@ was not a practical method for the synthesis of
(226).
(o] - a /ko e /k/o -
N T X T
o OH O OH O F
225 232 ¢ 233

Scheme3.50 Attempted synthesis 0283 by deoxofluorination from carnitin@25). Reagents
and conditions: a) Isobutanol, HCI gas, reflux, 22%.
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In 2006, J. Bonjoctet al®® demonstrated that th@lactone 234) can be ring
opened by chloride ion with full stereocontrol giwe the corresponding-chloro-a-amino
acid 235 (Scheme3.51). Curiously, very few publications describe thegropening of-
lactones by halogeffs'® and there are none with fluorine. Therefore, pegred worth
exploring this reaction with fluoride.

NHCbz

NHCbz
s Licl, THF, reflux, 16 h :
\;k TR Y o
= 62% &

(o]

234 235

Scheme8.51: Opening of3-lactone 234) by chloride ior’®

Fluoride is a much poorer nucleophile than chlorlulg it was thought that
triethylamine trinydrofluoride BN.3HF, which is used to open epoxides, would be a
suitable reagent for this kind of reaction. Tottdse feasibility of ring opening of-
lactones by fluoride, commercially available andxpensivep-butyrolactone Z36) was
selected as a substrate;NEBHF (2 eq) was added to a solution 286 in DCM and the
mixture was heated under reflux for five days. Affeenching and purification, the target
product 3-fluorobutanoic aci®87) was isolated in 34% yield. The product of elintioa,
crotonic acid 238 was also formed and was difficult to separatenfi®fluorobutanoic
acid. To ensure that crotonic acid was not an nméeliate in the reaction and the substrate
of an addition reaction with HF, crotonic acid wascted with BEN.3HF in DCM and
heated under reflux for ten days. No fluorinateddpict was detected in this case,
suggesting that-butyrolactone Z36) is opened directly by nucleophilic attack of flige

(Scheme3.52).
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236 237 238

Scheme3.52 Synthesis of 3-fluorobutanoic acigd37) by ring opening op-butyrolactone Z36).
Reagents and conditions: a}&3HF, DCM, reflux, 5 days.

3-Fluorobutanoic acid was fully characterised by Rinalysis and although it is
structurally a simple molecule, NMR simulation sadte DAISY proved useful to extract
the coupling constants from th# NMR spectrum. The fluorine signal is, as expected
doublet of doublet of doublet of quadruplet (dddgdupling constants are 47.7 Hz (CHF),

28.8 Hz (CH), 14.0 Hz (CH) and 23.8 Hz (CH).

Experimental 19F NMR at 300 MHz in CDC13

-172.924
-173.009
-173.025
-173.329

-172.975
-173.060
-173.075
-173.093
-173.110
-173.145
-173.161
-173.178
-173.194
-173.229
-173.245
-173.262
-173.278
-173.313
-173.346
-173.362
-173.397
-173.414
-173.447
-173.498

T T T T T
-172.9 -173.0 -173.1 -173.2 -173.3 -173.4 -173.5 ppm

Simulated 19F NMR at 300 MHz in CDC13

T T T
-172.9 -173.0 Salyf<isal RS2 Silyjsiss) -173.4 -173.5 ppm

Figure3.21 Experimental (above) and simulated (beld%)NMR signal of 237).

The synthesis of 3-fluorobutanoic acid frdsrbutyrolactone represents the first

reported example of fluoride ion ring opening ofdactone. In order to evaluate the
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enantioselectivity of this transformation, it wascttled to test this reaction on
enantiomerically pure R)-4-(trichloromethyl)-2-oxetanone 289). Disappointingly,
addition of EtN.3HF to a solution of239) in DCM and heating under reflux for ten days
failed to produce any fluorinated product. Thisutesndicated that the nucleophilic
opening of B-lactone by fluoride is apparently deactivated Hgceon withdrawing

substituents such as the trichloromethyl group ¢8w8.53.

(o]

ol ¢ 39

Scheme3.53 (239 is inert to ring opening with BY.3HF.

In view of the inert nature o289 to EgN.3HF treatment, it seems unlikely that
the opening off3-lactone by fluoride can be applied to the synthesi 3-fluoroN-
trimethylaminobutyric acid 226) as drawn in Schem®&.54 because ofthe electron
withdrawing nature of the {CHz); group. It has been reported however that interatedi
(240 can be opened by sodium azide N&Nso perhaps conditions could be found to

mediate a successful fluoride ion ring opening

- F 9 ? o’ | o e
>NMO, p— \hllﬂ — >NMO,
e
226 240 225

Scheme3.54 Improbable retrosynthesis &&26) from (R)-carnitine by fluorine
ring opening of 240).

Assuming that the fluoride ring opening pflactone is enantioselective, which
would of course have to be established, this metlogg could potentially be applied in

the future to an enantioselective synthesis of GABA (Scheme3.55).
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F O 2 © OH ©
BoczN\/k/U\OH — . N\/?:/r — *HsNMO_
0C,|
200 241 76

Scheme8.55 Possible alternative retrosynthetic analysighiersynthesis of 3-F-GABA.

The synthesis of 3-fluorobutanoic ac&B{) from B-butyrolactone Z36) has shown
that ring opening of §-lactone by fluoride is achievable and present®w@happroach
towards the synthesis pffluorocarboxylic acids.

The enantioselective synthesis of 3-fluoro-GABA,hieth is both a p-
fluorocarboxylic acid and #-fluoroamine was presented in this chapter. Thahggis
developed from - andbp- phenylalanine, has demonstrated that thimino acid can be
successfully converted to afluoroamine in a stereoselective manner. The céspter
illustrates the feasibility and the practicalitytbfs general transformation with anotler

amino acid.
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Chapter 4

Chapter 4. Synthesis of 2-fluorohexane-1,6-
diamine and 2-aminomethylpiperidine from

L-lysine

4.1 Introduction

The synthesis of the enantiomers of 3-F-GABA haevemn thatL- and bp-
phenylalanine can be converted in an enantioseg&atianner to #-fluoroamine in three
steps. Serine and aspartic acid emerged also ast@btprecursors di-fluoroamines. In
fact, alla-amino acids can potentially be used as startinggnads for the synthesis @
fluoroamines as long as their side chain functiagalups are compatible with the three
chemical steps presented in Schew#& Despite the fact that this transformation is
straightforward and thag-fluoroamines form an interesting class of compaunithis

methodology has not been explored in much detahéghe4.1).

o o
Benzylation Reduction Fluorination
R/\)kOH — R/\HKOBn | e— R/\‘/\OH  e— R/\:/\NBn2

NH, NBn, NBn, F

Schemet.1 Transformation ofi-amino acids int@-fluoroamines.
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Interestingly, N-benzylprolinol 242) was reported by Shreew al' to give 3-
fluoropiperidine 243 via an aziridinium intermediatend fluoromethylpyrrolidine244)
after reaction with Deoxofluor (Scheme?). 3-Fluoropiperidine derivatives have
interesting applications, not least because oftie --C-N gaucherelationships observed
in these compounds. However, this method is notefficient way to synthesise 3-

fluoropiperidine 243 as it forms an inseparable mixture wig{).

F
O/\OH Deoxofluor [j/ . O’\F
N N N
\
| Bn
Bn

\

Bn

242 243 20T g

Schemet.2 Preparation olN-benzyl-3-fluoropiperidineg43 from (242).

From the list of the twenty proteinogemieamino acidsi-lysine 45 emerged as
an attractive starting material. Indeed, its tranmsftion into the corresponding-
fluoroamine was anticipated to giveR)2fluorohexane-1,6-diamin€48) (Schemet.3).

(o}
H,N Bn,N BnyN
2 WLOH —_ 2 \/\/Y\OH — 2 \/\/\/\Nan
NH,

NBn, F

ﬂ

HN o~~~
2 " NH,
E

245 246 247

248

Schemet.3 Schematic synthesis offluorohexane-1,6-diamin@48) from L-lysine.

(2R)-Fluorohexane-1,6-diamin248) is an analogue of 1,6-diaminohexar249)
which has found a wide range of applications, paldirly in polymer chemistry, where it
is used for example to produce nylon 6,6. In biglah 6-diaminohexane249 can enter
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the composition of polyamines which are known todoto DNA molecules and induce
bending of macroscopic DNA! (2R)-Fluorohexane-1,6-diamine248) can also be
envisaged as a precursor for the synthesis oflaoiiated analogue of hexamethonium
(250 which is an important nicotinic acetylcholine eptor antagonist. Although
homology model crystal structures of nicotinic gteoline receptors have recently been

published ’little is known about the binding site &50).2

-
HaN o~~~ N ~
/ \/\/\/\ |+

NH, N

249 250

Compounds 249 and @50 highlight the interest in synthesising 2-fluorahee-
1,6-diamine 248 but obviously, the 1,6-diaminohexane moiety istp# many other
important molecules, for which it might be interegtto explore a 2-fluoro analogue. At
this position, the fluorine atom is likely to reduthe pKa value of the amine and the C-F
bond is anticipated to aliggmaucheto the C-N bond, particularly if the amine is oated.
The fact that 2-fluorohexane-1,6-diamine has nanbesported yet, and the apparent

simplicity of its preparation from-lysine prompted us to investigate its synthesis.

4.2 Synthesis of (R)-fluorohexane-1,6-diamine

4.2.1 The lysine approach

The methodology applied previously to the synthe$i8-F-GABA was used in
this study. AccordinglyL-lysine was perbenzylated by addition of benzylnhide and
K2COs in DMF/water (10/1). The mixture was stirred at®for 3 days and the product

was extracted into ED. The light yellow oil obtained was taken on dikgedor reduction,

17¢
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but an analytical sample of perbenzylated lysREl was obtained after purification. The
reduction was achieved with LiAlHand the resultant amino alcoh@4g) was obtained

after purification as a colourless oil in 62% yielkr the two steps (Scheg).

(o] o}
HoN MOH a Bn,N MOBn b anN\/\/Y\OH
NH, NBn, NBn,
245 251 246

Schemet.4: Preparation of dibenzyt-amino alcoholZ46) from L-lysine. Reagents and
conditions: a) BnBr, KCO;, DMF/H,0, 60 °C, 3 days; LiAlg THF, 0 °C, 2 h, 62%.

Fluorination of amino alcohoR@6) was conducted with DAST (1.15 eq) in DCM
at room temperature. The crude product was purifigcchromatography and the early
fractions contained a small amount of the desiledrinated compound2é47) and its
isomer @52 in a 85/15 ratio (Schem&b). This ratio was similar to that observed for the
fluorination of N,N-dibenzylphenylalaninol1(78 for which the ratio of rearranged/non-
rearranged product isomers was 80/20. After twarystallisations from EO/hexane,

(247) was isolated as a colourless crystalline soleialin a low 11% yield.

Bn,N a Bn,N BN~~~
2 W\‘/\OH 2 \/\/\<‘\ 2 - NBn,
/

NBn,

Nt E
246 253 247
+

BnyN

85
/
15

F
NBn,

252

Schemet.5: Preparation ofd47) and £52). The conversion of246) to fluorinated product247)
and @52 was low, yielding 247) in only 11% yield. Reagents and conditions: a)dJ¥JADCM,
RT.
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Tetrabenzyl-(R)-fluorohexane-1,6-diamine247) was fully characterised but its
enantiopurity was not investigated. The crystalkected were amenable to X-ray structure
analysis but were found to diffract very poorly.€eTktructure was disordered about the
C(3)/C(3A) bond, although a X-ray crystal structwt suitable quality for structure

identification was obtained (Figu#el).

Cl4A)

Cl2A)
N{1A}

ciA - CBA

C1A)

Figure4.l X-ray crystal structure of tetrabenzylRgfluorohexane-1,6-diamine€47).

The very low conversion of amino alcohd@4g) to B-fluoroamine 247) was
disappointing and was most probably due to the &bion of by-products occurring during
the fluorination reaction. Although it was not pibds to isolate any of these products, a
very polar by-product was identified. High resabmtimass spectroscopy analysis indicated
that the compound had a mass of 475.3123, whiclcheatthe molecular formula
(CaqH3gN2)" (-0.1 ppm). Presumably, this could correspondht riucleophilic attack of

N®-nitrogen on aziridinium53) (Schemet.6).

/\' ‘; " Bn
Bn,N N

\/\/\<I . \Bn
/N‘Bn
Bn NBn,
253 (254)

Schemel.6. Putative formation of polar by-produ@54) occurring during fluorination of amino
alcohol(246).
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The structure 254) drawn in Schemé.6 is consistent with mass spectrometric
analysis and is based on the hypothesis that amurd (253) is formed, and that
nucleophilic attack on the aziridinium occurs prefgially at the most substituted carbon
to form a six-membered ring (favoured six-exo-iagrclosure). An attack on the other
carbon (dashed line in Schemes) would result in the less favourable formationeof
seven-membered ring (unfavoured seven-endo-tetctogyre). At this stage however, the

structure 254) could not be clearly established.

The formation of the putative cyclic by-produc25) is favoured over the
formation of the fluorinated compound4(7) which indicates that the dibenzyl-protected
nitrogen is a better nucleophile than fluoride aodsequently, thgi-fluoroamine 247)
will not be synthesised efficiently from 2,6-bid§dnzylamino)hexan-1-ol 246).
Nevertheless, the formation dt47), albeit in a low yield but in a goo@47)/(252) ratio,
suggests that if the nucleophilicity of the-fitrogen could be suppressed, the desired

fluorinated productZ47) might be formed more efficiently.

A N+,Bn
~83%
anN\/\/Y\ anN\/\/\<l/\ \Bn o
LBn .

OH
N
NBn, Bn/ NBn,
246 253 (254)

anN\/\/\/\ ~15%
Y NBn,

F
247

BnZN\/\/Y\F ~2%

NBn,
252

Schemel.7: The treatment of246) with DAST in DCM at RT gives a complex mixture atfleast
three compounds, most probab®sf), (247 and @52) in a 83/15/2 ratio of the crude reaction
mixture.
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4.2.2 The N(g)-Z-L-lysine route

255
The chemistry of-lysine, as one of the common amino acids, is delleloped.
Many derivatives of -lysine, orthogonally protected or not, have beepared and are
now commercially available. For exampldl(c)-benzyloxycarbonyl-lysine @55 is
available from Aldrich at £20.50 for 5 g. The belozycarbonyl protecting group appears
ideal at first sight, as it suppresses the nucléiofir of the N(g) nitrogen and it can be
cleaved by hydrogenolysis. Fortuitousy(g)-benzyloxycarbonyl-lysine methyl ester
hydrochloride 256) was found in our laboratories and was used asrgjanaterial.
o 0
@vownv\/\ﬁko/ = QOT“MO/
o) NH,* o)
256 cr

NBn,
257

LA @vOTHV\/\‘AOH

NBn,
258

Schemet.8 Synthesis of dibenzyd-amino alcohol 258 from (256). Reagents and conditions:
a) BnBr, K,COs, MeCN, 80 °C, 20 h, 97%; b) LiAIj THF, -10 °C, 50 min, 94%.

Compound 256) was benzylated under standard conditions to ¢R&7) in
excellent yield (97%).256) was then reduced with LiAlHin THF at -10 °C to furnish
dibenzyla-amino alcohol 258) after work-up and purification, in a very goockid. It is

worth noting that the benzyloxycarbonyl group webke under these conditions.
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The fluorination of dibenzytt-amino alcohol 258 was carried out with
Deoxofluor (1.2 eq) in DCM at -10 ° C. The reactionxture was allowed to warm to
room temperature over six hours and was quenchetidopddition of KCOs. *F NMR
analysis of the crude reaction mixture revealedpiesence of two fluorinated compounds
in a 85/15 ratio, corresponding to the formatiorf2%9 and @60). The ratio of rearranged
(259 to non-rearranged260 product was similar to that observed previously ®47)
and @52). 'H NMR analysis of the crude product mixture wadiclift to interpret but the
existence of a non-fluorinated compound could aksaetected in around 25% yield. This
compound was less polar than fuoroamines 259 and @60 and was isolated after
purification by column chromatography, as a colessl oil and in a 20% yield. NMR and
mass spectrometric analyses were consistent withctste @61) (Scheme 4.9).
Compounds 259 and @60) which eluted after261) were then collected as a 90/10

mixture and as a colourless oil in 67% yield.

N ©\/ N
:::: ~_© N a o N~
\”/ \\//\\V/”\T//\\OH . \ﬂ/ NBn,
O NBn, o F

258 259
67%

QTO\Q 20%
o
261

Bn,N

Schemet.9 Formation of fluorinated compound259 and @60 along with cyclic 261) by
treatment of 258) with Deoxofluor. Reagents and conditions: a) O#twor, -10 °C, 6 h.
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The formation of the fluorinated compoun@69 and 60 was anticipated and
can be explained by nucleophilic attack (pahsndb) of fluoride on aziridinium 262
(Figure4.2). The formation of the cyclic compoun@6l) was however more surprising
but can be rationalised by nucleophilic addition the benzyloxycarbonyl-protected
nitrogen to the aziridinium262 (pathc). Under the conditions used, theeNfitrogen is
apparently nucleophilic enough to atta2?), but cyclisation occurred with a much lower

conversion than found with the dibenzyl-protect&ehitrogen in compound246).

@

Figure4.2 Reactivity of intermediate262). The aziridinium ring can be opened in threeaidht
ways, producing compound®59), (260 and @61). Attack at the most substituted carbon is
favoured (patha andc).

Compounds 259 and @60) could not be separated from each other by column
chromatography and it was found more conveniemake the mixture directly through to
the hydrogenolysis step. Nevertheless, an analysi@aple of 259 was obtained as a
colourless crystalline solid after re-crystallisati from EtO/hexane. Crystals were

amenable to X-ray structure analysis and a stregésushown in Figurd.3

Figure4.3 X-ray crystal structure o69). Torsion angle N-C-C-F is 70.7 °.

181



Chapter 4

Hydrogenolysis of 259 in MeOH was first conducted at atmospheric pressu
with H, and a catalytic amount of Pd(GH}. However, only partial debenzylation was
observed under these conditions. Interestingly, pmmd 263 was isolated in a good
yield and was identified by NMR analysis. Howevewyas re-subjected to hydrogenolysis
to generate248 and was not fully characterised.

*H N\/\/\/\ *HaN
3 y N 3 \/\/Y\F
- = H cr

Ct F
263 264
Hydrogenolysis ofZ59 was then performed under a pressure 029 bars) in an
autoclave for two days. After filtration of the ®id on Celite, 1 M HCI in RO was added
and the mixture was re-crystallised from MeOH/EtB&D. Three successive re-
crystallisations were required to purify dihydromtidle salt 248 from the by-product
(264). In the end, 248 was obtained, as a colourless amorphous solid3# yield

(Schemet.10.

o) NH* NBn,
256 i 258
—° . o H\/\/\/\ —_— HN- o~~~
\”/ - NBn ) NH;*
H CI
o} F F o
259 248

Schemet.1Q Synthesis of (R)-fluorohexane-1,6-diamine dihydrochlorid&4@) from L-lysine
derivative £56). Reagents and conditions: a) BnBg(K;, MeCN, 80 °C, 20 h, 97%; b) LiAlK
THF, -10 °C, 50 min, 94%; c) Deoxofluor, DCM, -10,°67%; d) Pd(OH)C, MeOH, H

(20 bars), 48 h, 73%.

Standard re-crystallisations furnishedR(2luorohexane-1,6-diamine248 as a

white amorphous solid, presumably because of thg flexible alkane chain which is not
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favourable for crystallisation. Nevertheless, veslpw re-crystallisation by solvent
diffusion at +4 °C yielded48 as small white crystals which could be used fera}

structure analysis (Figude4).

N o

N(7)

Figure4.4: X-ray crystal structure of @-fluorohexane-1,6-diamine dihydrochlorid24g).
Torsion angle F-C-C-Nis 62.7° and the absolute configuration, deterchimg X-ray is R).

The absolute configuration o248 was assessed by X-ray analysis to B (
supporting the inversion of configuratiomia aziridinium intermediate 262. The
enantiopurity of this compound was then investidaising §)- and R)- Mosher acids as
derivatising reagents. In parallel procedur&,({)-Mosher acid andR)-(+)-Mosher acid
were added respectively to two mixtures containtaffuorohexane-1,6-diamine248),
EtN and DMAP in DCM. The two reactions were stirred twelve hours and after
evaporation of the solvent, the residues were hisdoin CDCE and analysed by’F
NMR.

Compound 265) is the coupled product 0248 with two molecules of§)-Mosher
acid, and compoun(266) comes from the coupling o248 with two molecules ofR)-
Mosher acids. Thé’F NMR signals for the fluorine at the stereogenintoes of
respectively 265 and @66) are shown in Figurd.5. Single peaks were found indicating
that 48 was enantiopure. When compoun#65) and 66) were added in one tube, two
distinct *°F NMR signals were observed. This clearly demotessréhe enantiopurity of

(2R)-fluorohexane-1,6-diamin248) from the fluorination reaction with Deoxofluor.
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(@)

T T
185.7 -185.8 -185.9 -186.0 -186.1 -186.2 -186.3 ppm

(b) 266

T T T T T T T 1
-185.7 -185.8 -185.9 -186.0 -186.1 -186.2 -186.3 ppm

L

T
-185.8 -185.9

1
ppm

Figure4.5 °F NMR analysis (CDG| 375 MHz) of §-Mosher acid derivative265) (a), (R)-
Mosher acid derivative266) (b) and the mixture of botft) showing the high enantiopurity of

(248).
The synthesis of @-fluorohexane-1,6-diamine248), developed from Nf-Z-L-

lysine methyl ester266) is another example that-amino acids can be converted to
enantiopurés-fluoroamines. Around 500 mg a248) was produced by this route, in a 45%
overall yield from 256). This constitutes an efficient and robust synthes (248), using
relatively cheap materials, with Deoxofluor beihg tmost expensive. The main drawback
of this route is probably the formation of the dggiperidine 261). It might be possible to
avoid its formation with a more judicious choice mbtecting group at the itrogen.
A Boc protecting group for example, which couldibstalled prior to the fluorination step
may give better results as it would reduce theeugtilicity of the N-nitrogen. However,
it seems that the non-regioselective opening of aheidinium intermediate 262) by
fluoride, from which fluorinated compoun@0) is formed as a by-product, is inherent to

this kind of reaction and cannot be easily circunted.
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4.3 Synthesis of (R)-aminomethylpiperidine

The formation of (R)-((dibenzylamino)methyl)piperidine-1-benzoxycarbgn
(261) as a minor product was judged to be worth ingasibn, because this compound
could potentially be converted by hydrogenolysisctoral diamine (R)-aminomethyl-
piperidine 61) which has potential application in catalysis éaample.

Hydrogenolysis of Z61) with Pearlman’s catalyst Pd(OJ} in MeOH under a
pressure of K (20 bars) yielded, after addition of 1 M HCI arelarystallisation from
MeOH/EO, chiral diamine Z67) as its dihydrochloride salt. The diamin26{) was

obtained in 14% overall yield fron2%6) (Schemet.11).

NH; NBn,

256 cr 258

_° 5 9\1 o\/@ _4 . Q\JHZ
T o

(e}

Bn,N NHj

cr
261 267

Schemet.11 Synthesis of (R)-aminomethylpiperidine dihydrochlorid2§7) from L-lysine
derivative £56). Reagents and conditions: a) BnBg(K;, MeCN, 80 °C, 20 h, 97%; b) LiAlK
THF, -10 °C, 50 min, 94%; c) Deoxofluor, DCM, -10,°20%; d) Pd(OH)C, MeOH, H
(20 bars), 48 h, 75%.
Interestingly, benzylamine268 was isolated in a good vyield (79%) when

hydrogenolysis was performed under an atmospheeisspre of KW Benzylamine Z68

was characterised only by NMR and was then re-stdgeto hydrogenolysis.

?NH

o
H
268 18¢
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Re-crystallisation of the dihydrochloride salt &67) yielded large, colourless
crystals which were amenable to X-ray structurdyaiga The absolute configuration was

assigned unambiguously by X-ray to B, (@s shown in Figuré.6.

Figure4.6. X-ray crystal structure of @-aminomethyl-piperidine dihydrochlorid2q2l).

Chiral diamines form an important class of compaundhich have found a wide
range of applications in chemistry, particularly l#gentate ligands for the design of
asymmetric catalysts. 1,2-Diaminocyclohexa@®9 for example is used in Trost's
catalyst 270) for asymmetric allylic alkylation reactiohs®and also in salen-type ligands

(Jacobsen’s catalystfor enantioselective epoxidatiod7d).

Q 0 Q 0o Q
H,N NH, NH HN N Y
% j 1B OH HO tB
269 PPh2 PhZP ud i%}i !
tBu tBu

270
271

2-Aminomethylpiperidine however has not been widedgd in the design of chiral
ligands. A possible explanation for this could ke limited availability. Indeed,
enantiopure 2-aminomethylpiperidine is not comnalgi available and although
enantiomers can be prepared by the resolution efrabemate or from pipecolic acid
(272 by amidation and reductidA}* this does not constitute a practical route to

18¢
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synthesise 267) in reasonable quantities. Pipecolic ack¥?) is an expensive starting
material, compared ta-lysine from which (R)-aminomethylpiperidine 267) was
prepared in this work. The synthesis frortysine constitutes a novel preparation 287)

and due to its high potential in asymmetric caialyg was decided to optimise the

EENH

o OH

synthesis presented in Schemgl

272

The most vulnerable step in the synthesis of 2-amathylpiperidine Z67) is
clearly the low 20% yield obtained from the fluaiion reaction. To improve this yield,
the intramolecular nucleophilic attack of°-Nitrogen needs to be favoured over the
intermolecular reaction with fluoride.

Taking advantage of the strength of the Si-F bailiba (SiQ) was added to the
reaction mixture of amino alcohd%8) in DCM. The idea was to trap fluoride anions with
silica before they can react with the aziridiniuntermediate 262). Empirically, it was
chosen to add 200 mg of dry silica to a mixtur€200 mg of 258 in DCM at -78 °C.
Deoxofluor (1.5 eq) was then added and the reactias stirred at -78 °C for six hours.
Pleasingly, only traces of fluorinated produ@s9) and 60) were detected b{F and'H
NMR analysis of the crude reaction mixture. Afterification, the piperidine261) was
isolated in ~50% vyield, which represented a sigaiit improvement on the 20% yield
obtained from the reaction without silica at -10 °C

Interestingly, another product was isolated in 2@&4d from this reaction. Mass
spectroscopy analysis revealed that this compowadl the same mass as the starting
material 258 but its NMR spectra were clearly different andygested structure2{3

(Schemed.12).
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NBn, OH
Bn,N
258 261 273

ZHN a Nz + ZHN
WOH e \W\Nan

~50% 28%

Schemet.12 Fluorination of 258) with addition of silica. Reagents and conditioasSiQ,
Deoxofluor, DCM, -78 °C, 6 h.

Compound 273 was not fully characterised and it is not cleawhand when it is
formed. Manifestly, it results from the opening afiridinium @62 by a species
containing a hydroxyl group.

The amount of silica added to this reaction wasaptimised but this experiment
proved that addition of silica is an efficient amdfective method to suppress the

nucleophilicity of fluoride anions in the reactiomxture.

At this point, it seemed that the synthesis of 2rammethylpiperidine could be
simplified and that Deoxofluor activation could keplaced by some alternative method.
Mesylate activation was considered. This would, cofurse, suppress the problem
encountered with side reactions involving fluorideions because mesylate Ms® a
relatively poor nucleophile which does not open deidinium ring. It is known that an
aziridinium intermediate is formed by addition o§/®, MsCI or T$O to solutions of,N-
dibenzyla-amino alcohols$>™

Disappointingly, treatment of M® and E4N (1.5 eq) with amino alcohoR58)
failed to produce the desired cyclic produ26l). Addition of MsCIl also failed and
generated the chlorinated compourt¥4) instead, as evidenced by NMR and mass
spectroscopy analyses (Schefg3. This type of reaction has already been repaateti
is not surprising given the higher nucleophilicitiychloride over the benzyloxycarbonyl-
protected aminé&’

18¢
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ZHN MsCI ZHN z
WOH o WNBM

NBn, Et;N, DCM, RT cl
258 274 BN 261

Schemet.13 Treatment of Z58) with MsCl generate2{74).

Similarly, treatment of246) with MsCl also failed to form cyclic sal2$4), which
was formed initially in ~83% upon treatment with BA. This time however, chlorinated

compound 272) was detected by NMR and mass spectroscopy asa|gsbemé.14).

Bn,N MsCl Bn,N
\/\/Y\OH o \/\/\(\Nan

NBn, Et;N, DCM, RT cl

246 275 254

Schemet.14 Treatment of 246) with MsCl generate2{75).

The intramolecular ring opening of siti-generated aziridinium ring systems has
been reported many times, but it is not clear whyour case it worked only with
Deoxofluor. In a related reaction published by Gmeeet al, glutamine 276) was used to
prepare dibenzyd-amino alcohol 277), which upon treatment with 7®, underwent
cyclisation via an aziridinium intermediate to give248. After elimination and
hydrogenolysis, the produc2q{9 was obtained and was found to be enantiopure

(Schemet.15.%°

(@] O
Benzylation Pd(OH),/C N N
HzN o — @]/\/Y\OH _ ~
NH,* Reduction — NBn,
Protection
276 277 Bn,N HoN
278 279

Schemet.15 Example of cyclisation from dibenzgl-amino alcohol 277) via an aziridinium
intermediate?
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It is not clear why methanesulfonic anhydride dat promote the intramolecular
reaction but the synthesis d2§1) was not optimised any further. Nevertheles®){2
aminomethylpiperidine hydrochlorid@&7) could be prepared in 34% overall yield from
commercially available Nj-Z-lysine methyl ester266). The key step mediated by
Deoxofluor, was significantly improved by the adulit of silica gel to the reaction
mixture.

It was shown in this study that dibenzydamino alcohol 258 can give mainly
either thep-fluoroamine 259 or piperidine 261), depending on the conditions used
(Scheme4.16. The enantiopurity of [®)-aminomethylpiperidine 267) has not been
assessed in a definitive manner and the opticatioot found does not match satisfactorily
that reported in the literature. Further work iguieed to optimise the synthesis @6{)

and to assess its enantiopurity by the transfoonahown in Schemé& 16

ZHN

) 258 %,
6\\00 +0)70
®°+ L OO Oﬁx
< o 1 L
. ® 3
OC;@ (&)
ZHN A NG NG
Y NBn, Nz
E
Bn,N
259 261
~60% isolated yield ~50% isolated yield

Schemet.16 Amino alcohol 258) as precursor di-fluoroamine 259 and diamineZ61).
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Chapter 5: Experimental

5.1 General methods

511 Reagents, solvents and reaction conditions

All reagents were of synthetic grade and were wgigltbut further purification
unless otherwise stated. Dry diethyl ether andTdiy were distilled from sodium wire
and benzophenone; dry methanol and dry DCM werdlglis from calcium hydride.
All moisture sensitive reactions were carried auder a positive pressure of nitrogen in
oven-dried glassware (140 °C). Reaction temperatafe-78 °C to -40 °C were
obtained using solid COn acetone or a bath cooling apparatus LP TeclgyoRP-
100-CD; reaction temperature of -10 °C was obtaimsthg an ice/acetone bath.

Organic extracts were dried over MgSO

5.1.2 Chromatography and mass spectrometry

Thin layer chromatography (TLC) was performed usiN@cherey-Nagel
Polygram Sil G/UVs4 plastic plates; visualisation was achieved byaasipn under UV
light (255 nm) or by the use of potassium permaagastain, molybdenum-based stain,
ferric chloride stain, bromocresol green stain omhwdrin spray. Column
chromatography was performed using silica gel 60-@& micron) from Apollo
Scientific Ltd. lon-exchange chromatography wasfgrared using Dowex® 50 W-
X8100 resin with 50-100 mesh particules. GC-MS ysed were obtained using an

Agilent 5890 gas chromatograph equipped with anlehgi 5973N mass-selective
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detector. High-resolution mass spectrometry watopaed by Mrs. C. Horsburgh on a

Waters LCT or GCT time-of-flight mass spectrometer.

5.1.3 Nuclear magnetic resonance spectroscopy (NMR)

NMR spectra were recorded on either Bruker AV-3®04t 300.06 MHz*C at
75.45 MHz,'F at 282.34 MHz), or Bruker AV-300H at 300.13 MHz°C at 75.48
MHz), or Bruker AV-500 H at 499.90 MHz!F at 470.33 MHz). Chemical shif&
are reported in parts per million (ppm) and quatedtive to internal standard &
for *H and™*C and to external standard CE@&r *°F. *H, *C and"°F spectroscopic data
were assigned on a routine basis by a combinatfoone- and two- dimensional

experiments (COSY, HSQC, HMBC, NOESY).

5.1.4  Other analysis

Melting points were measured using a GallenKamgfi@rMPA350.BM2.5
melting point apparatus and are uncorrected. Aptitations were determined using a
A-1000 polarimeter (Optical Polarimeter Ltd) orerlén Elmer Model 341 polarimeter,
[a]p values are measured at 589 nm and given ffdd@.cm.g*. Elemental analyses
were carried out by Mrs. S. Williamson on a CEnmstent EA 1110 CHNS analyser.
IR spectra were recorded on a Perkin Elmer Spec8Xn¥T-IR system as KBr disc or
as thin film on NaCl plates. Single X-ray difframti analyses were carried out by Prof.
A.M.Z Slawin. pKa Determinations were conductedaofisherbrand Hydrus 300 pH
meter equipped with a Hamilton biotrode pH eleatradlibrated at pH 4 and pH 7 with

standard buffer solutions.
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5.2 Protocols

5.2.1 (3a,50,17B)-17-Phenylandrostane-3,17-diol (89)

n-BuLi (3.2 cnt, 2.5 M in hexane, 8.0 mmol) was added at 0 °C uh¢o a
solution of bromobenzene (1.41 g, 9.0 mmol) in disthyl ether (6 cﬁ). The mixture
was stirred for 30 min at 0 °C and 1 h at RT. Tdletson was then cooled to -10 °C and
added dropwisgia canula to a solution of androsterone (300 mgintl) in dry THF
(20 cnf). The reaction mixture was stirred 2 h at -10 #@ 46 h at RT. A saturated
solution of NHCI (10 cnf) was added and the organic phase was extracedEiGtAc
(3 x 50 cm°’). The combined extracts were washed with brine dndd. After
evaporation of the solvent under reduced pressieeproduct was purified over silica

gel (hexane/ EtOAc 6:1) to giv89) as a colourless solid (165 mg, 43%).

Mp: 190-192 °C (from hexane/EtOAc),Yit93-196 °C (from hexanes/EtOAc);

3 (300 MHz, CDCY) 7.19-7.27 (5 H, m, AH), 3.89-3.93 (1 H, m, &), 2.30 (1 H,
ddd, J=5.2 Hz,J=9.8 Hz,J=14.3 Hz, G%H,), 2.01 (1 H, dddJ=4.6 Hz,J=12.5 Hz,
J=14.3 Hz, G®Hg), 0.73-1.78 (20 H, m), 0.97 (3 H, s'®A3), 0.68 (3 H, s, €H5), 0.23-
0.40 (2 H, m);3c (75 MHz, CDC}) 146.5 @r), 127.7 (2x C, Ar), 127.6 (2x C, Ar),
127.1 @r), 86.4 C*1), 66.9 C3), 54.1 %), 49.5 C*¥), 47.1 €*¥), 39.5 C°), 39.0 C9),
36.6 C?), 36.5 C'9, 36.2 C%, 34.0 €9, 32.4 CY), 32.1 C), 29.3 €?), 28.8 ),
24.8 C*), 20.7 ™), 15.3 €9, 11.6 C9).

These data are in accordance with the literdture.
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5.2.2 (3a,5a,17B)-17-Phenylandrostane-3,17-diol, 3-acetate (J0)

a

)Oj\
o

Ac20 (0.5 cml) and 4-DMAP (24 mg) were added to a solution of%3,17B)-
17-phenylandrostane-3,17-did9) (180 mg, 0.5 mmol) in pyridine (2.5 &n The
mixture was stirred at RT for 15 min and poured ib0% NaHCQ (20 cnt). After the
mixture was stirred for 10 min, the product wasaoted into EtOAc (& 40 cn?). The
combined organic extracts were dried and evaporateter reduced pressure. The
product was purified over silica gel (hexane/EtOKEr1) to give 90) as a colourless

amorphous solid (180 mg, 90%).

Mp: 198-199 °C (from hexane/EtOAc), i196-198 °C:3, (300 MHz, CDC})
7.23-7.39 (5 H, m, AH), 4.94-4.98 (1 H, m, ®1), 2.38 (1 H, dddJ=4.8 Hz,J=9.7 Hz,
J=14.3 Hz, C®Hy), 2.04-2.15 (1 H, m, ¥Hg), 1.99 (3 H, s, B5COy), 0.79-1.88 (19 H,
m), 1.05 (3 H, s, &H3), 0.77 (3 H, s, &Hs), 0.32-0.49 (2 H, m)dc (75 MHz, CDC})
171.1 COy), 146.7 QAr), 127.8 (2x C, Ar), 127.6 (2% C, Ar), 127.1 fr), 86.3 (C"),
70.5 CH), 54.0 CH), 49.9 CHy), 47.1 (C?), 40.3 CH), 38.9 CH,), 36.6 CH), 36.2
(C'9), 34.0 CHy), 33.2 CHy), 33.1 CH,), 32.0 CH,), 28.7 CHy), 26.4 CH,), 24.8
(CH2), 21.9 CH,), 20.7 CH3COy), 15.3 CH3), 11.8 CHa).

These data are in accordance with the literdture.
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5.2.3 (3a,50)-17-Phenylandrost-16-en-3-ol acetate (9'1)

/ﬁ\ O\“' e
H

EtsN (0.6 cn) and MsCI (0.18 cry 2.3 mmol) were added at 0 °C to a solution

91

of (3u,50,17B)-17-phenylandrostane-3,17-diol, 3-aceta®6) (170 mg, 0.4 mmol) in
dry DCM (15 cni). The solution was stirred for 1 h at 0 °C and D@Ms removed
under reduced pressure. The product was purified sNica gel (hexane/EtOAc 15:1)

to give @1) as a colourless amorphous solid (140 mg, 86%).

Mp: 143-145 °C (from CHG), lit' 152-153 °C (from hexanesd;; (300 MHz,
CDCl;) 7.10-7.31 (5 H, m, AH), 5.82 (1 H, ddJ=1.7 Hz,J=3.2 Hz, C°H), 4.92-4.96
(1 H, m, GH), 2.12 (1 H, dddJ=3.3 Hz,J=6.3 Hz,J=15.5 Hz, C°H,), 1.86-2.01 (2 H,
m), 1.97 (3 H, s, B35CO,), 0.73-1.70 (17 H, m), 0.94 (3 H, s'®83), 0.77 (3 H, s,
C™Hs); 8¢ (75 MHz, CDC}) 171.1 CO,), 155.3 (C7), 137.8 fr), 128.5 (2x C, Ar),
127.6 (G, 127.1 (3x C, Ar), 70.5 CH), 58.1 CH), 54.9 CH), 47.8 (C), 40.7 CH),
36.4 (CY), 35.9 CH,), 34.4 CH), 33.3 CH,), 33.2 CH.), 32.2 CH,), 31.9 CH,), 28.8
(CHy), 26.5 CH>), 22.0 CH3CO,), 21.2 CHy), 17.2 CH3), 11.8 CHs).

These data are in accordance with the literature.
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5.2.4  (30,50)-17-Phenylandrost-16-en-3-ol (87)

5 N NaOH (1 cr) was added at RT to a solution ofi(@)-17-phenylandrost-
16-en-3-ol acetate9() (130 mg, 0.33 mmol) in MeOH (15 &n The mixture was
heated under reflux for 1 h and cooled to RT. Wéﬁeu:n?) was added and the product
was extracted into DCM (¥ 40 cn?). The combined extracts were dried and the
solvents removed under reduced pressure. The prodas purified over silica gel
(hexane/EtOAc 9:1) to give ¢&Pu)-17-phenylandrost-16-en-3-087) as a colourless
amorphous solid (104 mg, 89%).

Mp: 169-170 °C (from CHG), lit' 174.5-175.5 °C (from hexanes/EtOAc);
[a]®% +23.0 (c 1.5 CHG); (Found: C, 85.84; H, 10.21 %, &H340 requires C, 85.66;
H, 9.78 %):Vmax(KBr plate)/cm® 3361 (br), 2925, 2855, 1603, 1493, 1445, 13702126
1033, 753, 6913, (300 MHz, CDCJ) 7.18-7.38 (5 H, m, AH), 5.88 (1 H, dd,
J=1.7 Hz, J=3.1 Hz, C®H), 4.02-4.06 (1 H, m, &), 2.20 (1 H, dddJ=3.3 Hz,
J=6.2 Hz,J=15.4 Hz, C°Hp), 1.93-2.07 (2 H, m), 0.81-1.78 (18 H, m), 1.02H3s,
C'H,), 0.83 (3 H, s, €Hy); 8¢ (75 MHz, CDC}) 155.3 (C"), 137.8 Ar), 128.5 (2x C,
Ar), 127.6 (C%, 127.1 (2x C, Ar), 127.0 @r), 67.0 CH), 58.1 CH), 55.1 CH), 47.8
(C"), 39.8 CH), 36.7 (C?, 36.3 CH.), 35.9 CH,), 34.5 CH), 32.5 CH,), 32.3 CHy),
31.9 CHy), 29.4 CH,), 28.9 CH,), 21.2 CHy), 17.2 CHg), 11.6 CH3); m/z (+ClI),
found MH": 351.2683, GH3s0 requires 351.2688 (-1.5 ppm).

These data are in accordance with the literdture.
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5.25  (3a,50,17B)-17-(m-Fluorophenyl)androstane-3,17-diol (96)

n-BuLi (2.0 cn?, 2.5 M in hexane, 5.0 mmol) was added at -78 °@eui\; to a
solution of 3-fluoro-bromobenzene (0.55 %r8.0 mmol) in dry diethyl ether (5 &n
The mixture was stirred for 30 min at -78 °C andlexd dropwisevia canula over
10 min to a solution of androsterone (300 mg, 1r@ath in dry THF (20 crﬁ). The
reaction mixture was stirred 3 h at -78 °C andtédmperature was allowed to warm to
RT over 15 h. A saturated solution of MH (10 cn¥) was added and the organic phase
was extracted into EtOAc (8 50 cn?). The combined organic extracts were washed
with brine and dried. After evaporation of the s, the product was purified over
silica gel (hexane/EtOAc 6:1) to gived) as a colourless solid (125 mg, 31%).

Mp: 182-188 °C (from hexane/EtOAc)[a]*s +25.3 (¢ 0.4, CHG);
Vmax(KBT plate)/cni® 3422 (br), 2926, 2854, 1613, 1586, 1437, 1262610916, 804;
34 (300 MHz, CDCY) 6.92-7.45 (4 H, m, AH), 3.95-4.01 (1 H, m, &), 2.33 (1 H,
ddd, J=5.3 Hz,J=9.7 Hz,J=14.4 Hz, é6HA), 2.08 (1 H, dddJ=4.4 Hz,J=12.5 Hz,
J=14.4 Hz, G®Hg), 0.53-1.87 (20 H, m), 1.03 (3 H, s'®85), 0.76 (3 H, s, €H5), 0.29-
0.49 (2 H, m);3c (75 MHz, CDC}) 162.6 (d,J=244.2 Hz,Ar-F), 149.5 (dJ=6.4 Hz,
Ar), 128.9 (d,J=8.1 Hz,Ar), 123.4 (d,J=2.4 Hz,Ar), 115.0 (d,J=22.1 Hz,Ar), 113.9
(d, J=21.1 Hz,Ar), 86.3 (C"), 66.8 CH), 54.1 CH), 49.5CH), 47.2 (C®, 39.4 CH),
39.1 CH,), 36.6 CH), 36.4 (CY), 36.2 CH,), 34.0 CH,), 32.4 CH,), 32.0 CH,), 29.3
(CHy,), 28.8 CH,), 24.7 CH,), 20.7 CH,), 15.3 CHa), 11.6 CHs); & (282 MHz,
CDCl) -114.6 (1 F, ddd)=6.1 Hz,J=8.4 Hz,J=11.0 Hz);m/z (+ES), found (M+N¥):

409.2512, GsH3sO-NaF requires 409.2519 (-1.8 ppm).
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5.26  (3a,50,17B)-17-(m-Fluorophenyl)androstane-3,17-diol, 3-acetate (97)

i

g

Ac,0 (0.2 crﬁ) and 4-DMAP (8 mg) were added to a solution af,%8,17p)-
17-(m-fluorophenyl)androstane-3,17-diol9q) (62 mg, 0.16 mmol) in pyridine
(0.5 cnf). The mixture was stirred at RT for 15 min and feouinto 10% NaHC@
(8 crrf’). After further stirring for 20 min, the productaw extracted into EtOAc (8
20 cn). The combined organic extracts were dried oveSMgand evaporated under
reduced pressure. The product was purified ovieasijel (hexane/ EtOAc 10:1) to give

(97) as a colourless solid (55 mg, 80%).

Mp: 195-197 °C (from CHG); 3y (300 MHz, CDC}) 6.92-7.31 (4 H, A),
4.93-4.98 (1 H, m, &), 2.34 (1 H, dddJ=5.3 Hz,J=9.7 Hz,J=14.5 Hz, C¢®H,), 2.09
(1 H, ddd,J=4.2 Hz,J=12.4 Hz,J=14.4 Hz, C%pg), 1.99 (3 H, s, B3;COy), 0.57-1.94
(19 H, m), 1.04 (3 H, s,H5), 0.77 (3 H, s, &H3), 0.31-0.51 (2 H, m)3c (75 MHz,
CDCl) 171.1 CO,), 162.6 (d,J=244.3 Hz,Ar-F), 149.5 (dJ=6.3 Hz,Ar), 128.9 (d,
J=8.1 Hz,Ar), 123.4 (d,J=2.4 Hz,Ar), 115.0 (dJ=22.1 Hz,Ar), 113.9 (d,J=21.0 Hz,
Ar), 86.3 ("), 70.5 CH), 54.0 CH), 49.5 CH.), 47.3 (C?), 40.3 CH), 39.1 CHo),
36.6 CH), 36.2 (CY, 34.0 CHy,), 33.2 CH>), 33.1 CH.), 31.9 CHy), 28.6 CHy), 26.4
(CHy), 24.7 CHy), 21.9 CH3COy), 20.7 CHy), 15.3 CHs), 11.7 CHa); 8¢ (282 MHz,

CDCl) -114.6 (1 F, ddd)=6.1 Hz,J=8.4 Hz,J=11.1 Hz).
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5.2.7 (3a,5a)-17-(m-Fluorophenyl)androst-16-en-3-ol acetate (98)

/ﬁ\o\"' e
H

EtzN (0.2 cnf) and MsCI (6QuL, 0.77 mmol) were added at 0 °C to a solution of
(3a,50,173)-17-(m-fluorophenyl)androstane-3,17-diol, 3-acetate97)( (50 mg,
0.12 mmol) in dry DCM (5 cf)). The solution was stirred for 45 min at 0 °C &@M
was removed under reduced pressure. The crude giradis purified over silica gel

(hexane/EtOac 15:1) to give8) as a colourless solid (32 mg, 67%).

Mp: 148-150 °C (from CHG); & (300 MHz, CDC}) 7.20-7.28 (1 H, m, Ar-
H), 7.12-7.16 (1 H, m, AH), 7.03-7.09 (1 H, m, AH), 6.87-6.94 (1 H, m, AH), 5.94
(1 H, dd, J=1.8 Hz, J=3.2 Hz, C®%H), 5.00-5.04 (1 H, m, &), 2.21 (1 H, ddd,
J=3.3 Hz,J=6.3 Hz,J=15.7 Hz, C°H,), 1.94-2.08 (2 H, m), 2.06 (3 H, sHECO,),
0.78-1.78 (17 H, m), 1.01 (3 H, s ¥85), 0.85 (3 H, s, €H3); & (75 MHz, CDCH})
171.2 CHsCOy), 163.1 (d,J=244.4 Hz,Ar-F), 154.2 (d,J=1.9 Hz, C’), 140.0 (d,
J=7.7 Hz,Ar), 129.8 (d,J=8.4 Hz,Ar), 128.9 (C%, 122.7 (d,J=2.6 Hz,Ar), 113.8 (d,
J=21.5 Hz,Ar), 113.8 (dJ=21.1 Hz,Ar), 70.5 CH), 58.0 CH), 54.9 CH>), 47.8 (C?),
40.6 CH), 36.4 (C9), 35.8 CH,), 34.4 CH), 33.3 CH,), 33.1 CH,), 32.2 CH,), 31.9
(CHy), 28.7 CH,), 26.5 CH,), 22.0 CH3CO,), 21.2 CHy), 17.2 CHs), 11.7 CHy);
3 (282 MHz, CDC}) -114.3 (1 F, dddJ=6.1 Hz,J=8.6 Hz,J=10.6 Hz);m/z (+ES),

found (M+Na&): 433.2516, GH3s0,FNa requires 433.2519 (-0.7 ppm).
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5.2.8 (3a,5a)-17-(m-Fluorophenyl)androst-16-en-3-ol (99)

5 N NaOH (0.15 cf) was added at RT to a solution ofa(Sx)-17-(m
fluorophenyl)androst-16-en-3-ol aceta@8)((21 mg, 0.05 mmol) in MeOH (2.5 ém
The mixture was heated under reflux for 1 h andlembdo RT. Water (2 cf‘o was
added and the product was extracted into DCM (B0 cnf). The combined organic
extracts were dried and the solvent removed uretdwaed pressure. The product was
purified over silica gel (hexane/EtOAc 9:1) to gi@9) as a colourless solid (17 mg,

90%).

Mp: 179-184 °C (from CHG); & (300 MHz, CDC}) 7.20-7.27 (1 H, m, Ar-
H), 7.12-7.15 (1 H, m, AH), 7.03-7.08 (1 H, m, AH), 6.87-6.94 (1 H, m, AH), 5.93
(1 H, J=1.8 Hz,J=3.1 Hz, C®), 4.04-4.07 (1 H, m, ), 2.21 (1 H, dddJ=3.3 Hz,
J=6.2 Hz,J=15.6 Hz, C°H,), 1.94-2.01 (2 H, m), 0.75-1.78 (18 H, m), 1.01H3s,

C'®H3), 0.84 (3 H, s, &Hy); 8¢ (75 MHz, CDC}) 163.1 (d,J=244.5 Hz Ar-F), 154.3
(d, J=2.0 Hz, C"), 140.0 (dJ=7.8 Hz,Ar), 129.8 (d,J=8.5 Hz,Ar), 128.9 (C°), 122.7
(d, J=2.6 Hz,Ar), 113.8 (d,J=21.5 Hz,Ar), 113.7 (d,J=21.1 Hz,Ar), 67.0 CH), 58.0
(CH), 55.0 CH), 47.8 (G3), 39.7 CH), 36.7 (CY), 36.3 CH,), 35.8 CH,), 34.4 CH),

32.4 CHy), 32.2 CHy), 31.9 CH.), 29.4 CH,), 28.9 CH,), 21.2 CH,), 17.2 CHa),

11.6 CHs); 8¢ (282 MHz, CDC}) -114.3 (1 F, dddJ=6.2 Hz,J=8.7 Hz,J=10.7 Hz);

m/z (+Cl), found MH'": 369.2599, GsH3,OF requires 369.2594 (+1.3 ppm).
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5.29  17a-(m-Fluorophenyl)-17p-methyl-5a-androsten-13-3-ol (110)

p-Toluenesulfonic acid monohydrate (40 mg, 0.26 mmas added at RT to a
solution of (3,5¢,17B)-17-(m-fluorophenyl)androstane-3,17-diol 9) (50 mag,
0.13 mmol) in dry DCM (10 cf). The mixture was heated under reflux for 5 h,ledo
down to RT, 1 M NaHC®(5 cn?) was added and the solution was stirred for 15 min
The product was extracted into DCM %20 cnr), the combined organic extracts were
dried and the solvent was evaporated under reduessure. The product was purified
over silica gel (hexane/EtOAc 10:1) to givelL() as a colourless oil (25 mg, 52%).

oy (500 MHz, CDCY}) 7.23 (1 H, ddd,J=6.4 Hz,J=8.0 Hz,J=8.0 Hz, ArH),
7.03 (1 H, dddJ=2.0 Hz, J=2.0 Hz, J=7.9 Hz, ArH), 6.95 (1 H, dddJ=2.0 Hz,
J=2.0 Hz,J=11.1 Hz, ArH), 6.84 (1 H, dddJ=2.5 Hz,J=8.3 Hz,J=8.4 Hz, ArH),
4.06-4.08 (1 H, m, ), 2.32-2.40 (1 H, m, €Hp), 2.12-2.21 (2 H, m, EHg + C°H),
1.80-2.02 (5 H, m), 1.04-1.77 (14 H, m), 1.40 (3 €%y, 0.78 (3 H, ¢Hy);
3¢ (75 MHz, CDC}) 163.0 (d,J=244.2 Hz,Ar), 152.0 (d,J=6.2 Hz,Ar), 139.9 C*),
139.6 €5, 129.3 (dJ=8.2 Hz,Ar), 121.6 (dJ=2.3 Hz,Ar), 113.0 (dJ=21.4 Hz,Ar),
112.1 (d,J=21.2 Hz,Ar), 66.6 C°), 53.1 C*'), 51.8 %), 42.2 C*9), 39.1 C°), 36.9
(CY, 36.1 €9, 35.7 €%, 31.9 €Y, 31.5 C), 30.5 CY), 29.0 C°+C?), 24.2 €9,
22.9 C*9, 22.2 €', 10.7 €*); & (282 MHz, CDC}) -114.3 (1 F, dddJ=6.3 Hz,
J=8.5 Hz,J=11.2 Hz);m/z (+CI), found MH": 369.2594, GH3,OF requires 369.2594

(+0.2 ppm).
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5.2.10 (3a,5a,17B)-17-(p-Fluorophenyl)androstane-3,17-diol (108)

n-BuLi (3.8 cn?, 2.5 M in hexane, 9.5 mmol) was added at -78 °@eu\; to a
solution of 4-fluoro-bromobenzene (1.1 0.0 mmol) in dry diethyl ether (10 &n
The mixture was stirred for 3 h at -78 °C and tBemat -40 °C. The solution was then
added dropwiseia canula at -40 °C to a solution of androsteron® (@@, 1.0 mmol)
in dry THF (15 cnl). The reaction mixture was stirred for 8 h at 4D and the
temperature was allowed to warm to RT over 12 hsaturated solution of NATI
(10 cn?) was added and the organic phase was extracedEt@Ac (3x 50 cnf). The
combined organic extracts were dried and evapomateddhe product was purified over
silica gel (hexane/EtOAc 6:1) to giveé(Q8) as a colourless solid (158 mg, 40%).

Mp: 173-176 °C (from CHG); [a]o®® +18.0 (c 1.5, CHG); Vma(KBr
plate)/crﬁl 3464 (br), 2932, 2855, 1603, 1508, 1226, 1162510016, 1005, 83y
(300 MHz, CDC}) 7.23 (2 H, dd,J=5.6 Hz,J=8.8 Hz, ArH), 6.91 (2 H, dd;J=8.8 Hz,
J=8.8 Hz, ArH), 3.94-3.99 (1 H, m, ), 2.24 (1 H, dddJ=5.2 Hz,J=9.7 Hz,J=14.7
Hz, C®*Hp), 1.93-2.05 (1 H, m, ¥Hg), 0.72-1.77 (20 H, m), 0.95 (3 H, s*85), 0.67
(3 H, s, C°H3); 0.20-0.39 (2 H, m)dc (75 MHz, CDC}) 162.1 (d,J=245.2 Hz Ar-F),
142.1 (d,J=3.1 Hz,Ar), 129.3 (2¢ C, d,J=7.8 Hz,Ar), 114.3 (2x C, d,J=20.9 Hz,Ar),
86.1 (C), 66.8 CH), 54.1 CH), 49.5 CH), 47.0 (G, 39.4 CH), 39.1 CH,), 36.6
(CH), 36.4 (C%, 36.1 CH.), 33.9 CH,), 32.4 CH,), 32.0 CH,), 29.3 CH,), 28.8
(CHy), 24.6 CHy), 20.7 CH,), 15.2 CH3), 11.5 CH3); & (282 MHz, CDC}) -117.0 (1
F, tt,J=5.4 Hz,J=8.6 Hz);m/z (+ES), found (M+N&): 409.2517, GsH3s0,NaF requires

409.2519 (-0.4 ppm).
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5.2.11 (3a,5a)-17-(p-Fluorophenyl)androst-16-en-3-ol (109)

p-Toluenesulfonic acid monohydrate (10 mg, 0.05 mmas added at RT to a
solution of (3,5a,173)-17-(p-fluorophenyl)androstane-3,f#iol (108 (120 mg,
0.31 mmol) in dry DCM (20 cf). The reaction solution was heated under refluxif
and stirred at RT for 2 h. The reaction solutiorsweashed with a 10% solution of
NaHCGQ; (10 cn?) and the organic phase was extracted into dietthgr (2x 40 crr).
The combined organic extracts were dried and thesbwas removed under reduced
pressure. The residue was purified over silica(lygekane/EtOAC 8:1) to givel(9) as a
colourless solid (65 mg, 57%).

Mp: 182-187 °C (from CHG); [a]p'® +25.6 (¢ 1.5, CHG); Vmad(KBr
plate)/cmtt 3332 (br), 2929, 2858, 1601, 1505, 1442, 1230,8124D34, 1005, 810
3. (300 MHz, CDCY) 7.28-7.33 (2 H, m, AH), 6.94-7.00 (2 H, m, AH), 5.83 (1 H,
dd, J=1.8 Hz,J=3.2 Hz, C®H), 4.03-4.07 (1 H, m, &), 2.19 (1 H, dddJ=3.3 Hz,
J=6.2 Hz,J=15.4 Hz, C°Hp), 1.92-2.04 (2 H, m), 0.73-1.77 (18 H, m), 0.99H3s,
C'®H,), 0.83 (3 H, s, €Hy); 8 (75 MHz, CDC}) 162.3 (d,J=245.4 Hz,Ar), 154.3
(CY"), 133.9 (dJ=3.2 Hz,Ar), 128.6 (2x C, d,J=7.7 Hz,Ar), 127.5 (¢%, 115.3 (2« C,

d, J=21.1 Hz,Ar), 67.0 CH), 58.0 CH), 55.0 CH), 47.8 (C), 39.7 CH), 36.7 (C9),
36.3 CHy), 35.9 CHy), 34.5 CH), 32.4 CH,), 32.2 CHy), 31.9 CH,), 29.4 CH,),
28.9 CH,), 21.2 CH,), 17.1CHs), 11.6 CH3); & (282 MHz, CDC)) -116.7 (1 F, tt,
J=5.5 Hz,J=8.7 Hz);m/z (+Cl), found MH" 369.2585, @H3,OF requires 369.2594

(-2.3 ppm).
204



Chapter 5

5.2.12 (3a,50,17B)-(174-Toluene)androstane-3,17-diol (111)

n-BuLi (2 cn?, 2.5 M in hexane, 5.0 mmol) was added at RT umdeto a
solution of p-bromotoluene (860 mg, 5.0 mmol) in dry diethyl et5 cni). The
mixture was stirred for 2 h at RT and added dropwis canula to a solution of
androsterone (262 mg, 0.9 mmol) in dry THF (1G)crihe reaction mixture was stirred
for 15 h at RT and then a 10% solution of JIH (10 cnY) was added. The reaction
mixture was extracted into EtOAc &340 cn?) and the combined extracts were washed
with brine and dried. After evaporation of the soit under reduced pressure, the
product was purified over silica gel (hexane/EtOAt) to give {11) as a colourless
solid (148 mg, 43%).

Mp: 173-174 °C (from CHG); & (500 MHz, CDC}) 7.22 (2 H, d,J=8.0 Hz,
Ar-H), 7.11 (2 H, dJ=8.0 Hz, ArH), 3.94-3.96 (1 H, m, &), 2.29-2.35 (1 H, ddd,
J=5.2 Hz,J=9.8 Hz,J=14.4 Hz, C®H,), 2.33 (3 H, s, Ph8y), 2.03-2.09 (1 H, m,
C'Hg), 0.82-1.92 (20 H, m), 1.02 (3 H, s'®83), 0.74 (3 H, s, €H5), 0.34-0.44 (2 H,
m); &c (75 MHz, CDC}) 143.6 @r), 136.6 Ar), 128.3 (2x C, Ar), 127.6 (2x C, Ar),
86.2 C*), 66.8 C%), 54.0 C°), 49.5 C'%), 47.0 C*), 39.4 C°), 39.0 C*°), 36.6 CP),
36.4 C9), 36.2 €%, 34.0 C*9), 32.4 CY, 32.1 €', 29.3 C?), 28.9 C°), 24.8 C"),
21.4 €*, 20.7 €'Y, 15.3 €9, 11.6 C'%; m/z (+ES), found (M+N¥): 405.2766,

CoeH3zsO2Na requires 405.2770 (-0.8 ppm).
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5.2.13 (3a,5a)-(17p-Toluene)androst-16-en-3-ol (112)

p-Toluenesulfonic acid monohydrate (10 mg, 0.05 mmas added at RT to a
solution of (3,5a,17B)-(174-toluene)androstane-3,f-diol (111) (140 mg,
0.37 mmol) in dry DCM (20 cﬁ) and the reaction mixture was stirred at RT falags.

A 10% solution of NaHC®(5 cnt) was then added, the organic phase was separated
and the aqueous phase extracted into DCM 2R cnf). The combined organic extracts
were dried and the solvent was removed under redpcessure. The residue was
purified over silica gel (hexane/EtOAc 7:1) to gidel?) as a colourless solid (95 mg,
71%).

Mp: 182-185 °C (from CHG); [a]*% +25.1 (c 1.5, CHG); (Found: C, 85.41;

H, 10.38 %, GgHssO requires C, 85.66; H, 9.95 %)iax (KBr plate)/cn® 3333 (br),
3048, 2924, 2846, 1508, 1443, 1368, 1357, 1001, P&00 MHz, CDC}) 7.26 (2 H,
d, J=8.0 Hz), 7.10 (2 H, dJ=8.0 Hz), 5.84 (1 H, dd]=1.8 Hz,J=3.2 Hz, C®H), 4.03-
4.07 (1 H, m, éH), 2.33 (3 H, s, PhBs), 2.18 (1 H, dddJ=3.3 Hz, J=6.3 Hz,
J=15.4 Hz, C°Hp), 1.92-2.07 (2 H, m), 0.77-1.77 (18 H, m), 1.00H3s, C®H3), 0.83
(3 H, s, C%Ha); 8¢ (75 MHz, CDC}) 154.7 (C"), 136.3 Ar), 134.5 Ar), 128.9 (2x C,
Ar), 126.6 (2x C, Ar), 126.4 (C°), 66.6 (C), 57.7 (C%, 54.7 (C), 47.4 (C3), 39.4
(C?), 36.3 (CY, 35.9 (C), 35.6 (C?), 34.1 (C), 32.1 (C), 31.9 (C), 31.5 (G, 29.1
(C?), 28.6 (C), 21.1 (PITH3), 20.8 (CY), 16.8 (C¥), 11.2 (C%); m/z (+ClI), found MH:
365.2856, GgH370 requires 365.2844 (3.0 ppm).
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5.2.14 (3a,50,17B)-17-(p-Methoxyphenyl)androstane-3,17-diol (113)

n-BuLi (2 cn?, 2.5 M in hexane, 5.0 mmol) was added at RT umdeto a
solution of 4-bromoanisole (0.63 &m6.0 mmol) in dry diethyl ether (5 &n The
mixture was stirred for 2 h at RT and added dropwis canula to a solution of
androsterone (300 mg, 1.0 mmol) in dry THF (1G)crihe reaction mixture was stirred
at RT for 15 h. A 10% solution of NjgI (10 cn?) was added and the organic phase was
extracted into BO (3 x 40 cnf). The combined organic extracts were dried aner aft
evaporation of the solvent under reduced pressieeproduct was purified over silica
gel (hexane/EtOAc 5:1) to givé13 as a white foam (122 mg, 30%).

Note: (L13 was not stable in solution and rapidly dehydrate@ 14).

3y (300 MHz, CDC}) 7.27 (2 H,J=9.0 Hz, ArH), 6.86 (2 H, dJ=9.0 Hz, Ar-
H), 3.97-4.01 (1 H, m, &), 3.82 (3 H, s, Of3), 2.33 (1 H, dddJ=5.2 Hz,J=9.8 Hz,
J=14.6 Hz, C%Hp), 2.02-2.13 (1 H, m, ¥Hg), 0.81-1.83 (20 H, m), 1.03 (3 H, s,
C™®H,), 0.76 (3 H, s, €H5); 0.34-0.52 (2 H, m)dc (75 MHz, CDC}) 158.7 @r), 138.5
(Ar), 128.8 (2x C, Ar), 112.9 (2x C, Ar), 86.1 (C"), 66.9 CH), 55.6 (QCH3), 54.1
(CH), 49.5 CHy), 47.1 (C?), 39.5 CH), 39.1 CH,), 36.6 CH), 36.5 (C%, 36.2 CH,),
34.0 CHy), 32.4 CHy), 32.1 CH.), 29.4 CH,), 28.9 CH,), 24.7 CH,), 20.7 CHy),
15.3 CHas), 11.6 CHs); m/z (+ES), found (M+NJ&): 421.2730, GH3sOsNa requires

421.2719 (+2.7 ppm).
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5.2.15 (3a,5a)-17-(p-Methoxyphenyl)androst-16-en-3-ol (114)

p-Toluenesulfonic acid monohydrate (2 mg) was adaeRT to a solution of
(30,50, 173)-17-(p-methoxyphenyl)androstane-3,17-didl1@ (55 mg, 0.14 mmol) in
dry DCM (5 c). The reaction mixture turned pink very rapidlyftek 8 h the colour
had disappeared and DCM was removed under reduassyse. The residue was
purified over silica gel (petroleum ether/diethyther 3:1) to give 114) as a colourless

solid (47 mg, 90%).

Mp: 171-176 °C (from CHG); [a]*°%s +27.4 (c 1.5, CHG); (Found: C, 81.50;
H, 9.85 %, GgHssO, requires C, 82.06; H, 9.53 %)inax (KBr plate)/cm® 3322 (br),
2924, 2846, 1600, 1508, 1443, 1362, 1253, 1242511708, 1035, (300 MHz,
CDCl;) 7.30 (2 H, dJ=8.8 Hz, ArH), 6.83 (2 H, dJ=8.8 Hz, ArH), 5.79 (1 H, dd,
J=1.7 Hz,J=3.1 Hz, C®H), 4.02-4.06 (1 H, m, ), 3.80 (3 H, s, OHj), 2.18 (1 H,
ddd, J=3.2 Hz,J=6.2 Hz,J=15.3 Hz, C°H,), 1.91-2.06 (2 H, m), 0.77-1.76 (18 H, m),
0.99 (3 H, s, &Hs), 0.83 (3 H, s, &Ha); 8¢ (75 MHz, CDCH) 158.9 Ar), 154.7 (C),
130.5 @r), 128.2 (2x C, Ar), 126.0 (C%, 113.9 (2x C, Ar), 67.0 CH), 58.0 CH), 55.7
(OCHs), 55.1 CH), 47.8 (C3), 39.8 CH), 36.7 (CY), 36.3 CH,), 36.0 CH,), 34.5
(CH), 32.5 CHy), 32.3 CH,), 31.8 CHy), 29.4 CHy), 29.0 CHy), 21.2 CH,), 17.1
(CHa3), 11.6 CHa); m/z (+Cl), found MH: 381.2796, GsH370, requires 381.2794 (+0.6
ppm).
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5.2.16 (3a,5a)-(17p-p-Toluene)androstan-3-ol (115)

Pd/C 5 % (5 mg) was added to a solution of,%8)-(17{-toluene)androst-16-
en-3-ol (12 (12 mg, 0.03 mmol) in EtOAc (5 ¢ The mixture was stirred at RT
under a positive atmosphere of.H\fter 12 h, the reaction mixture was filtered pve
Celite and the solvent was removed under reducesspre. The product was purified

over silica gel (hexane/EtOAc 6:1) to givELP) as a colourless solid (11 mg, 91 %).

Mp: 230-234 °C (from hexane/EtOAdn]*% +7.4 (c 0.65, CHG); (Found: C,
84.97; H, 10.82 %, £H3s0 requires C, 85.19; H, 10.45 %).x (KBr plate)/cm' 3289
(br), 2931, 2869, 2842, 1514, 1446, 1262, 1098510802, 8078 (300 MHz, CDC})
7.00-7.05 (4 H, dd, AH), 4.03-4.06 (1 H, m, &), 2.63 (1 H, tJ=9.9 Hz, C'H), 2.32
(3 H, s, PhE&ls), 2.01-2.09 (1 H, m, tH,), 1.88-1.96 (1 H, m, ¥Hg), 0.74-1.80 (21 H,
m), 0.77 (3 H, s, &H3), 0.45 (3 H, s, €Hs); 8¢ (75 MHz, CDC4) 138.6 @r), 135.7
(Ar), 129.0 (2% C, Ar), 128.8 (2x C, Ar), 67.0 CH), 57.1 (C"), 56.7 CH), 55.0 CH),
44.6 (C3), 39.7 CH), 38.2 CHy), 36.6 (CY), 36.4 CH), 36.3 CH>), 32.6 CH,), 32.5
(CH,), 29.4 CHy), 29.0 CHy), 26.6 CH.), 24.8 CHy), 21.4 (PITH3), 20.9 CH,), 13.2
(CH3), 11.7 CHs); m/z (+Cl), found MH: 367.2992, GHssO requires 367.3001

(-2.4 ppm).
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5.2.17 (3a,50)-(17p-p-Methoxyphenyl)androstan-3-ol (116)

PdIC 5 % (5 mg) was added to a solution ofa,%8)-(17-
methoxyphenyl)androst-16-en-3-dl1i) (50 mg, 0.13 mmol) in EtOAc (10 éin The
mixture was stirred at RT under a positive atmosplod H.. After 12 h, the reaction
mixture was filtered over Celite and the solvenswamoved under reduced pressure.
The product was purified over silica gel (petroleetier/diethyl ether 2:1) to givé16)

as a colourless solid (47 mg, 93 %).

Mp: 224-231 °C (from CHG); [a]*%> +8.0 (c 0.8, CHG); (Found: C, 81.76;
H, 10.29 %, GsH3s0, requires C, 81.63; H, 10.01 %Whnax (KBr plate)/cm® 3522 (br),
3457 (br), 2930, 2914, 1609, 1512, 1463, 1249, 12688;3, (300 MHz, CDC}) 7.12
(2 H, d,J=8.6 Hz, ArH), 6.82 (2 H, d,J=8.6 Hz, ArH), 4.02-4.06 (1 H, m, &), 3.79
(3 H, s, O®3), 2.61 (1 H, tJ=9.8 Hz, C'H), 1.87-2.08 (2 H, m), 0.80-1.81 (21 H, m),
0.77 (3 H, s, €Hs), 0.44 (3 H, s, &Hs); 8¢ (75 MHz, CDC}) 158.2 fr), 133.7 Ar),
129.9 (2% C, Ar), 113.4 (2x C, Ar), 67.0 (G), 56.6 (C*+C), 55.6 (QCHa), 55.0 (C),
44.5 (33, 39.7 (), 38.2 (C?, 36.6 (CY), 36.4 (C), 36.3(C), 32.6 (C), 32.5 (C),
29.4 (&), 29.0 (©), 26.8 (C9, 24.8 (G, 20.9 (CY, 13.2 (CY, 11.7 (C*;

m/z (+Cl), found MH: 383.2952, GsH340> requires 383.2950 (+0.5 ppm).
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5.2.18 2B-(4-Morpholinyl)-(3 a,5a,17B)-(174-toluene)androstane-3,17-diol (118)

118

p-Bromotoluene (581 mg, 3.4 mmol) was added at Rdeum\; to a solution of
n-BuLi (1.3 cn?, 2.5 M in hexane, 3.3 mmol) in dry diethyl ethércfr?). The mixture
was stirred for 1.5 h at RT and was added dropwigecanula to a solution ofo3
hydroxy-23-(4-morpholinyl)-m-androstan-17-onell?7) (257 mg, 0.7 mmol) in dry
THF (15 crﬁ). The reaction mixture was stirred for 15 h at&id then a 10% solution
of NH,CI (15 cnf) was added. The reaction mixture was extractenl EtOAc (3 x
50 cnt) and the combined organic extracts were washel brine and dried. After
evaporation of the solvent under reduced pressieeproduct was purified over silica
gel (hexane/EtOAc 5:1) to givé18) as a colourless amorphous solid (160 mg, 50%).

Mp: 132-135 °C (from hexane/EtOAdQ]'% +46.2 (¢ 1.5, CHG); Vmax (KBr
plate)/cmt 3440 (br), 2924, 2852, 1511, 1449, 1382, 1292212816, 1069, 1015,
814; 84 (300 MHz, CDC}) 7.23 (2 H, dJ=8.1 Hz, ArH), 7.12 (2 H, dJ=8.1 Hz, Ar-
H), 3.78 (1 H, dddJ=5.5 Hz,J=8.1 Hz,J=9.9 Hz, CH), 3.58-5.71 (4 H, m, & CH,0),
2.43-2.57 (3 H, m), 2.28-2.38 (3 H, m), 2.34 (3sHPhGH3), 2.02-2.13 (2 H, m), 1.65-
1.83 (3 H, m), 0.73-1.56 (14 H, m), 1.03 (3 H, ¥H5), 0.82 (3 H, s, &H3), 0.35-0.45
(2 H, m);d¢c (75 MHz, CDC}) 143.7 Ar), 136.5 Ar), 128.3 (XC, Ar), 127.7 (XC, Ar),
86.0 ("), 67.8 (XCH.0), 65.3 (), 64.0 (), 55.7 CH), 49.3 CH), 49.2 (XCH,N),
47.1 CH,), 38.9 CH,), 38.8 CH), 36.5 CH), 36.1 (CY), 34.7 CH,), 34.1 CH,), 32.7
(CH,), 31.7 CHy), 28.6 CH,), 24.7 CH>), 21.4 (PIEH3), 21.2 CHy), 17.2 (C9), 15.4

(C'®); miz (+ES), found MH: 468.3473, GH4sNOs requires 468.3478 (-1.0 ppm).
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5.2.19 2B-(4-Morpholinyl)-(3 a,5a)-(17-p-toluene)androst-16-en-3-ol (119)

Chlorotrimethylsilane (0.10 ¢cin0.8 mmol, 5 eq) was added at RT to a solution
of 2B3-(4-morpholinyl)-(3,50,17B)-(174-toluene)androstane-3,17-diol 18 (78 mg,
0.16 mmol) in dry acetonitrile (15 chnand the mixture was stirred at 80 for 3 days.
After cooling, a 10% solution of 4CO; (10 cn?) was added and the mixture was stirred
for a further 5 h at RT. EtOAc (30 éhwas added and the organic phase was separated.
The aqueous phase was extracted into EtOAs 8P cnt) and the combined organic
extracts were washed with water and dried. Afteapevation of the solvent under
reduced pressure, the residue was purified ovieasgel (hexane/EtOAc 6:1) to give
(119 as a colourless amorphous solid (34 mg, 45%).

34 (300 MHz, CDC}) 7.26 (2 H, dJ=8.1 Hz), 7.11 (2 H, dJ=7.9 Hz), 5.84
(1 H, dd,J=1.7 Hz,J=3.1 Hz, C®H), 3.89 (1 H, dddJ=5.7 Hz,J=8.0 Hz,J=9.8 Hz,
C°H), 3.65-3.78 (4 H, m, & CH,0), 2.59-2.70 (3 H, m), 2.44-2.51 (2 H, m), 2.33H3
s, Ph@3), 2.13-2.22 (1 H, m, ¥H,), 0.81-2.07 (18 H, m), 1.00 (3 H, s*d3), 0.91
(3 H, s, C%Ha); & (75 MHz, CDC}) 155.0 (C7), 136.8 (Ar), 134.8 (Ar), 129.2 (2 C,
Ar), 127.0 (2x C, Ar), 126.8 (&9, 67.8 (2x CH,0), 65.5 (G), 64.1 (G), 57.8 CH),
56.7 CH), 49.3 (2x CHN), 47.8 (C3), 39.1 CH), 36.4 (CY), 36.0 CH.), 34.9 CH,),
34.4 CH), 32.9 CH.), 31.9 CH,), 31.8 CH.), 28.7 CH,), 21.6 CH.), 21.5 (PITHs),
17.3 (CH), 17.2 (CH); m/z (+ClI), found MH: 450.3387, GH4NO, requires
450.3372 (+3.2 ppm).
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5.2.20 2B-(4-Morpholinyl)-(3 a,5a,17B)-17-(p-methoxyphenyl)androstane-3,17-

diol (121)

p-Bromoanisole (1.05 cin8.4 mmol) was added at RT underth a solution of
n-BuLi (3.2 cn?, 2.5 M in hexane, 8 mmol) in dry diethyl etherdf®’). The mixture
was stirred for 2 h at RT and was then added dregpwa canula to a solution ofo3
hydroxy-23-(4-morpholinyl)-m-androstan-17-onell?7 (380 mg, 1.0 mmol) in dry
THF (40 crﬁ). The reaction mixture was stirred for 18 h at&id then a 10% solution
of NH,CI (12 cnf) was added. The reaction mixture was extractenl EtOAc (3 x
60 cnt) and the combined organic extracts were washel brine and dried. After
evaporation of the solvent under reduced pressieeproduct was purified over silica
gel (hexane/EtOAc 3:1) to givéZ1) as a colourless amorphous solid (180 mg, 37%).

Mp: 145-148 °C (from hexane/EtOAdn]*%, +38.2 (c 1.5, CHG); (Found: C,
74.39; H, 9.53; N, 2.89 %,46H45NO4 requires C, 74.50; H, 9.38; N, 2.90 %}« (KBr
plate)/cm* 3434 (br), 2924, 2852, 1608, 1510, 1452, 1248811116, 1018, 825, 752;
3 (300 MHz, CDC}) 7.25 (2 H, d,J=8.7 Hz), 6.84 (2 H, d]=8.9 Hz), 3.74-3.82 (1 H,
m, CH), 3.80 (3 H, s, O83), 3.55-3.71 (4 H, m, & CH,0), 2.43-2.58 (3 H, m), 2.25-
2.39 (3 H, m), 2.02-2.12 (2 H, m), 1.64-1.81 (3}, 0.72-1.55 (14 H, m), 1.02 (3 H, s,
C'H,), 0.82 (3 H, s, €H5), 0.35-0.45 (2 H, m¥¢ (75 MHz, CDC}) 158.3 @r), 138.3
(Ar), 128.5 (2x C, Ar), 112.5 (2x C, Ar), 85.5 (C"), 67.3 (2x CH,0), 64.9 (&), 63.7
(C®), 55.3 CH), 55.2 (QCH3), 49.0 CH), 48.8 (2x CH,N), 46.7 (G, 38.5 CHy), 38.5
(CH), 36.1 CH), 35.7 (CY, 34.3 CH.), 33.6 CH.), 32.4 CH.), 31.3 CH,), 28.2
(CH>), 24.3 CH>), 20.9 CH,), 16.9 (C%), 15.0 (C®¥; m/z (+Cl), found MH: 484.3445,

Cs0H46NO4 requires 484.3427 (+3.7 ppm).
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5.2.21 2B-(4-Morpholinyl)-(3 a,5a)-17-(p-methoxyphenyl)androst-16-en-3-ol

(122)

Chlorotrimethylsilane (64uL, 0.5 mmol, 5 eq) was added at RT to a solution of
2B3-(4-morpholinyl)-(31,50,17B)-17-(-methoxyphenyl)androstane-3,17-diol ~ 12()
(50 mg, 0.1 mmol) in dry DCM (15 cinand the mixture was stirred at RT for 24 h. A
10 % solution of KCO; (10 cnf) was added and the mixture was stirred for 6 Rt
The organic phase was separated and the aqueoss plae extracted into EtOAc
(2 x 30 cn). The combined organic extracts were washed witewand dried. After
evaporation of the solvent under reduced pressieeresidue was purified over silica
gel (hexane/EtOAc 4:1) to givéZ2) as a colourless amorphous solid (30 mg, 62%).
Mp: 193-196 °C (from DCM)[a]*’s +71.7 (c 1.5, CHG); Vmax (KBr plate)/cm® 3457
(br), 2920, 1608, 1597, 1507, 1445, 1303, 1256012416, 1033, 80®y (300 MHz,
CDCly) 7.30 (2 H, dJ=8.9 Hz, ArH), 6.84 (2 H, dJ=8.9 Hz, ArH), 5.79 (1 H, dd,
J=1.7 Hz,J=3.1 Hz, C*H), 3.85-3.93 (1 H, m, ), 3.80 (3 H, s, O83), 3.65-3.79 (4
H, m, 2x CH,0), 2.58-2.69 (3 H, m), 2.43-2.50 (2 H, m), 2.17H1ddd,J=3.3 Hz,
J=5.9 Hz,J=15.4 Hz, G°H,), 0.79-2.06 (18 H, m), 1.00 (3 H, s¥8), 0.91 (3 H, s,
C™H,); 8c (75 MHz, CDC}) 158.9 Ar), 154.7 (C), 130.3 fAr), 128.2 (2x C, Ar),
126.0 (C%), 113.9 (2x C, Ar), 67.8 (2x CH,0), 65.5 (&), 64.1 (&), 57.8 CH), 56.7
(CH), 55.6 (GCHa3), 49.3 (2x CHN), 47.8 (C?), 39.1 CH), 36.4 (C%, 36.1 CH.),
34.9 CHy,), 34.4 CH), 32.9 CHy), 31.9 CH.), 31.8 CHy), 28.7 CHy), 21.7 CHy),
17.3 (C9), 17.1 (C®); m/z (+ES), found MH: 466.3313, GH.4NO; requires 466.3321

(-1.8 ppm).
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5.2.22 (2S)-(Dibenzylamino)-3-hydroxypropionic acid benzyl estr (152f 3
L
‘ o
N
A solution of L-serine (10.5 g, 100 mmol), ,KO; (27.6 g, 200 mmol) and
NaOH (8 g, 200 mmol) in D (200 cni) was heated under reflux and then treated with
BnBr (38 cnmi, 320 mmol). After 1 h, the mixture was cooled & &d extracted into
Et;O (3 x 300 cni). The combined organic extracts were dried angpenaied under

reduced pressure. The product was purified oveasiel (hexane/EtOAc 6:1) to yield

benzyl esteri52) as a colourless oil (19.3 g, 51%).

[a]?% -125.1 (c 1.34 CHQ), lit® [a]**; -120.1 (c 1.34, CHG); Vmax(film)/cm™

3448 (br), 3063, 3030, 1730, 1602, 1495, 1455, 11028, 748, 6985, (300 MHz,
CDCly) 7.22-7.43 (15 H, m, AH), 5.28 (1 H, dJ=12.2 Hz, Ph@&xHg0), 5.20 (1 H, d,
J=12.2 Hz, PhCiHgO), 3.89 (2 H, dJ=13.4 Hz, 2x PhCHaHgN), 3.77 (1 H, br d,
J=7.9 Hz, G4,0H), 3.63 (2 H, dJ=13.4 Hz, 2x PhCHHzgN), 3.59 (2 H, tJ=7.5 Hz,
CHN), 2.50 (1 H, br s, 8); 3 (75 MHz, CDC}) 171.6 CO,), 139.0 (2 C, Ar), 136.1
(Ar), 129.4 (4x C, Ar), 129.1 (2x C, Ar), 129.0 (5x C, Ar), 128.9 (2x C, Ar), 127.9
(2 x C,Ar), 66.9 (PIEH,0), 62.2 CHN), 59.7 CH,OH), 55.2 (2x PHCH:N).

These data are in accordance with the litergtdre.
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5.2.23  (2R)-3-(Dibenzylamino)-2-fluoropropanoic acid benzyl er (153

153

DAST (2.36 cmi, 18 mmol) was added dropwise at 0 °C to a soluib(2S)
(dibenzylamino)-3-hydroxypropionic acid benzyl estg52) (5.63 g, 15 mmol) in dry
THF (30 crﬁ). The reaction mixture was stirred for 40 min, mzlinto cold water
(30 cn?), neutralized by the addition of solid,80O; and extracted into ED (2 x
50 cnt). The combined organic fractions were dried ovgylS@, and evaporated under
reduced pressure. The crude product was purified sNica gel (hexane/EtOAc 16:1)
to yield (153 as a colourless oil (4.77 g, 85%).

[a]?% +2.3 (c 1.0, CHG), lit? [a]""p +2.7 (¢ 1.0, CHG); Vmax(film)/cm™ 3063,
3030, 2807, 2385, 1763, 1495, 1455, 1276, 11977,1088, 698;54 (300 MHz,
CDCly) 7.19-7.36 (15 H, m, AH), 5.22 (1 H, dJ=12.2 Hz, PhEl\HgO), 5.09 (1 H,
ddd,J=3.3 Hz,J=5.7 Hz,J=49.5 Hz, HF), 5.05 (1 H, dJ=12.3 Hz, PhCRWHgO), 3.81
(2 H, d,J=13.7 Hz, 2x Ph@HaHgN), 3.54 (2 H, dJ=13.7 Hz, 2x PhCHyHgN), 2.95-
3.15 (2 H, m, EN); & (75 MHz, CDC}) 169.1 (d,J=24.5 Hz,CO,), 139.1 (2x C,
Ar), 135.4 Ar), 129.4 (4x C, Ar), 129.0 (2x C, Ar), 128.9 fAr), 128.8 (2x C, Ar),
128.7 (4% C, Ar), 127.5 (2x C, Ar), 89.6 (d,J=186.6 Hz,CHF), 67.4 (PRH,0), 59.1
(2 x C, PICH2N), 54.7 (d,J=20.1 Hz, CH.N); & (282 MHz, CDC{) -190.6 (dt,
J=25.8 Hz, J=50.6 Hz); m/z (+Cl), found MH: 378.1880, GH2sNOF requires
378.1869 (+2.8 ppm).

These data are in accordance with the literature.
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5.2.24 (2R)-3-(Dibenzylamino)-2-fluoropropanoic (156f

@A $ooon
r
©) 156
0.5 N LiOH (12 cm, 6 mmol) was added at 0 °C to a solution(®R)-3-
(dibenzylamino)-2-fluoropropanoic acid benzyl egigs3 (2.0 g, 5.3 mmol) in THF
(30 cnf). The mixture was stirred at RT for 18 h and comeged under reduced
pressure to remove THF. The residue was acidifiéth acetic acid (10 cfy and
extracted into EtOAc (% 50 cnf). The combined organic extracts were washed with

brine, dried and evaporated under reduced pres3ine.product was purified over

silica gel (hexane/EtOAc 1:1) to yieldi56) as a viscous colourless oil (1.13 g, 74%).

[a]®% -0.8 (C 2.43 CHG); vmax(film)/lcm™ 3065, 2806, 2360, 2342, 1743 (br),

1618 (br), 1495, 1456, 1270, 1090, 738, 789;(300 MHz, CDC}) 9.49 (1 H, br s,
CO:H), 7.28-7.40 (10 H, m, AH), 4.98 (1 H, dtJ=5.6 Hz,J=48.8 Hz, GiF), 4.00
(2 H, d,J=13.5 Hz, 2x Ph@HaHsN), 3.90 (2 H, dJ=13.5 Hz, 2x PhCHHgN), 3.16-
3.26 (2 H, m, EN); & (75 MHz, CDC}) 171.4 (d,J=21.7 Hz,CO;), 134.2 (2x C,
Ar), 130.4 (4x C, Ar), 129.3 (4x C, Ar), 129.0 (2x C, Ar), 86.5 (d,J=186.0 Hz,CHF),
58.6 (2x C, PICH,N), 53.7 (d,J=23.1 Hz,CH,N); & (282 MHz, CDC}) -188.5 (dt,
J=20.3 Hz, J=48.7 Hz); m/z (+EI), found MH: 288.1399, GHisNO.F requires
288.1400 (-0.3 ppm).

These data are in accordance with the literdture.
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5.2.25 (3R)-1-Diazo-4-(dibenzylamino)-3-fluorobutan-2-one (157

F N2

157

Freshly distilled SOGI(0.29 cni, 3.6 mmol, 6 eq) was added at RT to a
solution of(2R)3-(dibenzylamino)-2-fluoropropanoid §6) (189 mg, 0.6 mmol) in dry
DCM (6 cn?). The solution was heated under reflux for 2 h amel solvent was
evaporated under reduced pressure. The residue dgaslved in dry THF and
evaporated again under reduced pressure to remmeas® of SOG| The resultant
white foam was dissolved in dry THF (5 8nand added dropwise at 0 °C undertdla
stirred solution of diazomethane, prepared fromzBidg® (11 mmoly: © The yellow
reaction mixture was stirred for 14 h at RT under Bvaporation of the solvent under
reduced pressure gave a yellow paste which comtaime diazo-ketonelb?) and the

methyl ester161) in a 70/30 % mixture as determined by NMR analysi

Vmax(KBr plate)/cmit 2112 (N=N), 1641 (C=0)3, (300 MHz, CDC}) 7.13-
7.30 (10 H, m, AH), 5.55 (1 H, dJ=3.0 Hz, GiN,), 4.81-5.05 (1 H, dmJ=50.1 Hz,
CHF), 3.69 (2 H, dJ=13.9 Hz, 2x Ph@HaHgN), 3.56 (2 H, d,J=13.9 Hz, 2x
PhCHyHgN), 2.92-3.05 (2 H, m, B:N); & (75 MHz, CDC4) 192.4 (d,J=24.2 Hz,
CO), 139.2 (2 C, Ar), 129.3 (4x C, Ar), 128.7 (4x C, Ar), 127.6 (2x C, Ar), 94.7 (d,
J=189.5 Hz,CHF), 58.9 (2x C, PICH.N), 55.4 (d,J=19.3 Hz,CH,N), 54.2 (d,J=9.5

Hz, CHNy); & (282 MHz, CDC}) -191.9 (1 F, m, CRH).
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5.2.26 B-Methyl-(S)-aspartate hydrochloride (170} 8

SOC} (1.55 cm, 21.2 mmol, 1.4 eq) was added dropwise at 0 °€ s$olution
of L-aspartic acid (2 g, 15 mmol) in dry methanol (t&°x The reaction mixture was
stirred for 30 min while slowly warming up to rodemperature. Diethyl ether (50 &m
was then added and the mixture was cooled to -10TA€ resultant white precipitate
was filtered, washed with ice cold diethyl ethed a@nied under vacuum. The solid was
re-crystallised from methanol/diethyl ether (1:5) tvield B-methyl{S)aspartate

hydrochloride {70 as a colourless amorphous solid (1.7 g, 62%).

Mp: 190-192 °C (from MeOH/E0), lit® 184-186 °C (from MeOH/EO);
[a]?% + 9.8 (¢ 0.6, HO), lit? [a]*°> +9.7 (c 0.6, HO); &y (300 MHz, O) 4.23 (1 H, t,
J=5.5 Hz, GIN), 4.60 (3 H, s, OHj), 2.97-3.00 (El,); & (75 MHz, DO) 172.2
(CO;Me), 171.2 CO;H), 53.2 (QCH3), 49.6 CHN), 34.1 CHy).

These data are in accordance with the literdtdre.
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5.2.27 (S)-N,N-Dibenzylaspartic acidp-methyl ester (172}°

o

AYY o
172

A solution of-methyl{S)}aspartate hydrochloridd70) (500 mg, 2.7 mmol) in
dry methanol (25 cf) was treated with B (~0.27 cmi, 2 mmol) to neutralise pH to
~7. Benzaldehyde (1.66 éml6.3 mmol, 6 eq) was added and the mixture wasdiat
RT for 2 h. NaCNBH (679 mg, 10.8 mmol, 4 eq) was then added portiize &nd the
reaction mixture was stirred for 16 h at RT. Thacten was quenched by the addition
of acetic acid (25 cf and the mixture was concentrated under reducesspre. Water
(15 cn?) was added and the aqueous phase was extracell@M (2 x 50 cn?). After
evaporation of the solvent, the resultant oil wasfigd over silica gel (hexane/EtOAc
4:1) to give(S)}N,N-dibenzylaspartic acifi-methyl ester 172) as a viscous colourless

oil (570 mg, 64%).

[a]?% -33.6 (c 0.5, CHG), lit*! [a]®5 -55 (¢ 0.5, CHG); Vmax(film)/cm™ 3029,
2952, 2850, 1735, 1624, 1495, 1455, 1437, 1174; 39q300 MHz, CDC}) 10.53
(1 H, brs, CGH), 7.20-7.49 (10 H, m, AH), 3.98 (1 H, tJ=7.4 Hz, GiN), 3.83 (2 H,
AB d, J=13.5 Hz, 2x Ph@HHg), 3.76 (2 H, AB dJ=13.5 Hz, 2x PhCH\Hg), 3.59
(3H, s, O®i3), 2.94 (1 H, ddJ=7.1 Hz,J=15.8 Hz, GaHg), 2.73 (1 H, dd)=7.7 Hz,
J=15.8 Hz, CHHg); & (75 MHz, CDC}) 175.7 CO:H), 172.2 CO.Me), 138.3 (< C,
Ar), 129.6 (4x C, Ar), 128.9 (4x C, Ar), 128.0 (2x C, Ar), 58.9 CHN), 55.2 (2x
PhCH,), 52.4 (QCH3), 34.5 CH,).

These data are in accordance with the literdflufé.
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5.2.28 (29)-(Dibenzylamino)butane-1,4-diol (173)

Ho\/Y\OH
ol
173
BHs (1 M solution in THF) (1.6 cfy 1.6 mmol, 4 eq) was added at RT under N
to a solution ofS}N,N-dibenzylaspartic acif-methyl ester172) (130 mg, 0.4 mmol)
in dry THF (8 cm). The mixture was heated under reflux for 8 h TillC analysis
showed completion of the reaction. After coolingmdoto RT, the reaction was
quenched by the addition of water (5%rand acetic acid (5 cih The aqueous phase
was extracted into EtOAc (8 20 cn?) and the product was purified over silica gel

(hexane/EtOAc 2:1) to givé€S)(dibenzylamino)butane-1,4-diol73 as a colourless

oil (86 mg, 75%).

[a]?% +16.5 (c 1, CHQ), lit*? [a]%5 +17 (c 1, CHG)); Vmax(film)/cm™ 3358
(br), 3028, 2932, 1602, 1495, 1453, 1130, 1028, 889;3, (300 MHz, CDC}) 7.20-
7.33 (10 H, m, A), 3.71 (2 H, dJ=13.3 Hz, 2x PhCHaHz), 3.58 (2 H, dJ=13.3 Hz,
2 x PhCHyHg), 3.49-3.67 (4 H, m, % CH,OH), 2.93 (1 H, ttJ=5.9 Hz,J=7.8 Hz,
CHN), 2.70 (2 H, br s, % CH,OH), 1.92-2.02 (1 H, m, BaHg), 1.46 (1 H, ddt,
J=5.7 Hz,J=7.3 Hz,J=11.3 Hz, CHHg); & (75 MHz, CDC}) 139.5 (2x C, Ar), 129.5
(4x C,Ar), 128.9 (4x C, Ar), 127.7 (2x C, Ar), 61.8 CH,OH), 61.6 CH,OH), 57.3

(CHN), 54.0 (2x PhCH,), 29.3 CH,).
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5.2.29 (29)-(Dibenzylamino)-3-phenylpropanoic acid benzyl estg180)

o

OO
36 .

Anhydrous potassium carbonate (13.8 g, 99.9 mm8led) and benzyl bromide
(15.8 g, 92.3 mmol, 3.05 eq) were added to a swiubf L-phenylalanine (5 g,
30.26 mmol) in ethanol (100 &)n The mixture was then stirred at 70 °C for 3 days
After cooling, the solids were filtered and washeth EtOAc. The filtrate was
concentrated under reduced pressure to ghdf)(as a light yellow oil in nearly
guantitative yield.
An analytical sample was obtained after chromafalgyaover silica gel (hexane/EtOAc
12:1) to give {80) as a colourless oil.

[a]*%5 -83.3 (c 1.8 CHG), lit"® [a]*% -72.9 (c 1.8, CHG); Vmax(film)/cm™
3062, 3028, 2935, 2844, 2360, 2341, 1730, 16025,18895, 1454, 1212, 1160;
34 (300 MHz, CDC)) 6.07-7.39 (20 H, m, AH), 522 (1 H, d,J=12.2 Hz,
PhCHAHgO), 5.11 (1 H, dJ=12.2 Hz, PhCRHgO), 3.92 (2 H, dJ=14.0 Hz, 2x
PhCHaHsN), 3.71 (1 H, tJ=7.7 Hz, GiN), 3.53 (2 H, dJ=14.0 Hz, 2x PhCHHgN),
3.13 (1 H, ddJ=7.3 Hz,J=13.9 Hz, PhElaHg), 2.99 (1 H, ddJ=8.2 Hz,J=13.9 Hz,
PhCHHg); 8¢ (75 MHz, CDC}) 172.6 CO,), 139.7 (2x C, Ar), 138.5 Ar), 136.4,
(Ar), 129.9 (2x C, Ar), 129.1 (4x C, Ar), 129.0 (2x C, Ar), 128.9 (2x C, Ar), 128.7
(Ar), 128.6 (6x C, Ar), 127.4 (2x C, Ar), 126.7 Ar), 66.5 (PICH,0), 62.8 CHN), 54.8
(2 x PRCHN), 36.1 (PICHy).
These data are in accordance with the literdture.
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5.2.30 (2R)-(Dibenzylamino)-3-phenylpropanoic acid methyl este(182)

Anhydrous potassium carbonate (8.0 g, 57.5 mmale8) and benzyl bromide
(7.0 g, 40.8 mmol, 2.2 eq) were added to a solutibn-phenylalanine methyl ester
hydrochloride 181) (4.0 g, 18.5 mmol) in acetonitrile (100 ?;mThe mixture was then
heated under reflux for 16 h. After cooling, thdid® were filtered and washed with
EtOAc. The filtrate was concentrated under redupesssure and the product was
purified over silica gel (hexane/EtOAc 12:1) to@i{l82 as a colourless oil (5.25 g,

79%).

[a]*®s +74.5 (c 1.8, CHG), lit** [a]®% -77.8 (c 2.2, CHG| (9-enantiomer);
34 (300 MHz, CDC}) 6.98-7.26 (15 H, m, AH), 3.95 (2 H, d,J=14.0 Hz, 2x
PhCHaHsN), 3.72 (3 H, s, 083), 3.67 (1 H, ddJ=7.2 Hz,J=8.2 Hz, G4IN), 3.54 (2 H,
d, J=14.0 Hz, 2x PhCHHgN), 3.12 (1 H, ddJ=7.2 Hz,J=14.0 Hz, Ph€@Hz), 2.98
(1 H, dd,J=8.2 Hz,J=14.0 Hz, PhChHg); & (75 MHz, CDC}) 173.2 CO,), 139.7
(2% C, Ar), 138.6 fir), 129.9 (2x C, Ar), 129.2 (4x C, Ar), 128.6 (6x C, Ar), 127.4
(2 x C,Ar), 126.7 Ar), 62.8 CHN), 54.9 (2x PhCH,N), 51.6 (GCH3), 36.2 (PICH,).

These data are in accordance with the literdttire.
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5.2.31 (2S)-(Dibenzylamino)-3-phenylpropan-1-ol (178

OH
N

S

A solution of ester 80) (9 g, 20.7 mmol) in dry THF (50 cinwas added
dropwise at 0 °C to a suspension of LIAIFL.96 g, 51.6 mmol, 2.5 eq) in dry THF
(150 cn). The reaction mixture was stirred for 2 h at 0&@ the excess of hydride
was quenched by the addition of EtOAc and wateO ktas added and the mixture was
filtered over Celite. Filtrates were concentratedier reduced pressure and the residue
was purified over silica gel (hexane/EtOAc 7:1)dive (178 as a colourless solid

(5.84 g, 85%).

Mp 73-74 °C (from DCM), Iit® 69-71 °C from EO/hexaneja]®s +43.0 (c
1.5, CHCY), lit*® [a]*% +38.4 (c 1.5, CHG), lit'® [0]*°%p +42.5 (C 1, CHG); Vmax(KBr
plate)/cmt 3393 (br), 3063, 3026, 2924, 1601, 1583, 1494414812, 1259, 1103,
1042; 34 (300 MHz, CDC}) 7.09-7.36 (15 H, m, AH), 3.93 (2 H, dJ=13.3 Hz, 2x
PhCHaHsN), 3.48-3.55 (1 H, m, BAHgOH), 3.49 (2 H, dJ=13.3 Hz, 2x PhCHHzN),
3.33 (1 H, dd,J=4.4 Hz, J=10.6 Hz, CHHgOH), 3.04-3.15 (2 H, m, BN and
PhCHaHg), 3.02 (1 H, br s, €), 2.43 (1 H, ddJ=9.4 Hz,J=12.9 Hz, PhChHp);
3¢ (75 MHz, CDC}) 139.6 Ar), 139.5 (2x C, Ar), 129.5 (6x C, Ar), 129.0 (6x C, Ar),
127.8 (2x C, Ar), 126.7 fAr), 61.3 CHN), 60.8 CH,OH), 53.7 (2x PHCH;,N), 32.1
(PhCHy).

These data are in accordance with the literdture.
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5.2.32 (2R)-(Dibenzylamino)-3-phenylpropan-1-ol (183)*

7 TOH
N

S0

This product was prepared following the procedoretlie §)-enantiomer1798)
(seeb.2.3)), starting with(2R)-(dibenzylamino)-3-phenylpropanoic acid methyl este

(182. The product was obtained as a colourless amagpkolid (93%).

Spectroscopic data were identical to ti8-gnantiomer 178); mp 70-72 °C

(from hexane/EtOAc)a]?’, -43.6 (c 1.5 CHG).
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5.2.33  (2R)-N,N-Dibenzyl-2-fluoro-3-phenylpropan-1-amine (179

A solution of Deoxofluot™ (2.67 g, 12.1 mmol, 1 eq) in dry DCM (20 f)nwas
added dropwise over 15 min at -10 °C to a stirreldit®n of amino alcohol 1(78)
(4.0 g, 12.1 mmol) in dry DCM (100 &n The reaction was allowed to warm to RT,
stirred for 15 h and was then quenched by the iaddidf a 10% solution of ¥COs
(10 cnf). The organic phase was separated and the agqpbass washed with DCM.
The combined organic extracts were concentratecerunelduced pressure and the
residue was purified over silica gel (hexane/DCNI)5Side product184) eluted first
and was obtained as a colourless oil (0.350 g, 39.desired and major produtZ©)

was then collected as a colourless oil (3.03 g,)75%

Ri: 0.25 (hexane/DCM 2:1)a]®p + 1.1 (¢ 6, CHG); Vmad(film)/cm™ 3062,
3028, 2929, 2802, 2360, 1602, 1495, 1455, 13698,1025, 699;3, (300 MHz,
CDCly) 7.07-7.35 (15 H, m, AH), 4.81 (1 H, d mJ=49.3 Hz, &IF), 3.65 (4 H, s, X
PhCH,N), 2.75-2.87 (2 H, m, PHE,CF), 2.65-2.78 (2 H, m, CRGN); 8¢ (75 MHz,
CDCls) 139.8 (2x C, Ar), 137.8 (dJ=3.9 Hz,Ar), 129.7 (2x C, Ar), 129.4 (4x C, Ar),
128.9 (2x C, Ar), 128.7 (4x C,Ar), 127.5 (2< C,Ar), 126.9 Ar), 94.0 (dJ=172.7 Hz),
59.6 (2% C), 57.1 (dJ=22.0 Hz), 40.2 (d}=21.1 Hz);3 (280 MHz, CDC}) -180.4 (m,

1 F);m/z (+EI), found MH: 334.1972, GHosNF requires 334.1971 (+0.1 ppm).
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5.2.34 (2S)-N,N-Dibenzyl-1-fluoro-3-phenylpropan-2-amine (184%

F
N
520
Compound 184) was obtained as a side product (9%) from thehggis of

(179 (see5.2.33.

Rr: 0.42 Hexane/DCM (2:1]m]?% -19.2 (c 1, CHG), lit*’ [a]Hg 25>*°-45 (c 1,
CH,Cl,); vmax(film)/cm™ 3062, 3027, 2953, 2803, 1602, 1495, 1454, 1365311029,
743, 6988 (300 MHz, CDC}) 7.05-7.29 (15 H, m, AH), 4.57 (1 H, dddJ=3.2 Hz,
J=9.8 Hz,J=47.8 Hz, G\HgF), 4.46 (1 H, dddJ=5.3 Hz, J=9.8 Hz, J=47.9 Hz,
CHaHgF), 3.72-3.82 (4 H, dd,  PhCH2N), 3.02-3.19 (1 H, m, BN), 2.97 (1 H, ddd,
J=1.6 Hz, J=6.4 Hz, J=13.4 Hz, Ph@Hg), 2.80 (1 H, ddJ=8.5 Hz, J=13.4 Hz,
PhCH\Hg); 8¢ (75 MHz, CDC}) 140.0 (2x C, Ar), 139.7 fr), 129.4 (2< C, Ar), 128.6
(4 x C, Ar), 128.4 (2x C, Ar), 128.3 (4x C, Ar), 126.9 (2x C, Ar), 126.2 fr), 83.6 (d,
J=172.4 Hz,CH,F), 59.3 (d,J=17.4 Hz,CHN), 54.5 (d,J=1.5 Hz, 2x PhCH;N), 33.1
(d, J=6.0 Hz, PIEH,); &: (280 MHz, CDC}) -226.7 (1 F, dtJ=26.1 Hz,J=47.8 Hz);

m/z (+El), found MH": 334.1969, GsH»sNF requires 334.1971 (-0.5 ppm).
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5.2.35 (29)-N,N-Dibenzyl-2-fluoro-3-phenylpropan-1-amine (186)

This product was prepared following the procedoretlie R)-enantiomer179)
(see 5.2.33, starting with (R)-(dibenzylamino)-3-phenylpropan-1-o0l183. The

product (L86) was obtained as a colourless oil (76%).

Spectroscopic data were identical to tRy-¢nantiomer 179); [a]*% -1.0 (c 6,

CHCl); m/z (+EI), found MH:334.1971, GsH2sNF requires 334.1971 (+0.1 ppm)
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5.2.36 N-((2R)-Fluoro-3-phenylpropyl)-(S)-MTPA amide (188)

(o}

HE O
F FsC OMe

188
EtGN (18 pL, 2.5 eq), 4-DMAP (3 mg) and(R)}(-)-a-methoxyea-
(trifluoromethyl)phenylacetyl chloridel87) (20 mg, 1.5 eq) were added at RT to a
suspension of2R)-fluoro-3-phenylpropan-1-aminel90) (10 mg, 5.3 18 mmol) in
DCM (2 cn?). The reaction mixture was stirred for 4 h and wgagnched by the
addition of water. Solvents were removed under cedypressure and the residue was

dissolved in CDGland filtered through a glass cotton plug direaitp a NMR tub.

& {*H} (470 MHz, CDC}) -68.8 (3 F, s, €; Mosher amide), -70.7 (s,Fe
Mosher acid in excess), -184.9 (1 F, s,FRpHMW/z (+EI), found (M+N4d): 392.1247,

Ci9H19NO2FsNa requires 392.1250 (-0.6 ppm).

5.2.37 N-((29)-Fluoro-3-phenylpropyl)-(S)-MTPA amide 189

(189 was prepared in an identical manner to that desdrabove %.2.39,
starting with(2S)fluoro-3-phenylpropan-1-amine hydrochloride.
& {'H} (470 MHz, CDC}) -68.8 (3 F, s, €; Mosher amide), -70.7 (s,Fg

Mosher acid in excess), -184.7 (1 F, s,RJH
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5.2.38 (2R)-Fluoro-3-phenylpropan-1-amine hydrochloride (190)

S
190

20% Pd(OHYC (40 mg) was added to a solution(2R)-N,N-dibenzyl-2-fluoro-
3-phenylpropan-1-amind {9 (0.125 g, 0.37 mmol) in methanol (10 YniThe mixture
was stirred at RT under a positive pressure pfdd 2 h. The palladium catalyst was
removed by filtration over Celite and 1 M HCI irethyl ether (2 cr}) was added to the
filtrate. The solution was concentrated under redugressure and the product was re-
crystallised from EtOH/RO. (2R)Fluoro-3-phenylpropan-1-amine hydrochlorid®Q)

was obtained as a colourless crystalline solid5® 8, 76%).

Mp 129-132 °C(from EtOH/E}0), [a]*D +9.81 (¢ 3.18, MeOH);Round: C,
56.86; H, 6.95; N, 7.25 %,481aNFCI requires C, 57.00; H, 6.91; N, 7.39 %)u(KBr
plate)/cm 2993 (br), 1588, 1486, 1457, 1375, 1148, 1037, 988, 753, 745, 697;
3 (300 MHz, DO) 7.19-7.32 (5 H, m, AH), 4.82-5.07 (1 H, m, BF), 3.07-3.28
(2 H, m, GH2N), 2.88-2.99 (2 H, m, PHay); & (75 MHz, DO) 135.9 (d,J=4.0 Hz,
Ar), 129.8 (2x C, Ar), 129.2 (2x C, Ar), 127.6 Ar), 91.4 (d,J=171.3 Hz,CHF), 42.9
(d, J=20.4 Hz,CH,N), 38.2 (d,J=19.9 Hz, PEH,); & (280 MHz, CDC}) -188.4 (m,

1 F); m/z (+EI), found (M-CI):154.1033, GH13NF requires 154.1032 (+0.9 ppm).
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5.2.39 tert-Butyl-(2R)-fluoro-3-phenylpropylcarbamate (191)

Ak

191

20% Pd(OHYC (200 mg) was added to a solution (@R)}N,N-dibenzyl-2-
fluoro-3-phenylpropan-1-aminel79 (0.675 g, 2.0 mmol) in methanol (30 YmThe
mixture was stirred for 3 h at RT under a positatmosphere of Hand then dtert-
butyl dicarbonate (0.664 g, 3.04 mmol, 1.5 eq) a@ded. The reaction was then stirred
for 14 h at RT. The palladium catalyst was remoediltration over Celite, the filtrate
was concentrated to dryness and the crude residage purified over silica gel
(hexane/DCM 10:1). The producti9l) was obtained after re-crystallisation from

hexane/DCM as a colourless crystalline solid (0.4620%).

Mp 66-76 °C (from hexane/DCM)[a]®p -11.2 (¢ 1, CHG); Vmax(KBr
plate)/cm® 3374, 2991, 2970, 1696, 1525, 1248, 1165, 1076, 896, 754, 703;
(Found: C, 66.59; H, 7.61; N, 5.39 %, £,0NO,F requires C, 66.38; H, 7.96; N, 5.53
%); & (300 MHz, CDCY) 7.15-7.32 (5 H, m, AH), 4.96 (1 H, br s, NH), 4.61-4.86
(1 H, m, GHF), 3.40-3.57 (1 H, m, I@sHgN), 3.11-3.27 (1 H, m, CkHgN), 2.79-3.01
(2 H, m, PhC1,), 1.44 (9 H, s, C(B3)3); &c (75 MHz, CDC}) 156.3 (NCO), 136.7 (d,
J=4.3 Hz, Ar), 129.8 (% C, Ar), 129.0 (2% C, Ar), 127.2 Ar), 93.8 (d,J=172.4 Hz,
CHF), 80.0 C(CHgy)s), 44.6 (d,J=20.7 Hz, G&i,N), 39.3 (d,J=20.8 Hz, PEH,), 28.8
(C(CHa2)3); & (280 MHz, CDC}) -185.4 (1 F, m)m/z (+EI), found (M+N4&): 276.1378,

C14H20NO,FNa requires 276.1376 (+1.0 ppm).
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5.2.40 tert-Butyl-(2S)-fluoro-3-phenylpropylcarbamate (192)

192
This product was prepared following the procedoretlie R)-enantiomer191)
(see5.2.39, starting with (2S)N,N-dibenzyl-2-fluoro-3-phenylpropan-1-amin&8g).

The product was obtained as a colourless crystadiatid (85%).

Spectroscopic data were identical to tf®-énantiomer 191); mp 68-76 °C

(from hexane/DCM)[a]?% +10.6 (c 1, CHG); m/z (+ES), found (M+N&): 276.1369,

C14H20NO,FNa requires 276.1376 (-2.6 ppm).
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5.2.41 Di(tert-butyl)- (2R)-fluoro-3-phenylpropyldicarbamate (197)

20% Pd(OHY/C (300 mg) was added to a solution 79 (1.45 g, 4.3 mmol) in
methanol (50 crl). The mixture was stirred for 3 h at RT under aif)ee atmosphere
of H, and then dtert-butyl dicarbonate (1.90 g, 8.7 mmol, 2 eq) waseaddlhe
reaction was then stirred for 14 h at RT. The plian catalyst was removed by
filtration over Celite and the solution was concatgd to dryness. The residue was
dissolved in MeCN (50 ci), then ditert-butyl dicarbonate (1.90 g, 8.7 mmol, 2 eq) and
4-DMAP (80 g, 0.65 mmol, 15% mol) were added arel sblution was heated under
reflux for 14 h. After cooling, the solvent was peaated under reduced pressure, the
residue dissolved in D and the organic phase washed with water. Aftaperation
of the organic phase under reduced pressure, tidugr was purified over silica gel

(hexane/EtOAc 18:1) to givd 97) as a colourless oil (1.23 g, 80%).

[a]%D -16.4 (C 2, CHG), Vmax(film)/lcm™ 2980, 2935, 1792, 1749, 1699, 1429,

1368, 1234, 1146, 1122, 856, 752, 76@;(300 MHz, CDC}) 7.20-7.33 (5 H, m, Ar-
H), 4.76-5.01 (1 H, m, BF), 3.59-4.06 (2 H, m, CR&N), 2.81-3.03 (2 H, m,
PhCH,CF), 1.47 (18 H, s, 8 CH3); &c (75 MHz, CDC}) 152.9 (2x NCO,), 136.8 (d,
J=3.9 Hz,Ar), 129.7 (2x C, Ar), 128.9 (2x C, Ar), 127.15 Ar), 92.9 (d,J=175.0 Hz,
CHF), 83.0 (2x C(CHa)), 49.9 (d,J =22.3 Hz,CH,N), 39.7 (d,J=20.6 Hz, PEH,),
29.37 (6x CHx3); & (280 MHz, CDC}) -186.8 (1 F, m)m/z (+El), found (M+N4&):
376.1905, @H2sNO4FNa requires 376.1900 (+1.4 ppm).
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5.2.42 Di(tert-butyl)- (2S)-fluoro-3-phenylpropyldicarbamate (198)

1
sasen

(6] o

#\ 198

This product was prepared following the procedoretlie R)-enantiomer197)
(see5.2.4)), starting with (2S)N,N-dibenzyl-2-fluoro-3-phenylpropan-1-amin&8g).

The product was obtained as a colourless oil (78%).
Spectroscopic data were identical to tReénantiomer 197); [a]*% +16.2 (c 2,

CHCl): m/z (+EI), found (M+N&): 376.1906, GH,sNO4FNa requires 376.1900

(+1.5 ppm).
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5.2.43 4-(Bis(tert-butoxycarbonyl)amino)-(3R)-fluorobutanoic acid (199)

o 1k

NalO, (5.584 g, 26 mmol, 18 eq) was added to a stir@dtisn of (197)
(512 mg, 1.45 mmol) in the biphasic solvent sys@@L/MeCN/H,O (12 /12 /15 cr).
The mixture was treated with RuCIxH,O (23 mg, 0.09 mmol, 6% mol) and the
reaction was stirred vigorously at 25 °C for 3 dayke mixture was then filtered
through a large Celite pad and the solids were adshith EtOAc. The filtrate was
concentrated to dryness and the product was pdirdieer silica gel (hexane/EtOAc

2.5:1). Carboxylic acidl99 was obtained as a colourless oil (356 mg, 76%).

[a]?% -19.1 (c 2, CHG), Vmax(film)/cm™ 2982, 2936, 1785, 1720, 1429, 1370,
1125, 1043, 854, 738 (300 MHz, CDC}) 9.51 (1 H, br s, CH), 4.99-5.23 (1 H, m,
CHF), 3.72-4.09 (2 H, m, CR&N), 2.60-2.82 (2 H, m, B,CO,), 1.51 (18 H, s, &
CHa3); 8¢ (75 MHz, CDC}) 175.4 (d,J=5.0 Hz, COH), 152.8 (2x NCO,), 88.6 (d,
J=173.9 Hz,CHF), 83.5 (2x C(CHs)3), 49.1 (d,J=23.5 Hz, &;N), 38.2 (d,J=23.8 Hz,
CH,CQ0,), 28.31 (6x CH3); & (280 MHz, CDC}) -186.9 (1 F, m)m/z (-El), found (M-

H"): 320.1504, G4H23NOgF requires 320.1509 (-1.6 ppm).
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5.2.44 4-(Bis(tert-butoxycarbonyl)amino)-(3S)-fluorobutanoic acid (200)

ok
/j\ 200

This product was prepared following the procedoretlie R)-enantiomer199)
(see5.2.43, starting with ditert-butyl)-(2S)fluoro-3-phenylpropyl-dicarbamatd 48).

The product was obtained as a colourless oil (75%).
Spectroscopic data were identical to tR-énantiomer XX;[a]*s +18.9 (c 2,

CHCL): m/z (-EI), found (M-H): 320.1512, GHx;NOGF requires 320.1509

(+0.6 ppm).
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5.2.45 (3R)-Fluoro-4-aminobutyric acid hydrochloride (123)

HO.
\n/\i/\NH3+

[¢] F .
cl

123

HCI gas was bubbled for 20 min into an ice-coolellitton of (199 (350 mg,
1.1 mmol) in dry DCM (40 cr). After the formation of a white precipitate, oigen
gas was bubbled through the reaction mixture au®il evaporation of the solvent was
complete. The off-white solid was dissolved in etblaand re-crystallised twice from
diethyl ether to vyield(3R)}luoro-4-aminobutyric acid hydrochloridelZ3 as a

colourless crystalline solid (137 mg, 80%).

Mp 116-118 °C (from EtOH/EO); [a]*% -15.5 (¢ 2.21, MeOH):Found: C,
30.28; H, 5.51; N, 8.68 %, 48NO,FCI requires C, 30.49; H, 5.76; N, 8.89 %);
Vmax(KBr plate)/cnt 3027 (br), 1701, 1610, 1572, 1506, 1448, 1394613055, 1222,
1036, 1005% (300 MHz, CROD) 5.05-5.31 (1 H, d mJ=49.2 Hz, GiF), 2.24-3.41
(2 H, m, (HzN), 2.75-2.86 (2 H, m, B,COH); & (75 MHz, CROD) 172.7 (d,
J=6.0 Hz, COy), 88.9 (d,J=171.5 Hz,CHF), 44.2 (d,J=20.6 Hz, CH:N), 38.4 (d,
J=22.4 Hz,CH,CO,); & (280 MHz, CRROD) -190.0 (1 F, m)m/z (+EI) found (M-CI):

122.0615, GHgNO,F requires 122.0617 (-2.3 ppm).
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5.2.46 (39)-Fluoro-4-aminobutyric acid hydrochloride (124)

HO
\H/Y\NH;

(0] F R
Cl

124
This product was prepared following the procedoretlie R)-enantiomer123)
(seeb5.2.45, starting with 4-(bigért-butoxycarbonyl)amino}3S)fluorobutanoic acid

(200. The product was obtained as a colourless ctystadolid (84%).

Spectroscopic data were identical #)-énantiomer;mp 116-117 °C (from
EtOH/ELO); [a]*% +15.6 (c 2.22, MeOH);Found: C, 30.63; H, 5.70; N, 8.71 %,
C4H9NO,FCI requires C, 30.49; H, 5.76; N, 8.89 %z (+EI) found (M-CI):

122.0614, GHgNO,F requires 122.0617 (-2.6 ppm).
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5.2.47 (1S, 4R)-2-Azabicyclo[2.2.1]heptan-3-one (214 *°

Hgég//o
212
10% Pd/C (8 mg) was added to a solution & @R)-2-azabicyclo[2.2.1]hept-5-
en-3-one (150 mg, 1.4 mmol) in EtOAc (15 ¥niThe suspension was stirred at room
temperature for 18 h under a positive pressure .0fTiHe reaction solution was then
filtered through Celite and the stationary phasshed with EtOAc. Evaporation of the
combined organic phases gavi?) as a colourless hygroscopic solid (145 mg, 95%),

which liquefied rapidly when exposed to air.

[a]®% -552 (c 1, CHQ), lit* [a]p -560 (c 1.1 CHG); & (300 MHz, CDCH)
6.36 (1 H, br s, N), 3.83 (1 H, m, EN), 2.62 (1 H, m, €iCO), 1.30-1.80 (6 H, m, 8
CH,); m/z (+EI): 111 (M, 100%), 96 (10), 83 (96), 67 (83%, &3).

These data are in accordance with the literaftifé.
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5.2.48 (1R, 35)-3-Aminocyclopentane carboxylic acid (213" %

+H3Nl:..Q..\\COZ'

213

4 N HCI (8 cnf) was added to a solution of§14R)-2-azabicyclo[2.2.1]heptan-
3-one 212 (120 mg, 1.1 mmol) in acetic acid (8 %)mThe mixture was stirred for 5 h
at 70 °C and after evaporation of the solvents unelduced pressure, the residue was
dissolved in water (2 cth The solution was passed down an ion-exchangenool
(Dowex AG 50W-X8100), eluting with 2 N N1 After evaporation of the solvent, the
resultant solid was re-crystallised from methartV&c to give (R, 39-3-
aminocyclopentane carboxylic aci@1l@® as a colourless amorphous solid (128 mg,

72%).

Mp: 253-255 °C (from MeOH/EtOAc), fit 250-255 °C[a]*% -7.5 (c 1, HO),
lit?* -7 (c 1, HO); (Found C, 55.69; H, 8.55; N, 10.79 %4d11NO, requires C, 55.78;
H, 8.60; N, 10.85 %) (300 MHz, D0O) 3.56-3.64 (1 H, m, BN), 2.62-2.70 (1 H, m,
CHCQ,), 1.64-2.14 (6 H, m, & CHy); & (75 MHz, DO) 180.3 CO,), 51.8 CHN),
42.8 CHCO,), 34.0 CHy), 30.1 CHy), 28.0 CHy).

These data are in accordance with the litergtufé.
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5.2.49 (#)-Cis-3-aminocyclopentane carboxylic acid (215)

"H3N '/l:Q W CO2”

215

Racemic (z)eis-3-aminocyclopentane carboxylic acid was obtaineltbding
the procedure for @ 39-3-aminocyclopentane carboxylic acidl@, starting with
(x)-2-aza-bicyclo-[2.2.1]hept-5-en-3-one (&e8.47). The productZ15) was isolated as
a colourless amorphous solid (85% over 2 steps).

Spectroscopic data were identical t®(BS) enantiomerZ13); mp. 243-246 °C

(from H,O/EtOH/E$O), lit?®: 242-244 °C (from HO/EtOH/ERO).
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5.2.50 (1S, 4R)-4-Aminocyclopent-2-ene carboxylic acid hydrochlode (214)

*Hmu..@ .MCO2H

cl

214

4 N HCI (8 cnf) was added to a solution of§14R)-2-azabicyclo[2.2.1]hepten-
3-one (150 mg, 1.38 mmol) in acetic acid (83):rﬂ'he mixture was stirred for 5 h at
70 °C. After evaporation of the solvents under oedu pressure, the residue was
dissolved in water (2 cthand was passed down an ion-exchange column (Dév@&x
50W-X8100), eluting with 2 N Nk After evaporation of the solvent, the off-white
solid was dissolved in 0.1 N HCI (1.4 &nl eq) and freeze-dried. The amino acid
hydrochloride was then re-crystallised from aceticid to give (8 4R)-4-
aminocyclopent-2-ene carboxylic acid hydrochlor{@&4) as a colourless amorphous

solid (135 mg, 60%).

Mp: 178-180 °C (from AcOH)[a]®’% -96.6 (c 1, HO): (Found C, 44.20; H,
6.75; N, 8.58 %, gH10NO.CI requires C, 44.05; H, 6.16; N, 8.56 %9); (300 MHz,
D,0) 6.11 (1 H, dddJ=1.6 Hz,J=2.4 Hz,J=5.7 Hz, GH=C), 5.85 (1 H, dtJ=2.3 Hz,
J=5.6 Hz, G4=C), 4.25-4.30 (1 H, m, @N), 3.59-3.66 (1 H, m, BCOy), 2.56 (1 H, dft,
J=8.6 Hz,J=14.5 Hz, GlaHg), 1.96 (1 H, dtJ=4.9 Hz,J=14.4 Hz, CHHg); & (75
MHz, D,0) 177.9 €O,), 136.6 CH=C), 129.9 CH=C), 56.5 CHN), 50.0 CHCO,),

31.6 CH,).
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5.2.51 (+)-Cis-4-Aminocyclopent-2-ene carboxylic acid hydrochlode (216§

+H3N'/-,@.-\‘COZH

a
216
Racemic (x)eis-4-aminocyclopent-2-ene carboxylic acid hydroclderiwas
obtained following the procedure for theS(#R) enantiomerZ14), starting with (z)-2-
aza-bicyclo-[2.2.1]hept-5-en-3-one (sB2.50. The product Z16) was obtained as a

colourless amorphous solid (55%).

Spectroscopic data were identical t&,(4R) enantiomerZ14), mp: 168-172 °C

(from AcOH), li?* 167-170 °C (from AcOH).
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5.2.52 tert-Butyl-N-hydroxycarbamate (2205 2

(0]
Ao

223

A suspension of hydroxylamine hydrochloride (3,249 mmol, 1.5 eq) and
K,COs*?H,0 (3.8 g, 23 mmol) in diethyl ether (20 rand water (0.35 ci was
stirred for 1 h at RT with evolution of GOA solution oft-butyl dicarbonate (6.33 g,
29 mmol) in diethyl ether (12 chhwas then added dropwise at 0 °C and the suspensio
was stirred at RT for 15 h. The organic phase wesanted, the solids washed with
diethyl ether and the organic fractions evaporated dryness. tert-Butyl-N-
hydroxycarbamate2@Q() was obtained as a colourless solid (3.42 g, 8@%¢h could

be used directly without further purification.
Mp: 59-61 °C (from EO), lit?®:58-59 °C:3, (300 MHz, CDC}) 7.15-7.40

(L H, brs, M), 1.47 (9 H, s, ¥ CHa).

These data are in accordance with the literafure.
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5.2.53  (+)-N-(Carbo-tert-butoxy)-2,3-oxazabicyclo[2.2.1]hept-5-ene (21%)

g

©

219

Freshly generated cyclopentadiene (7.2 g, 110 mma$ added at O °C to a
stirred solution oft-butyl-N-hydroxycarbamate2@0 (3.25 g, 24.4 mmol) in MeOH
(240 cn). A solution of NalQ (5.77 g, 27 mmol) in kD (65 cni) was then added
dropwise over 20 min. After stirring at O °C for 30in, the reaction mixture was
partitioned between brine (325 &nand EtOAc (325 cf). The layers were separated,
the aqueous layer was saturated with NaCl and@gttdanto EtOAc (3 x 80 cih The
combined organic layers were washed with saturbit@dCQ;, dried and concentrated
under reduced pressure to give a brown oil whicks warified over silica gel

(hexane/EtOAc 2:1) to give19 as a brown solid (3.44 g, 72%).

Mp: 41-43 °C (from hexane/EtOAc),it43-45 °C;3, (300 MHz, CDC}) 5.38-
5.44 (2 H, m, €1=CH), 5.20-5.22 (1 H, m, BN), 4.97-4.99 (1 H, m, BO), 1.99 (1 H,
ddd,J=1.8 Hz,J=1.8 Hz,J=8.6 Hz, GHsHg), 1.71-1.75 (1 H, m, CkHg), 1.47 (9 H, s,
3 x CHa); & (75 MHz, CDC}) 158.8 (NCO,), 134.5 CH=C), 133.3 CH=C) , 83.9
(CHO), 82.5 C(CHs)s), 65.4 CHN), 48.5 CHy), 28.5 (3% CHa).

These data are in accordance with the litergture.
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5.2.54 (¥)-3-Hydroxy-3,3a,4,6a-tetrahydro-2H-cyclopentaoxaol-2-one (222)

H:Sm@

07N
222

A solution of trimethylsilane cyanide (200 mg, 2 wiinin DMF (6 cni) was
added dropwise over 10 min to a solution of Nkfearbotert-butoxy)-2,3-
oxazabicyclo[2.2.1]hept-5-en2X9 (200 mg, 1 mmol) and CuS@360 mg, 1.5 mmol)
in DMF (10 cnf) stirred at 0 °C under N. The reaction mixture was then stirred at
60 °C for 20 h and the reaction was quenched with% solution of EDTA (35 ci).
The mixture was extracted into EtOAc %360 cn?) and the combined organic phases
were evaporated under reduced pressure. The residsepurified over silica gel
(hexane/ EtOAc 1:2) to give the title produ@2® as a colourless crystalline solid

(80 mg, 57%), which was re-crystallised from DCMaee.

Mp: 134-138 °C (from DCM/hexane¥ma(KBr plate)/cm® 3115 (br), 2954
(br), 1748 (br), 1490, 1365, 1283, 1231, 1161, 1BHER2, 884:5, (300 MHz, CDC})
9.17 (L H, br s, @), 6.11-6.14 (1 H, m, B=C), 5.82 (1 H, dddJ)=2.1 Hz,J=4.2 Hz,
J=6.0 Hz, Gi=C), 5.43-5.46 (1 H, m, BO), 4.47-4.51 (1 H, m, BN), 2.82-2.88 (1 H,
m, CHaHg), 2.53-2.61 (1 H, m, CkHs); 8¢ (75 MHz, CDC}) 158.8 (NCO,), 137.5
(CH=C), 127.7 CH=C), 83.6 CHO), 59.9 CHN), 36.9 CH,); m/z (+ES), found

(M+Na"): 164.0319, gH,NOszNa requires 164.0324 (-3.0 ppm).
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5.2.55 (S)-Carnitine isobutyl ester (2337 %

7
)\/o\[(\é/\/’\r\
(e] OH
Cl-
233
A suspension of (S)-carnitine hydrochloride (1.15538 mmol) in isobutyl
alcohol (8 cr) was saturated with HCI gas and the resultantismlwas heated under
reflux for 3 h. The solution was then concentrateler reduced pressure and the
residue was taken up twice into isobutyl alcoholx(® cnt) and concentrated to
dryness. The residue was triturated with acetongive after filtration 233 as a

colourless solid (1.38 g, 93%).

Mp: 140-142 °C (from isobutyl alcohol), 4150 °C (decomp.)a]*%s +14.2 (c
1, H0), lit* [a]*°5 +15.0 (c 1, HO) ; & (300 MHz, BO); 4.55-4.65 (1 H, m, BOH),
3.82-3.93 (2 H, m, OBy), 3.49-3.42 (2 H, m, B,N"), 3.15 (9 H, 3x CHs), 2.53-2.68
(2 H, m, H,COy), 1.78-1.96 (1 H, m, B(CHs),), 0.83 (6 H, d,J=6.8 Hz, 2x CH3); 8¢
(75 MHz, D:0); 172.8 COy), 72.2 (QCH,), 70.0 CH2N"), 63.3 CHOH), 54.5 (3x
CHa3), 40.6 CH,COy), 27.5 CH(CHs),), 18.6 (2x CHy).

These data are in accordance with the literafure.
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5.2.56 3-Fluorobutanoic acid (237)

HO\L]/\F(
237

Triethylamine trihydrofluoride (3.8 c23.3 mmol, 2 eq) was added at RT to a
solution of p-butyrolactone (1 g, 11.6 mmol) in dry DCM (10 YniThe mixture was
then heated under reflux for 5 days. After coolitttg reaction was quenched by the
addition of a saturated solution 0o®O; (10 cn?), stirred for 2 h and acidified with
HCI 1 N till pH 2. EtOAc (40 crf) was added and the organic phase was separated. Th
aqueous phase was extracted further with EtOAc48 cn?) and the combined organic
extracts were evaporated under reduced pressueereBidue was purified over silica

gel (hexane/EtOAc 5/1) to give37) as a colorless oil (370 mg, 30%).

Vmadfilm)/cm™ 2989, 2942, 2680, 1718, 1433, 1389, 1311, 12187,11065,
940, 8425, (300 MHz, CDCY) 11.51 (1 H, br s, C), 5.10 (1 H, dddgJ=47.6 Hz,
J=4.6 Hz,J=8.0 Hz,J=6.2 Hz, GIF), 2.77 (1 H, ddd)=8.0 Hz,J=14.0 Hz,J=16.2 Hz,
CHaHsCOH), 2.61 (1 H, dddJ=4.6 Hz,J=16.2 Hz,J=28.8 Hz, CHHHaCO,H), 1.43
(3 H, dd,J=6.2 Hz,J=23.8 Hz, &i3); & (75 MHz, CDC}); 177.1 (d,J=6.4 Hz,CO),)
87.1 (d,J=167.3 Hz,CHF), 42.1 (d,J=24.1 Hz,CH,CO,), 21.1 (d,J=22.3 Hz,CHs);
3 (282 MHz, CDC}) -173.2 (1 F, dddq=47.8 Hz,J=29.5 Hz,J=23.6 Hz,J=13.6 Hz);

m/z (+ES), found (M+N9&): 129.0322, GH,FO,Na requires 129.0328 (-4.6 ppm).
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5.2.57 Benzyl(S)-2,6-bis(dibenzylamino)hexanoate (2519

S

PR
S .

Anhydrous KCO; (30.25 g, 220 mmol, 8 eq) and benzyl bromide (&€, c
150 mmol, 5.5 eq) were added to a solutionLelysine (4.0 g, 27.4 mmol) in
DMF/water (10:1 v/v mixture, 60 cth After stirring at 60 °C for 3 days, the resufin
white slurry was diluted with water (150 &vand extracted into diethyl ether. The
combined organic extracts were washed with 10% NaQGltion and the solvent was
removed under reduced pressure to give a lighowedil (16 g) which could be used
for the next step. An analytical sample was obthiaiter chromatography over silica
gel (hexane/EtOAc 10:1) to give the perbenzylaysihe @51) as a colourless oil.

[a]®% -53.2 (¢ 2.8, CHG), lit* -52.5 (¢ 2.8, CHG); Vma(film)/cm™ 3029,
2942, 2798, 1731, 1494, 1454, 1365, 1138, 1028, BB, 6985y (300 MHz, CDCY)
7.17-7.40 (25 H, m, AH), 5.23 (1 H, d,J=12.3 Hz, Ph@&HgO), 5.11 (1 H, d,
J=12.3 Hz, PhCWHgO), 3.89 (2 H, dJ=13.9 Hz, 2x PhQHHgN), 3.49 (2 H, d,
J=13.9 Hz, 2x PhCHHgN), 3.42-3.52 (4 H, dd, PHGN’), 3.32 (1 H, dd,J=6.2 Hz,
J=8.7 Hz, GIN), 2.33 (2 H, tJ=6.8 Hz, G4,N’), 1.14-1.76 (6 H, m, &); &c (75 MHz,
CDCl3) 173.0 COy), 140.1 (2x C, Ar), 139.7 (2x C, Ar), 136.2 Ar), 128.9 (4x C, Ar),
128.8 (4x C, Ar), 128.6 (2x C, Ar), 128.5 (2x C, Ar), 128.4 fr), 128.3 (4x C, Ar),
128.2 (4x C, Ar), 127.0 (2% C, Ar), 126.8 (2x C, Ar), 65.9 (PIEH.0), 60.7 CHN),
58.3 (2x PRCH.N’), 54.5 (2x PHCH2N), 53.2 CH2N’), 29.3 (CH>), 26.7 CH>), 23.8

(CH2); m/z (+EI), found MH" 597.3477, GiH4sN,0, requires 597.3481 (-0.6 ppm).
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5.2.58 (9)-2,6-bis(dibenzylamino)hexan-1-ol (246)

d%\‘\/\/\‘/\m
N
S8 .

A solution of the crude benzyl este25(0) (14 g, 23.4 mmol) in dry THF
(50 cn?) was added dropwise over 15 min at 0 °C to a suspe of LiAlH, (1.78 g,
46.9 mmol, 2 eq) in dry THF (150 &nThe mixture was stirred for 2 h at 0 °C and the
excess of hydride was quenched by successive aaldifi isopropanol (20 cth and
water (300 cr). The mixture was extracted into diethyl ethex 00 cni), the organic
extracts were combined and the solvent removedrurdieiced pressure. The product
was purified over silica gel (hexane/EtOAc 3:1)yteld the amino alcohol246) as a
viscous colourless oil (7.2 g, 62% yield over 2s)e

[a]®%5 +56.7 (¢ 2.8, CHG), Vmadfilm)lcm™ 3443, 3027, 2935, 2799, 2360,
1602, 1494, 1453, 1365, 1129, 1028, 747, &8300 MHz, CDC}) 7.19-7.38 (20 H,
m, Ar-H), 3.75 (2 H, dJ=13.3 Hz, PhE@laHgN), 3.57 (2 H, dJ=13.6 Hz, PhE&aHgN"),
3.48 (2 H, d,J=13.6 Hz, PhCRWHgN’), 3.31-3.45 (2 H, m, 6,0H), 3.32 (2 H, d,
J=13.3 Hz, PhCHHgN), 3.14 (1L H, br s, 8), 2.67-2.77 (1 H, m, BN), 2.34-2.47 (2
H, m, CH,N'), 1.40-1.63 (3 H, m), 1.00-1.37 (3 H, nd: (75 MHz, CDC}) 139.9 (2x
C, Ar), 139.3 (2x C, Ar), 129.0 (4x C, Ar), 128.7 (4x C, Ar), 128.4 (4x C, Ar), 128.1
(4 x C,Ar), 127.1 (2x C, Ar), 126.7 (2x C, Ar), 60.8 CH,0H), 58.9 CHN), 58.4 (2x
PhCH,N'"), 53.1 (2x PhCH,N), 52.8 CH.N’), 27.3 (CHy), 24.7 CH,), 24.5 CH.); m/z
(+EI), found MH": 493.3236, G4H4:1N»O requires 493.3219 (+3.4 ppm).
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5.2.59 N N! N°NC-Tetrabenzyl-(2R)-fluorohexane-1,6-diamine (247)

247

DAST (0.4 cni, 3.3 mmol, 1.15 eq) was added dropwise at 0 °&€ golution of
(246) (1.4 g, 2.8 mmol) in dry DCM (40 ¢t The reaction mixture was stirred at RT
for 8 h and the reaction was quenched by the aaidif 10% KCOs (5 cnt). Solvents
were evaporated to dryness under reduced presadréha residue was purified over
silica gel (hexane/EtOAc 1/1). The early fractiovere collected and evaporated to give
an off-white solid (280 mg) containing the titlerapound 247) and (S}N*,N*,N° N°-
tetrabenzyl-6-fluorohexane-1,5-diamirf@52) as a 85/15 mixture. Re-crystallisation
from EtO/hexane gave2@7) as a colourless crystalline solid (160 mg, 11%).

Mp: 93-94 °C (fromEt,O/hexane)[a]?’, 0.0 (¢ 1.1, CHG); (Found: C, 82.15;
H, 8.17; N, 5.69 %, &HsNoF requires C, 82.55; H, 7.95; N, 5.66 ¥a)(KBr
plate)/cm® 3027, 2920, 2796, 1948, 1494, 1454, 1117, 1029, 946, 6683, (300
MHz, CDCk) 7.17-7.36 (20 H, m, AH), 4.57 (1 H, d mJ=49.6 Hz, GiF), 3.63 (4 H,
s, 2x PhaH.NY), 3.51 (4 H, s, % Ph@H.N®), 2.45-2.76 (2 H, m, CHRd:NY), 2.34 (2
H, t, J=7.1 Hz, G4.N°), 1.10-1.54 (6 H, m, 3 CHy); 8¢ (75 MHz, CDC}) 140.0 (2x
C, Ar), 139.5 (2x C, Ar), 128.9 (4x C, Ar), 128.8 (4x C, Ar), 128.3 (4x C, Ar), 128.2
(4 x C, Ar), 127.0 (2x C, Ar), 126.8 (2x C, Ar), 93.4 (d,J=169.2 Hz,CHF), 59.1 (2x
PhCH,NY), 58.4 (2x PhCH,N®), 57.0 (d,J=21.6 Hz,CH.NY), 53.1 CH.N®), 33.0 (d,
J=20.6 Hz, CHEH,), 26.9 CH,), 22.5 (d,J=4.6 Hz, CH,); & (376 MHz, CDC})
-181.2 (1 F, ddddd)=49.6 Hz,J=28.9 Hz,J=17.4 Hz,J=19.3 Hz,J=26.7 Hz);m/z

(+Cl), found MH": 495.3172 G4H0N,F requires 495.3176. (-0.7 ppm).
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5.2.60 Methyl 6-(benzyloxycarbonylamino){2S)-(dibenzylamino)hexanoate

@anWﬁN/&O/
S .

Anhydrous potassium carbonate (6.265 g, 45.3 m&el}) and benzyl bromide

(257)

(4.31 cmi, 36.2 mmol, 2.4 eq) were added to a solutiotN@)-benzyloxycarbonyl--
lysine methyl ester hydrochloride (5 g, 15.1 mniolacetonitrile (40 crf). The mixture
was heated under reflux for 20 h and after coolihg,solids were filtered and washed
with EtOAc. Solvents were removed under reducedssquee and the product was
purified over silica gel (hexane/EtOAc 4:1) to dielompoundZ57) as a colourless oll

(6.96 g, 97%).

[a]%% -63.6 (C 2.8 CHG); Vmax(film)/cm™ 3350, 3030, 2948, 1728, 1524, 1455,

1246, 1140, 1028, 748, 698; (300 MHz, CDC}) 7.19-7.36 (15 H, m, AH), 5.08
(2 H, s, Ph®,0), 4.65 (1 H, br s, N), 3.90 (2 H, dJ=13.8 Hz, PhE&HgN), 3.75
(3H, s, O®3), 3.50 (2 H, d,J=13.8 Hz, PhClHgN), 3.29 (1 H, dd,J=6.5 Hz,
J=8.4 Hz, GIN), 3.10 (2 H, ddJ=6.5 Hz,J=12.7 Hz, &,N’), 1.64-1.78 (2 H, m, &),
1.37-1.46 (1 H, m, BaHg), 1.19-1.32 (3 H, m, B, + CHaHg); 8¢ (75 MHz, CDC})
173.8 CO,), 156.7 CON), 140.0 (2x C, Ar), 137.1 fir), 129.3 (4x C, Ar), 128.9 (2x
C, Ar), 128.7 (4x C, v), 128.5 (3¢ C, Ar), 127.4 (2x C, Ar), 67.0 (PIEH,0), 60.7
(CHN), 54.9 (2x PHCH;N), 51.5 (QCHs3), 41.2 CH.N'), 29.7 (CHy), 29.5 CH>), 23.5
(CH,); m/z (+Cl), found MH": 475.2585, GoH3sN»O,4 requires 475.2597 (-2.5 ppm).
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5.2.61 6-(Benzyloxycarbonylamino){2S)-(dibenzylamino)hexan-1-ol (258)

E]\/o\g/H\/\/\'\ll/\o,_I

A solution of @57) (2.15 g, 4.5 mmol) in dry THF (10 éinwas added dropwise
at -10 °C to a suspension of LiAIH0.344 g, 9.1 mmol, 2 eq) in dry THF (30 YnThe
reaction mixture was stirred for 50 min at -10 °@tilu TLC analysis indicated
completion. The reaction was then quenched by eghaeldition of water and stirred for
1 h. The mixture was acidified with 1 N HCI till pH and extracted into EtOAc. The
combined organic extracts were dried and the stdverre evaporated under reduced
pressure. The resultant oil was purified over ailiel (hexane/EtOAc 2:1) to yield the

amino alcohol258) as a viscous colourless oil (1.90 g, 94%).

[a]%% +62.2 (¢ 3, CHQ): Vmax(film)/cm™ 3421, 3335, 3029, 2860, 1702, 1534,

1455, 1252, 1132, 1028, 749, 6@; (300 MHz, CDC}) 7.19-7.36 (15 H, m, AH),
5.10 (2 H, s, PhB;0), 4.84 (1 H, br s, N), 3.79 (2 H, dJ=13.3 Hz, 2x PhCHHzN),
3.38-3.50 (2 H, m, B,0H), 3.40 (2 H, dJ=13.3 Hz, 2x PhCHHgN), 3.15-3.21 (3 H,
m, CHyN’ and OH), 2.71-2.79 (1 H, m,HN), 1.66-1.77 (1 H, m, BaHg), 1.40-1.54
(2H, m, G4), 1.14-1.34 (3 H, m, B, and C’HyHg); & (75 MHz, CDC}) 156.5
(CO:N), 139.3 (2x C, Ar), 136.6 fAr), 129.0 (4x C, Ar), 128.6 (2x C, Ar), 128.5 (4x

C, Ar), 128.2 (3x C, Ar), 127.3 (2x C, Ar), 66.7 (PIEH,0), 60.9 (&,0H), 58.9
(CHN), 53.2 (2x PHCH2N), 40.8 CH2N’), 30.3 (CH2), 24.8 CH,), 24.2 CH,); m/z
(+CI), found MH'": 447.2652, GgH3sN,O5 requires 447.2648 (+1.0 ppm).
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5.2.62 Benzyl 6-(dibenzylamino){5R)-fluorohexylcarbamate (259)

QOIHW%Q
259

Deoxofluor 50% in THF (3.02 g, 6.8 mmol, 1.2 eq)swadded dropwise at
-10 °C to a solution of258) (2.54 g, 5.7 mmol) in dry DCM (40 én The mixture was
stirred for 6 h, slowly warming from -10 °C to O &Dd the reaction was quenched by
addition of 10% KCO; (10 cn?). The product was extracted into EtOAc and the
combined organic extracts were evaporated undercest pressure. The residue was
purified over silica gel (hexane/EtOAc 5:1) to vi€P59 and @60 as a 90/10 mixture
(1.7 g, 67%) as a colourless oil. Re-crystallisafiom EtO/hexane gave an analytical
sample of 259 as a colourless crystalline solid.

Rs: 0.20 Hexane/EtOAc (5:1jnp: 60-62 °C(from Et,O/hexane)[a]*D +3.2 (c
3.5, CHC}); (Found: C, 74.75; H, 7.42; N, 6.43 %,,6H33N,O.F requires C, 74.97; H,
7.42; N, 6.25 %)Vma(KBr plate)/cm® 3361, 2933, 1685, 1539, 1453, 1370, 1266,
1144, 1022, 748, 708, (300 MHz, CDC}) 7.19-7.37 (15 H, m, AH), 5.08 (2 H, s,
PhCH,0), 4.72 (1 H, br s, N), 4.59 (1 H, d mJ=49.6 Hz, GiF), 3.63 (4 H, s, X
PhCH:N) 3.12 (2 H,dd, J=6.7 Hz,J=13.1 Hz, Gi,N’), 2.50-2.73 (2 H, m, CHFB:N),
1.13-1.60 (6 H, m, X CHy); &¢c (75 MHz, CDC}) 156.8 CO.N), 139.8 (2x C, Ar),
137.0 @r), 129.3 (4x C, Ar), 129.0 (2x C, Ar), 128.7 (4x C, Ar), 128.5 (3x C, Ar),
127.4 (2x C, Ar), 93.6 (d,J=169.3 Hz,CHF), 67.0 (PRH20), 59.6 (2x PICH:N), 57.2
(d, J=21.9 Hz, CHEHN), 41.3 CH2N"), 33.1 (d,J=20.7 Hz,CH.CF), 30.1 CH,),
22.5 (d,J=4.3 Hz,CH,); & (282 MHz, CDC}) -182.1 (1 F, m);m/z (+Cl), found MH:

449.2621, GgH34sN,O.F requires 449.2604 (+3.6 ppm).
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5.2.63 (2R)-Fluorohexane-1,6-diamine dihydrochloride (248)

+

H3N\/\/\/\
NH3"

248
Pd(OH)Y/C (20% dry weight) (350 mg) was added to a sotutd the 90/10
mixture of @59 and @60 (1.45 g, 3.2 mmol) in methanol (60 ¥nfsee5.2.62. The
mixture was stirred in an autoclave at RT for 2-apder a pressure of, KRO bars).
The reaction mixture was then filtered over Cellié&) HCI in diethyl ether (8 cf‘o was
added and the product was re-crystallised 3 timas fmethanol/ethanol/diethyl ether
till *F-NMR spectroscopy indicated only one pe&R)-Fluorohexane-1,6-diamine

dihydrochloride 248) was obtained as a colourless amorphous solid 07 3%).

Mp: 235-237 °C (from MeOH/EO); [a]'®s 0.0 (¢ 4, MeOH);Vma(KBr
plate)/cm 2996 (br), 2058, 1603, 1485, 1474, 1230, 1152811040, 970, 931, 782;
3+ (300 MHz, CROD) 4.89 (6 H, s, & NH), 4.71-4.96 (1 H, m, BF), 3.13-3.34 (2 H,
m, CHFQH;N), 2.95-3.00 (2 H, m, B,N’), 1.67-1.85 (4 H, m, % CH,), 1.50-1.70
(2 H, m, (Hy); & (75 MHz, CROD) 91.7 (d,J=170.6 Hz,CHF), 44.3 (d,J=20.9 Hz,
CHFCHN), 40.5 CH:N'), 32.8 (d,J=19.9 Hz,CH,), 28.2 CH,), 22.84 (d,J=4.1 Hz,
CH,); & (282 MHz, CROD) -190.9 (1 F, m)m/z (+ClI), found (M-HC}): 135.1298,

CsH16N2F requires 135.1298 (+0.4 ppm).
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5.2.64 N,N-((2R)-Fluorohexane-1,6-diyl)bis(2S)-methoxy-2-trifluoromethyl-

phenylacetamide) (265)

F3

C
MBOI“. H
NN
< N ”
= H “
o F F3C OMe

EtN (27 uL, 4 eq), 4-DMAP (5 mg), DCC (40 mg, 4 eq) a(®i-(-)-a-
methoxye-(trifluoromethyl)-phenylacetic acid (37 mg, 3 eqgre added at RT to a
suspension of2R){luorohexane-1,6-diamine dihydrochlorid24@) (10 mg, 4.8 18
mmol) in DCM (1 cni). The reaction mixture was stirred for 12 h anel $blvent was
removed under reduced pressure. The residue washdid in CDC and filtered
through a glass cotton plug directly into a NMR.tub

3 {'H} (375 MHz, CDC}) -68.8 (3 F, s, €5 Mosher amide), -68.9 (3 F, sF¢
Mosher amide), -70.5 (s,Kg Mosher acid in excess), -186.2 (1 F, s,KpHn/z (+ClI),

found (MH'): 567.2093, GsH3oF7N,O4 requires 567.2094 (-0.1 ppm).

5.2.65 N,N-((2R)-Fluorohexane-1,6-diyl)bis(2R)-methoxy-2-trifluoromethyl-

phenylacetamide) (266)

OMe Q
F3Cy,, H
NN
4 N <
H H “
o E Meo CFs

(266) was prepared in an identical manner to that desdrabove %.2.69
using(R)-(+)-a-methoxyea-(trifluoromethyl) phenylacetic acid.
& {*H} (375 MHz, CDC}) -68.9 (6 F, s, % CF3; Mosher amide), -70.5 (s,Fe
Mosher acid in excess), -186.1 (1 F, s,RJH
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5.2.66 (2R)-((dibenzylamino)methyl)piperidine-1-benzoxycarbomte (261)

G
L5
!

Silica gel (40-63 micron) was added to a solutio258) (200 mg, 0.45 mmol)
in dry DCM (10 cni). The mixture was then cooled to -78 °C and Deloxnf50% in
THF (0.25 cni, 0.7 mmol, 1.5 eq) was added. The mixture waeestifor 6 h at -78 °C
and allowed to warm to 0 °C. The reaction was theenched by the addition of 10%
K,COs (2 cn?). The product was extracted into DCM and the comdiorganic extracts
were evaporated under reduced pressure. The residsepurified over silica gel

(hexane/EtOAc 5:1) to yiel®61) as a colourless oil (96 mg, 50%).

Rt 0.40 Hexane/EtOAc (5:1Jp]°% +93.9 (¢ 3, CHG); Vmax(film)/cm™ 3029,
2936, 2797, 1696, 1495, 1425, 1354, 1256, 11509,1088, 699;5 (300 MHz,
CDCl;) 7.20-7.33 (15 H, m, AH), 4.99-5.21 (2 H, m, PH&0), 4.48 (1 H, br d,
J=42.7 Hz, ®IN’), 3.89 (1 H, br s, BaHsN’), 3.54 (4 H, br s, % PhCH,N), 2.44-2.56
(2 H, m, G4:N), 2.35 (1 H, dt,J=3.0 Hz, J=13.1 Hz, CHHgN"), 1.77 (1 H, d,
J=11.1 Hz, GiaHg), 1.24-1.53 (4 H, m, % CH,), 0.85-0.99 (1 H, m, C'kHpg);
3¢ (75 MHz, CDC}) 155.6 CO.N), 139.6 (2x C, Ar), 137.0 fAr), 129.0 (4x C, Ar),
128.5 (2x C, Ar), 128.2 (6x C, Ar), 127.9 f\r), 126.9 (2x C, Ar), 67.0 (PICH;0), 58.7
(2 x PRCH;,N), 52.2 CH2N), 48.2 CHN"), 39.6 CH2N"), 26.0 (CHy), 25.3 CH,), 18.7
(CH,); m/z (+EI), found MH" 429.2534, GgH3aN,0, requires 429.2542 (-1.8 ppm).
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5.2.67 Piperidine-(2R)-methylamine dihydrochloride (267)

Pd(OH)Y/C (20% dry weight) (150 mg) was added to a sofutid benzyl(2R)-
((dibenzylamino)methyl)piperidine-1-carboxylate26() (500 mg, 1.2 mmol) in
methanol (30 crl). The mixture was stirred for 2 days in an auteelat room
temperature underH20 bars). The black suspension was then filtered Celite and
1 M HCI in EtO (4 cnf) was added to the filtrate. Solvents were remowader
reduced pressure and the crude product was reatliysti from methanol/diethyl ether
to yield piperidine@2R)}methylamine dihydrochloride267) (164 mg, 75%) as a

colourless crystalline solid.

Mp: 213-215 °C (from MeOH/EOD), lit** 240-242 °C (from MeOH/EO, (S}
enantiomer); [a]®, +2.3 (¢ 1.4, MeOH), it [a]*% -5.7 (c 0.42, MeOH,(S)
enantiomer); Eound: C, 38.86; H, 8.31; N, 14.66 %l@:6N.Cl, requires C, 38.51; H,
8.62; N, 14.97 %)Vma(KBr plate)/cm® 3416, 2955 (br), 2842 (br), 1584, 1514, 1484,
1476, 1440, 1407, 1133, 1022, 10@8; (300 MHz, CROD) 4.77 (5 H, s, 5 NH),
3.38-3.48 (1 H, m, BN), 3.34-3.42 (1 H, m, BaHeN), 3.28 (1 H, ddJ=5.8 Hz,
J=13.6 Hz, ®GaHeN"), 3.14 (1 H, ddJ=6.5 Hz,J=13.6 Hz, CHHgN’), 3.00 (1 H, dt,
J=3.3 Hz,J=12.5 Hz, CHHgN), 1.46-2.04 (6 H, m, & CH,); &c (75 MHz, CROD);
55.8 CHN), 46.5 CHN), 42.9 CH.N’), 27.8 (CH.), 23.3 CHy), 23.0 CHy);

m/z (+Cl), found (M-HC}): 115.1236, GH1sN, requires 115.1235 (+0.4 ppm).

25¢



Chapter 5

5.3 References

10

11

12

13

14

15

16

17

18

19

S. Mennerick, Y. He, X. Jiang, B. D. Manion, M. WgrA. Shute, A. Benz, A.
S. Evers, D. F. Covey, and C. F. Zorum3¥pl. Pharmacol. 2004,65, 1191-
1197.

D. F. Hook, F. Gessier, C. Noti, P. Kast, and Del&deh,ChemBioChemn2004,
5, 691-706.

G. M. Nicholas and T. F. Molinskl. Am. Chem. Sq2000,122 4011-4019.

N. S. Chandrakumar, P. K. Yonan, A. Stapelfeld,9dvage, E. Rorbacher, P.
C. Contreras, and D. Hammord,Med. Chem1992,35, 223-233.

M. Hudlicky, J. Org. Chem.1980,45, 5377-5379.

A. Gaucher, L. Dutot, O. Barbeau, W. Hamchaoui, Wakselman, and J.-P.
Mazaleyrat,Tetrahedron: Asymmetr005,16, 857-864.

R. J. Cox and P. S. H. Wanhg,Chem. Soc., Perkin Trans.2001, 2022-2034.
D. Coleman,). Chem. Sogl1951, 2294-2295.

D. Gani, D. W. Young, D. M. Carr, J. P. Poyser, and. SadlerJ. Chem. Soc.,
Perkin Trans. 11983, 2811-2814.

M. Marastoni, M. Bazzaro, F. Bortolotti, and R. Tatis, Bioorg. Med. Chem.
2003,11, 2477-24883.

P. GmeinerArch. Pharm. (Weinheim, Ger991,324 551-557.

P. Gmeiner, D. Junge, and A. KaertnkrQrg. Chem.1994,59, 6766-6776.

P. O'Brien, H. R. Powell, P. R. Raithby, and S. WayJ. Chem. Soc., Perkin
Trans. 11997, 1031-1039.

R. V. Hoffman and J. Tad, Org. Chem.1997,62, 2292-2297.

J. Schwerdtfeger, S. Kolczewski, B. Weber, R. Robhl and D. Hoppe,
Synthesis1999, 1573-1592.

C. Ye and J. n. M. Shreev&,Fluorine Chem.2004,125 1869-1872.

R. P. Singh and J. n. M. ShreeveFluorine Chem.2002,116, 23-26.

C. Evans, R. McCague, S. M. Roberts, and A. G. S8lghd,J. Chem. Soc.,
Perkin Trans. 11991, 656-657.

J. C. Jagt and A. M. Van Leuseh,0rg. Chem.1974,39, 564-566.



Chapter 5

20

21

22

23

24

25

26

27

28

29

30

31

H. Nakano, K. lwasa, Y. Okuyama, and H. Hongefrahedron: Asymmetry
1996,7, 2381-2386.

R. D. Allan, G. A. R. Johnston, and B. Twitchikuyst. J. Chem1979,32, 2517-
2521.

R. Chenevert and R. Martimetrahedron: Asymmetnt992,3, 199-200.

H. Berger, H. Paul, and G. Hilgetaghem. Ber.1968,101, 1525-1531.

R. D. Allan and B. TwitchinAust. J. Chem1980,33, 599-604.

J.-B. Behr, C. Cheuvrier, A. Defoin, C. Tarnus, dndtreith,Tetrahedron 2003,
59, 543-553.

A. Defoin, J. Pires, and J. Streithelv. Chim. Acta1991,74, 1653-1670.

B. T. Shireman, M. J. Miller, M. Jonas, and O. Wids Org. Chem.2001,66,
6046-6056.

R. Castagnani, F. De Angelis, E. De Fusco, F. Giasin D. Misiti, D. Meloni,
and M. O. TintiJ. Org. Chem.1995,60, 8318-8319.

I. Bernabei, R. Castagnani, F. De Angelis, P. D& B&alfaro, F. Giannessi, D.
Misiti, S. Muck, N. Scafetta, and M. O. Tin#h\ngew. Chem., Int. Ed. Engl.
1994,33, 2076-2078.

M. G. Banwell, M. J. Coster, M. J. Harvey, and brkksJ. Org. Chem.2003,
68, 613-616.

O. Froelich, P. Desos, M. Bonin, J.-C. Quirion, M.Husson, and J. Zhd,
Org. Chem.1996,61, 6700-6705.

26C



Chapter 5

5.4 Crystallographic data

54.1  (3a,50)-17-Phenylandrost-16-en-3-ol (87)

Table 1. Crystal data and structure refinemengéth?2.

Identification code gddh2

Empirical formula C25H340

Formula weight 350.52

Temperature 93(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions a=14.011(3) A a=90°.
b = 6.6880(9) A = 97.499(5)°.
c=21.436(4) A y =90°.

Volume 1991.5(6) A

z 4

Density (calculated) 1.169 MghAn

Absorption coefficient 0.069 mn

F(000) 768

Crystal size 0.2000 x 0.1000 x 0.0200 fnm

Theta range for data collection 1.85 to 25.34°.

Index ranges -16<=h<=15, -6<=k<=7, -25<=I<=19

Reflections collected 12835

Independent reflections 6604 [R(int) = 0.0512]

Completeness to theta = 25.34° 98.7 %

Absorption correction Multiscan

Max. and min. transmission 1.0000 and 0.2034

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 6604 /3 /479

Goodness-of-fit on ¥ 0.966

Final R indices [I>2sigma(l)] R1 = 0.0645, wR2 4495

R indices (all data) R1 =0.0921, wR2 = 0.1694

Absolute structure parameter 1(2)

Extinction coefficient 0.012(2)

Largest diff. peak and hole 0.280 and -0.267%.A
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5.4.2 2B-(4-Morpholinyl)-(3 a,5a,17B)-17-(p-methoxyphenyl)androstane-3,17-

diol (121)

Table 1. Crystal data and structure refinemengéith3.

Identification code gddh3

Empirical formula C30H43 N O3

Formula weight 465.65

Temperature 93(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(2)2(2)

Unit cell dimensions a=6.2862(5) A a=90°.
b = 12.3500(9) A B=90°.
c=32.739(2) A y =90°.

Volume 2541.7(3) A

z 4

Density (calculated) 1.217 Mghm

Absorption coefficient 0.077 mn

F(000) 1016

Crystal size 0.150 x 0.030 x 0.010 fm

Theta range for data collection 2.07 to 25.34°.

Index ranges -7<=h<=6, -14<=k<=8, -39<=I<=39

Reflections collected 18475

Independent reflections 4392 [R(int) = 0.0281]

Completeness to theta = 25.34° 95.5%

Absorption correction Multiscan

Max. and min. transmission 1.0000 and 0.9310

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 4392 /1/314

Goodness-of-fit on F 1.112

Final R indices [I>2sigma(l)] R1 =0.0356, wR2 91073

R indices (all data) R1 = 0.0396, wR2 = 0.0794

Absolute structure parameter 0.8(11)

Extinction coefficient 0.0022(13)

Largest diff. peak and hole 0.173 and -0.155%.A
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5.4.3 (2R)-Fluoro-3-phenylpropan-1-amine hydrochloride (190)

Table 1. Crystal data and structure refinemengéith6.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)

Absorption coefficient

F(000)
Crystal size

Theta range for data collection

Index ranges
Reflections collected

Independent reflections
Completeness to theta = 68.08°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on ¥

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

gddh6
C9H13CIFN
189.65
173(2) K
1.54178 A
Orthorhombic
P2(1)2(1)2(1)
a=4.522(6) A
b = 5.804(6) A
c=37.62(2) A
987.3(18) A
4
1.276 MgAn
3.131 min
400
0.1500 x 0.1000 x 0.0300 fnm
4.70 to 68.08°.
-5<=h<=5, -6<=k<=6, -44<=|<=45
10441
1699 [R(int) = 0.0525]
96.2 %
Multiscan
1.0000 and 0.5730
Full-matrix least-squares &n F
1699/3/122
1.097
R1=0.0333, wR2 9917
R1=0.0401, wR2 = 0.1098
0.04(2)
0.255 and -0.409%.A

o= 90°.
B=90°.
y=190°.

Table 2. Torsion angles [°] for gddh6.

C(6)-C(1)-C(2)-C(3)
C(7)-C(1)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(1)
C(2)-C(1)-C(6)-C(5)
C(7)-C(1)-C(6)-C(5)

0.6(4) C(2)-C(1)-C(7)-C(8) 76.2(3)
-178.1(3) C(6)-C(1)-C(7)-C(8) -102.4(3)
-0.3(4) C(1)-C(7)-C(8)-F(8) 62.0(3)
-0.1(4) C(1)-C(7)-C(8)-C(9) -178.3(2)
0.2(4) F(8)-C(8)-C(9)-N(9) -62.9(2)
0.1(4) C(7)-C(8)-C(9)-N(9) 176.4(2)
-0.5(4)
178.2(2)
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5.4.4  tert-Butyl-(2R)-fluoro-3-phenylpropylcarbamate (191)

Table 1. Crystal data and structure refinemengéth5.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [I>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

gddh5

C14H20F N 02

253.31

173(2) K

1.54178 A

Monoclinic

P2(1)

a=5.2329(8) A a=90°.
b =8.9769(14) A
c=14.679(2) A y=90°.
689.53(18) A
2

1.220 MgAn

0.740 min

272

0.200 x 0.200 x 0.200 fhm

3.01 to 44.82°.

-4<=h<=4, -8<=k<=8, -13<=I<=13

3099
1010 [R(int) = 0.0318]
66.2 %
Multiscan
1.0000 and 0.4133
Full-matrix least-squares &n F
1010/2/169
1.091
R1 =0.0262, wR2 9651
R1 =0.0262, wR2 = 0.0651
-0.03(17)
0.053(9)
0.080 and -0.078%.A

Table 2. Torsion angles [°] for gddh5.

B=90.272(4)".

C(6)-C(1)-C(2)-C(3) 0.6(4) F(8)-C(8)-C(9)-N(9)
C(7)-C(1)-C(2)-C(3) -177.35(19) C(7)-C(8)-C(9)-N(9)
C(1)-C(2)-C(3)-C(4) 0.0(4) C(8)-C(9)-N(9)-C(10)
C(2)-C(3)-C(4)-C(5) -1.2(4) C(9)-N(9)-C(10)-0(10)
C(3)-C(4)-C(5)-C(6) 1.8(4) C(9)-N(9)-C(10)-O(11)
C(2)-C(1)-C(6)-C(5) 0.1(3) 0(10)-C(10)-0(11)-C(11)
C(7)-C(1)-C(6)-C(5) 177.9(2) N(9)-C(10)-O(11)-C(11)
C(4)-C(5)-C(6)-C(1) -1.3(4) C(10)-O(11)-C(11)-C(14)
C(6)-C(1)-C(7)-C(8) -99.4(2) C(10)-0(11)-C(11)-C(12)
C(2)-C(1)-C(7)-C(8) 78.4(3) C(10)-0(11)-C(11)-C(13)
C(1)-C(7)-C(8)-F(8) 61.2(2)

C(1)-C(7)-C(8)-C(9) -178.92(17)

-66.8(2)
173.53(18)
-130.9(2)
1.0(3)
179.92(17)
-1.9(3)
179.20(16)
-177.97(16)
64.8(2)
-60.0(2)
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545 tert-Butyl-(2S)-fluoro-3-phenylpropylcarbamate (192)

Table 1. Crystal data and structure refinemengéath4.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume
z
Density (calculated)

Absorption coefficient

F(000)
Crystal size

Theta range for data collection

Index ranges
Reflections collected

Independent reflections

gddh4

C14H20 FN O2

253.31

173(2) K

1.54178 A

Monoclinic

P2(1)

a=5.2346(9) A a=90°.
b = 8.9661(15) A B= 90.445(5)°.
c=14.681(3) A y=90°.
689.0(2) A
2

1.221 Mghnm

0.740 mwn

272

0.300 x 0.300 x 0.030 fim

8.47 to 44.70°.
-4<=h<=4, -8<=k<=8, -13<=I<=13
3190
1041 [R(int) = 0.0464]

Completeness to theta = 25.00° 84.8 %

Absorption correction Multiscan

Max. and min. transmission 1.0000 and 0.2371
Refinement method Full-matrix least-squares &n F
Data / restraints / parameters 1041/2/169
Goodness-of-fit on 1.058

Final R indices [I>2sigma(l)] R1 =0.0337, wR2 ©821

R indices (all data) R1 = 0.0338, wR2 = 0.0822
Absolute structure parameter 0.0(2)

Extinction coefficient 0.029(5)

Largest diff. peak and hole 0.108 and -0.121%.A

Table 2. Torsion angles [°] for gddh4.

C(6)-C(1)-C(2)-C(3) -0.7(4) C(1)-C(7)-C(8)-C(9)
C(7)-C(1)-C(2)-C(3) 177.5(2) F(8)-C(8)-C(9)-N(9)
C(1)-C(2)-C(3)-C(4) 0.3(5) C(7)-C(8)-C(9)-N(9)

C(2)-C(3)-C(4)-C(5) 0.7(5) C(8)-C(9)-N(9)-C(10)
C(3)-C(4)-C(5)-C(6) -1.1(5) C(9)-N(9)-C(10)-0(10)
C(4)-C(5)-C(6)-C(1) 0.7(5) C(9)-N(9)-C(10)-O(11)
C(2)-C(1)-C(6)-C(5) 0.3(4) 0(10)-C(10)-0(11)-C(11)
C(7)-C(1)-C(6)-C(5) -178.0(2) N(9)-C(10)-O(11)-C(11)
C(6)-C(1)-C(7)-C(8) 99.8(3) C(10)-0(11)-C(11)-C(12)
C(2)-C(1)-C(7)-C(8) -78.4(3) C(10)-0(11)-C(11)-C(13)
C(1)-C(7)-C(8)-F(8) -61.0(3) C(10)-0(11)-C(11)-C(14)

178.9(2)
66.4(3)
-173.9(2)
131.4(3)
-1.5(4)
-179.8(2)
2.2(4)
-179.5(2)
-65.0(3)
60.0(3)
177.8(2)
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5.4.6 (3R)-Fluoro-4-aminobutyric acid hydrochloride (123)

Table 1. Crystal data and structure refinemengéith8.

Identification code gddh8

Empirical formula C4H9CIFNO2

Formula weight 157.57

Temperature 173(2) K

Wavelength 1.54178 A

Crystal system Orthorhombic

Space group P2(1)2(2)2(2)

Unit cell dimensions a=5.3327(5) A a=90°.
b = 10.1855(10) A B=90°.
¢ =13.0250(13) A y =90°.

Volume 707.47(12) A

z 4

Density (calculated) 1.479 Mghm

Absorption coefficient 4.458 min

F(000) 328

Crystal size 0.100 x 0.100 x 0.020 fhm

Theta range for data collection 6.80 to 44.70°.

Index ranges -4<=h<=4, -9<=k<=9, -11<=I<=11

Reflections collected 3269

Independent reflections 533 [R(int) = 0.0369]

Completeness to theta = 25.00° 82.8%

Absorption correction Multiscan

Max. and min. transmission 1.0000 and 0.1973

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 533/4/100

Goodness-of-fit on F 1.072

Final R indices [I>2sigma(l)] R1 =0.0189, wR2 9430

R indices (all data) R1 =0.0189, wR2 = 0.0480

Absolute structure parameter 0.009(17)

Extinction coefficient 0.0121(16)

Largest diff. peak and hole 0.085 and -0.091%.A

Table 2. Torsion angles [°] for gddh8.

0(1)-C(1)-C(2)-C(3) 174.3(2)
0(2)-C(1)-C(2)-C(3) -5.7(3)

C(1)-C(2)-C(3)-F(3) 172.4(2)
C(1)-C(2)-C(3)-C(4) -70.3(3)
F(3)-C(3)-C(4)-N(5) -56.0(3)
C(2)-C(3)-C(4)-N(5) -173.8(2)
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5.4.7 (3S)-Fluoro-4-aminobutyric acid hydrochloride (124)

Table 1. Crystal data and structure refinemengéath15.

Identification code gddh15

Empirical formula C4H9CIFNO2

Formula weight 157.57

Temperature 93(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group P2(1)2(2)2(2)

Unit cell dimensions a=5.4219(6) A a=90°.
b = 8.5384(10) A B=90°.
¢ =15.4796(19) A y =90°.

Volume 716.62(15) A

z 4

Density (calculated) 1.460 MgAm

Absorption coefficient 0.483 mn

F(000) 328

Crystal size 0.200 x 0.030 x 0.030 fm

Theta range for data collection 3.98 to 25.35°.

Index ranges -6<=h<=6, -10<=k<=10, -18<=I<=18

Reflections collected 6233

Independent reflections 1252 [R(int) = 0.0395]

Completeness to theta = 25.00° 95.7 %

Absorption correction Multiscan

Max. and min. transmission 1.0000 and 0.5768

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 1252/4/99

Goodness-of-fit on F 1.048

Final R indices [I>2sigma(l)] R1 =0.0198, wR2 96469

R indices (all data) R1 = 0.0206, wR2 = 0.0473

Absolute structure parameter 0.07(6)

Largest diff. peak and hole 0.157 and -0.157%.A

Table 2. Torsion angles [°] for gddh15.

0(1)-C(1)-C(2)-C(3) 142.93(14)
0(2)-C(1)-C(2)-C(3) -37.65(18)
C(1)-C(2)-C(3)-F(3) -52.84(16)
C(1)-C(2)-C(3)-C(4) -170.51(13)
F(3)-C(3)-C(4)-N(5) 64.81(14)

C(2)-C(3)-C(4)-N(5) -176.80(12)
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5.4.8 N N!N°NC-Tetrabenzyl-(2R)-fluorohexane-1,6-diamine (247)

cuAy - CIBA)

Table 1. Crystal data and structure refinemenGbDDH12.

Identification code gddh12

Empirical formula C34 H39 F N2

Formula weight 494.67

Temperature 93(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=5.6765(11) A a= 104.607(11)°.
b = 9.5940(18) A B=90.735(12)°.
¢ =13.544(2) A y=90.574(13)°.

Volume 713.6(2) A

z 1

Density (calculated) 1.151 MghAm

Absorption coefficient 0.071 mtn

F(000) 266

Crystal size 0.200 x 0.050 x 0.020 rhm

Theta range for data collection 2.99 to 25.34°.

Index ranges -6<=h<=6, -11<=k<=11, -16<=I<=13

Reflections collected 6233

Independent reflections 2446 [R(int) = 0.0704]

Completeness to theta = 25.00° 94.8 %

Absorption correction Multiscan

Max. and min. transmission 1.0000 and 0.1867

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 2446 /0/ 174

Goodness-of-fit on F 2.060

Final R indices [I>2sigma(l)] R1 =0.1580, wR2 4044

R indices (all data) R1=0.1674, wR2 = 0.4495

Extinction coefficient 0.8(2)

Largest diff. peak and hole 1.450 and -0.473%.A

26¢
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5.4.9

Benzyl 6-(dibenzylamino){5R)-fluorohexylcarbamate (259)

Table 1. Crystal data and structure refinemengéath13.

Identification code gddh13

Empirical formula C28 H33 F N2 02
Formula weight 448.56
Temperature 93(2) K
Wavelength 0.71073 A
Crystal system Monoclinic
Space group P2(1)

Unit cell dimensions a=12.536(4) A
b =5.0626(13) A

¢ =19.426(6) A

Volume 1209.2(6) A
Z 2

Density (calculated) 1.232 MghAnm
Absorption coefficient 0.082 mn
F(000) 480

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

1.07 to 25.36°.
6860
97.1 %

Multiscan

3755/2/304
1.048

1.3(19)
0.018(3)

3755 [R(int) = 0.0465]

1.0000 and 0.5079
Full-matrix least-squares &n F

0.244 and -0.262%.A

C(23)

ceon 22

a= 90°.
B= 101.254(17)°.
y=90°

0.1000 x 0.0300 x 0.0300 fm

-15<=h<=12, -6<=k<=5, -21<=I<=23

R1=0.0661, wR2 4819
R1=0.1147, wR2 = 0.1626
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5.4.10 (2R)-Fluorohexane-1,6-diamine dihydrochloride (248)

Table 1. Crystal data and structure refinemenGbDH14.

Identification code gddh14

Empirical formula C6 H17 CI2 F N2

Formula weight 207.12

Temperature 93(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)

Unit cell dimensions a=9.0111(12) A a= 90°.
b =5.7519(7) A B=108.070(6)°.
¢ =10.1529(13) A y =90°.

Volume 500.28(11) A

Z 2

Density (calculated) 1.375 MgAnm

Absorption coefficient 0.610 mtn

F(000) 220

Crystal size 0.100 x 0.100 x 0.030 fm

Theta range for data collection 2.64 to 25.34°.

Index ranges -10<=h<=10, -6<=k<=5, -12<=|<=12

Reflections collected 4502

Independent reflections 1487 [R(int) = 0.0503]

Completeness to theta = 25.00° 96.1 %

Absorption correction Multiscan

Max. and min. transmission 1.0000 and 0.3506

Refinement method Full-matrix least-squares &n F

Data / restraints / parameters 1487 /7 /119

Goodness-of-fit on F 1.062

Final R indices [I>2sigma(l)] R1=0.0472, wR2 4238

R indices (all data) R1 =0.0475, wR2 = 0.1293

Absolute structure parameter 0.01(14)

Largest diff. peak and hole 0.805 and -0.439%.A

Table 2. Torsion angles [°] for GDDH14.

N(1)-C(1)-C(2)-F(2) 62.7(4)
N(1)-C(1)-C(2)-C(3) 176.0(3)
F(2)-C(2)-C(3)-C(4) 165.0(2)
C(1)-C(2)-C(3)-C(4) -75.0(4)
C(2)-C(3)-C(4)-C(5) -177.1(3)
C(3)-C(4)-C(5)-C(6) 70.5(5)

C(4)-C(5)-C(6)-N(7) -169.9(4)

27C
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5.4.11 Piperidine-(2R)-methylamine dihydrochloride (267)

Table 1. Crystal data and structure refinemengétath11.

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)
Absorption coefficient

F(000)
Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections

gddhi11

C6 H16 CI2 N2

187.11

93(2) K

0.71073 A

Monoclinic

P2(1)

a=7.036(2) A a=90°.
b=9.112(2) A B=106.010(7)°.
c=7.702(2) A y =90°.
474.6(2) A
2

1.309 MgAn

0.621 min

200

0.1000 x 0.1000 x 0.0200 fnm

2.75 to 25.35°.
-8<=h<=8, -10<=k<=10, -9<=I<=6
3060
1638 [R(int) = 0.0170]

Completeness to theta = 25.00° 98.4 %

Absorption correction
Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F
Final R indices [I>2sigma(l)]

R indices (all data)

Multiscan
1.0000 and 0.8985
Full-matrix least-squares &n F
1638/6/112
1.053
R1 =0.0194, wR2 9415
R1 =0.0202, wR2 = 0.0418

Absolute structure parameter 0.00(5)

Largest diff. peak and hole

0.156 and -0.137%.A

Table 2. Torsion angles [°] for gddh11.

N(1)-C(1)-C(2)-N(3)
N(1)-C(1)-C(2)-C(7)
C(7)-C(2)-N(3)-C(4)
C(1)-C(2)-N(3)-C(4)
C(2)-N(3)-C(4)-C(5)
N(3)-C(4)-C(5)-C(6)
C(4)-C(5)-C(6)-C(7)
N(3)-C(2)-C(7)-C(6)
C(1)-C(2)-C(7)-C(6)
C(5)-C(6)-C(7)-C(2)

177.21(12)
56.30(19)
-59.60(17)
176.26(13)
59.86(16)
-56.94(17)
54.74(18)
56.29(19)
175.37(12)
-54.60(1

271






