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Abstract
This thesis examines the synthesis of α-fluoro-β-amino acids, and the influence of the
constituent fluorine on the conformation and biological properties of β-peptide derivatives.

Chapter One discusses the unique properties of the C-F bond, and applications of fluorine
substitution in organic and medicinal chemistry.

This is followed by a review of

fluorinated analogues of α-amino acids, and how their incorporation into α-peptides has
resulted in profound modifications, such as enhanced thermal and chemical stability,
increased affinity for lipid bilayers, stronger self-association and improved biological
activity.
Experimental and theoretical data indicate two conformational effects associated with
fluoroamides: the F-C-C(O)-N(H) moiety in α-fluoroamides adopts an antiperiplanar
conformation, and in N-β-fluoroethylamides a gauche conformation between the vicinal CF and C-N(CO) bonds is favoured. Chapter Two details the synthesis of a series of
fluorinated β-peptides (2.13-2.24) designed to investigate the use of these stereoelectronic
effects to control the conformation of β-peptide bonds. X-ray crystal structures were
obtained for seven of these compounds and revealed the compounds had the expected
conformations: when fluorine was positioned β to a nitrogen a gauche conformation was
observed, and when fluorine was positioned α to a C=O group the structure adopted an
antiperiplanar conformation. Thus, the strategic placement of fluorine can control the
conformation of β-peptide bonds, and hence could be used to direct the secondary
structures of β-peptides. The chapter is prefaced by an introduction to β-amino acids and
the secondary structures of β-peptides.

Chapter Three outlines the stereoselective synthesis of a series of α-fluorinated-β-amino
acids. The synthesis of α-fluoro-β3-amino acids was achieved via direct fluorination of β3amino acids with LDA and NFSI. The fluorination of N-Boc-protected β3homophenylalanine, β3-homoleucine, β3-homovaline and β3-homoalanine all proceeded
with good diastereomeric excesses (> 85 % de). However, the fluorination of N-Bocprotected β3-homophenylglycine occurred with a lower diastereomeric excess of 66%.
Replacement of the Boc amine protecting group of β3-homophenylglycine with Cbz and Bz
groups did not alter the stereoselectivity of the fluorination reaction, and substitution with
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an acetyl amine protecting group reduced the diastereomeric excess to 26%.

The

2

stereoselective synthesis of an α-fluoro-β -homophenylalanine from 3-phenylpropanoic
acid is also detailed. Conversion of the acid to the Evan's oxazolidinone followed by
enantioselective fluorination and alkylation in high diastereomeric excess, and subsequent
amination gave the α-fluorinated β2-amino acid.

Chapter Four describes the enzyme assays carried out to assess the inhibitory activity of αfluoro-β-amino acids, and the analogous non-fluorinated β-amino acids, against αchymotrypsin. Both fluorinated and non-fluorinated β-amino acid derivatives were found
to be competitive inhibitors of α-chymotrypsin, with Ki values in the low millimolar range.
The fluorinated β2-homophenylalanine and β3-homophenylglycine derivatives (2.35, 3.26a,
3.43a and 3.44) were found to be more active against α-chymotrypsin than their nonfluorinated analogues (5.27, 3.24, 3.40 and 3.41), whereas the fluorinated β3homophenylalanine methyl ester (2S,3S)-2.49 was inactive against α-chymotrypsin
although the corresponding non-fluorinated derivative (S)-3.28 was a potent inhibitor.

In Chapter Five a series of N-succinyl-β-amino acids-p-nitroanilides (5.8-5.13), containing
both fluorinated and non-fluorinated β-amino acids, were designed and synthesised as
possible substrates of α-chymotrypsin. β-Peptides are stable towards proteolytic hydrolysis,
but the introduction of fluorine at the α-position in a β-amino acid was proposed to
increase the activity of the adjacent amide bond, and thus make the β-peptide more
susceptible to protease cleavage. However, the incorporation of fluorine had no influence
on the proteolytic stability of compounds 5.8-5.13 as they were all found to be stable
towards hydrolysis by α-chymotrypsin. Compounds 5.8, 5.9 and 5.13 were established as
reversible competitive inhibitors of α-chymotrypsin

Chapter Six is an experimental chapter and outlines the synthesis, purification and
characterisation of the compounds prepared in this thesis.
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Abbreviations
α

(1)

designates an amino acid of the general structure

NH2CR2CO2H
(2)

designates the first carbon that attaches to a functional

group (in amino acids it refers to the backbone carbon attached to
the carbonyl carbon)
β

(1)

designates an amino acid of the general structure

NH2CR2CR2CO2H
(2)

designates the second carbon that attaches to a functional

group (in amino acids it refers to the second backbone carbon
attached to the carbonyl carbon)
δ

chemical shift (in NMR)

Ac

acetyl

Ala

Alanine

Ar

aryl

Bn

benzyl

Boc

tert-butoxycarbonyl

br s

broad singlet (in NMR)

Cbz

benzyloxycarbonyl

COSY

correlation spectroscopy

d

doublet (in NMR)

DAST

(diethylamino)sulphur trifluoride

DCM

dichloromethane

dd

doublet of doublets (in NMR)

de

diastereomeric excess

DIPEA

N,N-diisopropylethylamine

DMAP

4-(dimethylamino)pyridine

DMF

N,N-dimethylformamide

DMSO

dimethylsulfoxide

EDCI

1-[3-(dimethlamino)propyl]-3-carbodiimide hydrochloride

equiv

equivalent(s)

Et3N

triethylamine

Abbreviations

VI

EtOAc

ethyl acetate

Et2O

diethyl ether

Gly

Glycine

h

hour(s)

HATU

N,N,N',N'-tetramethyl-O-(7-azabenzotriazol-1-yl)uronium
hexafluorophosphate

HOAt

N-hydroxy-7-azobenzotriazole

HRMS

high resolution mass spectroscopy

HSQC

Heteronuclear Single Quantum Coherence (in NMR)

Hz

hertz (in NMR)

IR

infrared

J

coupling constant (in NMR)

LDA

lithium diisopropylamide

Leu

Leucine

m

multiplet (in NMR)

Me

methyl

min(s)

minute(s)

mp

melting point

n-BuLi

n-butyllithium

NFOBS

N-fluoro-o-benzene-disulfonimide

NFSI

N-fluorobenzenesulfonimide

NMR

nuclear magnetic resonance

Pet ether

petroleum ether (50-70o C)

Pd/C

palladium on carbon catalyst

Ph

phenyl

Phe

phenylalanine

Phg

phenylglycine

p-NA

para-nitroaniline

ppm

parts per million

q

quartet (in NMR)

Ref.

reference

rt

room temperature

s

singlet (in NMR)

sat.

saturated

Abbreviations

VII

Suc

succinyl

t

triplet (in NMR)

TFA

trifluoroacetic acid

THF

tetrahydrofuran

TLC

thin layer chromatography

Tris

Tris(hydroxymethyl)aminoethane

Ts

tosyl

Val

Valine

v/v

volume per volume
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1.1 Fluorine in Organic Chemistry
Fluorine is one of the most abundant elements on earth, yet it occurs very rarely in
biological molecules. In the 1970’s safe and selective fluorinating agents were
introduced, leading to widespread synthesis of fluorinated compounds.1 An extensive
variety of fluorinating agents are available today from commercial suppliers. Examples
include diethylaminosulfur trifluoride (DAST) and bis(2-methoxyethyl)aminosulfur
trifluoride (Deoxofluor); which are used to transform alcohols to monofluorides and
carbonyls into gem-difluorides. 1-Chloromethyl-4-fluorodiazoniabicyclo [2.2.2]octane
bis(tetrafluoroborate)

(Selectfluor)

and

N-fluorobenzene-sulfonimide

(NFSI)

are

examples of electrophilic fluorinating reagents.

SF 3
N

SF3
N

O

Cl
N+
N+

O

2BF4

F
DAST

Deoxofluor

-

F
N

S
S
O OO O

Selectfluor

NFSI

Figure 1.1 Examples of safe and selective fluorination agents.

Fluorine is a small atom with a van der Waals radius of 1.47 Å. Covalently bound
fluorine occupies a smaller volume than methyl, amino, or hydroxyl groups [van der
Waals radii/Å: C(1.70), N(1.55), O(1.52)], but it is larger than a hydrogen atom (van der
Waals radius of 1.2 Å).

2, 3

The Pauling scale assigns fluorine an electronegativity value

of χ = 4, the highest in the periodic table.4 This high electronegativity leads to
polarization of the C-F bond with electron density substantially localised on fluorine to
make the bond less covalent and more electrostatic in character. This ionic nature gives
rise to a large dipole moment (µ) which plays a significant role in determining the
conformational behaviour of organofluorine compounds, and also results in the
hydrophobic character of the C-F bond, termed polar hydrophobicity.5, 6
The C-F bond is one of the strongest in organic chemistry (105.4 kcal mol-1) and this is
attributed to the electrostatic attraction between Fδ- and Cδ+, rather than the more classical
electron sharing of a covalent bond.
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1.2 Stereoelectronic effects associated with the C-F bond
The high polarisation of the C-F bond generates a low lying σ*C-F anti-bonding orbital.
Electron density in the form of stereoelectronically aligned electron rich bonds (e.g. C-H
and π), oxygen/nitrogen lone pairs or nucleophiles can be accommodated by the σ*C-F
orbital to stabilise conformations, intermediates or transition states.7

The gauche effect
The lowest energy conformation of 1,2-difluoroethane has a gauche rather than an
antiperiplanar conformation between the two vicinal fluorine atoms (Figure 1.2). Various
gas phase calculations and experimental observations support a gauche preference of
about 0.5-0.9 kcal mol-1.8, 9 This preference was not predicted since repulsion between the
two fluorine atoms would be expected to favour an antiperiplanar conformation.
However, the repulsion is overridden by other stabilising effects,

presumably due to

hyperconjugation.*

F

H

H

H

F

σCH

σ∗CF
H

H

F
H

F
H

F
H

H

Figure 1.2 1,2-Difluoroethane prefers a gauche over an anti conformation.

Hyperconjugation theory predicts the gauche conformer to have two stabilising σ*C-H • • •
σ*C-F interactions. Maximum overlap of these two orbitals occurs when the two fluorine
substituents are gauche to each other. In the antiperiplanar conformer hyperconjugation
cannot occur as an electron deficient C-F bond is anti to the σ*C-F orbital.7 Thus, the
gauche conformer is favoured.

An alternative theory proposed to explain the gauche effect is based on a bent bond
model devised by Wiberg.11, 12 A bent bond is described as the angular deviation of the
two natural hybrid atomic orbitals, from which the bond is composed, from the centreline
*

Hyperconjugation is a stabilising interaction that results from resonance delocalization of σ-bond electrons
with an adjacent unfilled non-bonding or antibonding orbital.10
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of the bond.13 The highly electronegative fluorine atom bends the electron rich C-C bond,
with different degrees and with different senses in the two conformers. The C-C bond
paths are bent in opposite directions in the antiperiplanar form, whereas in the gauche
conformer they are bent in the same direction (Figure 1.3). Thus, a greater overlap of
orbitals occurs in the gauche conformer, resulting in it being the favoured conformation.

F
C

F

F

C

C

C

F

Figure 1.3 Wiberg's bent bond analysis to rationalise the gauche effect in 1,2-difluoroethane (the dashed
lines represent the C-C bond paths).

Hyperconjugation is believed to contribute more than the bent bond theory in
rationalising the gauche preference in 1,2-difluoroethane.13

The gauche effect is evident in other molecules that contain two vicinal electronegative
substituents. O’Hagan and colleagues have shown that the fluorine–amide gauche effect
in N-β-fluoroethylamides is especially strong (Figure 1.4).14,

15

The C–N bond in N-β-

fluoroethylamides is vicinal to a C–F bond, and is significantly polarised by the electron
withdrawing nature of the amide carbonyl.

A theoretical analysis of N-β-

fluoroethylamides revealed an energy difference of ~1.8 kcal mol-1 between the

antiperiplanar and gauche conformations of the C–N and C–F bonds.

H

O
R'

N
H

H

R
H
F

R

R'OCHN

H
F

Figure 1.4 Preferred conformation of N-β-fluoroethylamides.
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Dipole–dipole interactions
O
1.1

H
H

O
N
H

F

F

H

H H

trans 0.0 kcal mol -1

O
F

H

N
H

F

N
H Me H

trans 0.0 kcal mol -1

1.3

O
F
OMe

OMe
H H

F
trans 0.0 kcal mol -1

cis 4.5 kcal mol-1

O
1.4

H
H

O
F

Me

trans 0.0 kcal mol -1

cis 4.5 kcal mol-1
O

O
H
H

Me

H H

F

1.5

H

cis 8.0 kcal mol-1

O
H
H

H

cis 7.5 kcal mol -1

O
H
1.2 Me

N
H

F
H

H

H H

F
trans 0.0 kcal mol-1

cis 4.5 kcal mol-1

Figure 1.5 Calculated energy difference between the trans and cis conformers of selected α-fluoroacyl
species.(Reproduced from Ref. 7)

The highly ionic nature of the C–F bond gives rise to a large dipole moment which
influences the conformation of organofluorine compounds. For example, the αfluoroamides 1.1 and 1.2 have a very strong preference of 7.5-8.0 kcal mol-1 for the C-F
bond to lie antiperiplanar (trans) to the amide carbonyl. This preference is due to the
repulsion between the amide and C-F dipoles; in the antiperiplanar conformation the
amide and C-F dipoles oppose each other.15,
steadily from amides to esters 1.3,
progressively weaker dipoles.

17

16

This conformational preference reduces

ketones 1.4,18 and then aldehydes 1.5,19 which have

Chapter One
Møller/Plesset perturbation theory suggests that the enhanced stability of the
antiperiplanar conformation is due to a combination of hyperconjugation and
electrostatic effects.20 In compounds 1.3 and 1.5 it was proposed that hyperconjugation
between π(CH2F), the π-like orbital of the CH2F group, and π(CO), the π orbital of the
C=O, of which the carbon is electron deficient, helps stabilise the antiperiplanar
conformation (Figure 1.6). Electrostatic effects include repulsive interactions between the
charges on the F and O atoms, and the dipole-dipole interactions.

Figure 1.6 Schematic representation of hyperconjugation between π(CH2F) and π(CO) in 1.3 (R=OCH3)
and 1.5 (R=H) conformers. (Reproduced from Ref. 20)

6
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1.3 The use of fluorine in the development of pharmaceuticals
Fluorine-containing drugs were unknown prior to 1957. However, fluorinated drugs now
make up ~20% of all pharmaceuticals. 1 Top selling fluorinated pharmaceuticals include
the anti-depressant fluoxetine (Prozac), the cholesterol-lowering drug atorvastatin
(Lipitor), and the antibacterial ciprofloxacin (Ciprobay).

O

.

H
N

O

HCl

N
H

F 3C

OH
N

OH

.

COO
1/2 Ca2+

Prozac
F
Lipitor

O
F
N

.

HN
HCl

OH
N

Ciprobay

Figure 1.7 Major fluorinated drugs: the antidepressant Prozac, cholesterol-lowering drug Lipitor, and
quinolone antibiotic Ciprobay.

Fluorine is incorporated in a high percentage of pharmaceuticals due to its ability to alter
the physical, chemical and biological properties of a compound. A lead compound in drug
development may have the desired pharmacological activity, but could also have
undersirable side-effects, low bioavailability, and be metabolically unstable. The
incorporation of a fluorinated functionality can be used to rationally modify the lead
compound into a safer and more clinically effective agent. The substitution of hydrogen
with fluorine is one of the most common monovalent isosteric replacements as the C-F
bond is the most conservative replacement for the C-H bond based on steric grounds. 21, 22
The replacement of an oxygen atom with fluorine is a much more neutral change due to
similar electronegativities and size. The C-F and C-CF3 fragments can be introduced as a
substitute for the C=O bond, and C-F has also been used as a bioisostere of C-OH.5, 23-25

The following section illustrates how fluorine substitution has been used in the
development of pharmaceuticals from promising lead compounds.
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1.3.1 Metabolic stability
The C-F bond is one of the strongest covalent bonds in organic chemistry and
consequently is metabolically inert. The metabolic stability of the C-F bond is of
importance in drug development, particularly in lowering the susceptibility of compounds
to cytochrome P450 enzymatic oxidation. The metabolically labile site can be blocked by
a fluorine substituent, often without impairing the binding to the target protein.

The blocking of two metabolically labile sites with fluorine in the moderately potent lead
compound SCH48461 contributed to the discovery of SCH58235 (Ezetimibe), a very
potent oral cholesterol absorption inhibitor that has been approved by the U.S. Food and
Drug Administration.

26, 27

The fluorine atoms prevent oxidation of the phenyl ring to

phenol and dealkylation of the methoxy group.

OH

OMe
OH

N

F

O
SCH48461

OMe

N
O
Ezetimibe (SCH58235)

F

1.3.2 Lipophilicity
Fluorination usually increases the lipophilicity of a compound.3, 28 Lipophilicity is a key
molecular parameter in medicinal chemistry. Increased lipophilicity of a ligand can
enhance binding to its target protein through more favourable partitioning between the
polar aqueous solution and the less polar receptor site. An increase in lipophilicity can
also improve passive diffusion of the compound across membranes.

A measure of lipophilicity is the logD value, the logarithmic coefficient for distribution of
a compound between octanol and water at pH 7.4. Comparison of the logD values of 293
pairs of molecules found that a single H/F exchange raises the logD value by
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approximately 0.25 log units (Figure 1.8).3 An especially large increase in logD is seen
when fluorine is introduced near a basic nitrogen as the fluorine reduces the basicity of
the nitrogen through a σ-inductive effect.

Figure1.8 Histogram of change in logD observed upon substitution of a hydrogen atom by a fluorine atom.
On average logD is increased by roughly 0.25. (Reproduced from Ref. 3)

1.3.3 pKa
The high electronegativity of fluorine has a pronounced effect on the acidity and basicity
of neighbouring functional groups. The pKa of a molecule can shift by several log units
depending on the position of the fluorine substituent relative to the acidic or basic group.
For example, a fluorine atom will strongly reduce the basicity of a neighbouring amine
group through a σ-inductive effect, resulting in better membrane permeability and higher
bioavailability as shown for inhibitors of human 5-HTID (Figure 1.9).3,

29

The non-

fluorinated parent compound 1.6 is a very potent inhibitor of human 5-HTID but it has
very low bioavailability. The incorporation of a single fluorine led to compound 1.7,
which still binds to the target enzyme, but its lower pKa value means that it has
substantially increased bioavailability and greater oral absorption.

Chapter One
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N

N
N
H

N

1.6
IC50 = 0.3 nM
EC50 = 0.6 nM
pK a = 9.7
very low bioavailability

N

N
F
N
H

1.7
IC50 = 0.9 nM
EC50 = 0.9 nM
pK a = 8.7
medium bioavailability
(14 % in rat)

Figure 1.9 Effect of pKa value on the bioavailability and receptor binding for a set of 5HTID inhibitors.

The ability of fluorine to enhance binding affinity, cell penetration and bioavailability has
led to a number of highly effective fluorinated drugs.

1.4 Positron emission tomography using the 18F isotope
Fluorinated compounds are also of interest in medicinal chemistry as tracers for positron
emission tomography (PET). PET is a nuclear medicine imaging technique used for
medical diagnostics. The 18F isotope is the most often applied radiolabel in PET due to its
low positron energy and relatively long half-life. The low emitting energy reduces the
risk to patients due to the short range and limited dose of emission. The half-life of 110
minutes allows complex and extensive imaging protocols, and permits the probes to be
shipped to hospitals without an on-site cyclotron or radiochemistry laboratory.6, 30
PET scanning with the a 2-[18F]fluoro-deoxyglucose tracer is used widely in clinical
oncology.31 The elevated glucose metabolism of tumour cells increases the accumulation
of the deoxyglucose analogue in tumour cells. The probe becomes trapped in the tumour
cells, ensuing intense radiolabelling of the tumour.
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PET biodistribution studies can also be undertaken on potential drugs by incorporating a
18

F radiolabel; PET can be used to monitor the uptake, tissue concentration and the

excretion from the body of the 18F-labelled compound.

1.5 19F NMR
The

19

F nucleus can be easily observed with high precision in NMR as it is 83% as

sensitive as the proton nucleus, and occurs in 100% natural abundance. The 19F chemical
shift is very sensitive to changes in the molecular environment, and thus the peaks are
typically well resolved from one another in a 19F NMR spectrum, even when there are a
large number of resonances.
19

F NMR has particularly found wide use in the study of biological systems. The small

size of fluorine means its incorporation as a probe in biologically systems is generally
non-perturbing, especially when it replaces a hydrogen atom, and the physiological
concentration of fluorine is very low in biological systems (less than 10-6M), hence there
are no natural background signals to contend with.32 In vivo

19

F NMR allows the direct

and non-invasive observation of the metabolism, distribution and pharmacokinetics of
fluorinated compounds in an organism.32 For example, in vivo

19

F NMR was used to

monitor the disposition of 5-fluorouracil, a chemotherapy agent used in the treatment of
cancer, in tumour tissue of patients undergoing chemotherapy.33, 34
19

F NMR has also been used in drug discovery to study the interaction between

fluorinated compounds and proteins.35, 36 19F NMR is able to detect weak intermolecular
interactions between the compound and its target, and thus can be used to rapidly screen
compounds as potential drugs.
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1.6 Fluorinated α-amino acids
Fluorinated α-amino acids have been employed in a wide range of bioorganic applications
such as biological tracers, mechanistic probes, enzyme inhibitors and drug development.37

The incorporation of

19

F-labeled amino acids into proteins is commonly used to probe

protein structure and dynamics by 19F NMR spectroscopy. The structure of a protein can
dramatically change when it is removed from its natural environment.

19

F NMR

spectroscopy provides a sensitive and powerful tool for the analysis of proteins in their
natural surroundings, particularly for membrane-associated proteins and molten gobule
states. These studies rely on the fact that the chemical shift of 19F is extremely sensitive to
changes in the local conformational environment, including van der Waals packing
interactions and local electrostatic fields38; a fluorine chemical shift as large as 8 ppm
may be observed for a particular fluorinated residue upon denaturation of a protein.39 The
small size of fluorine means that it does not significantly perturb the tertiary structure or
biological function of the protein.

The simplest way to label a protein with fluorine is to incorporate one or more fluorinated
α-amino acids. Fluorinated amino acids are usually incorporated into proteins
biosynthetically using auxotrophic bacteria strains. Commonly utilized residues include
fluorotryptophan, fluorophenylalanine, and fluorotyrosine (Figure 1.10). These amino
acids are frequently employed as proteins tend to have a limited number of aromatic
residues, which simplifies peak assignment in the

19

F NMR spectrum , and there are

auxotrophic bacteria strains for each of these residues.40

H
H 2N C CO2H
CH 2

H
4

2

5

3

6

4
2-, 3-, 4-F-phenylalanine

H2N C CO 2H
CH2
N
H

4-, 5-, 6-F-tryptophan

H
H2N C CO 2H
CH2

F
OH
3-F-tyrosine

Figure 1.10 Commonly used fluorinated α-amino acids for labelling proteins for 19F NMR studies.
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Fluorinated α-amino acids also display biological activity. For example pyridoxal
phosphate-dependent enzymes are inhibited by fluorinated amino acids; 3-fluoro-Dalanine is an irreversible inhibitor of bacterial alanine racemases,41 and histidine
decarboxylase is irreversibly inhibited by (S)-α-fluoromethylhistidine.42 Fluorinecontaining α-amino acids also exhibit cytostatic and cytotoxic effects;

D,L-β-threo-

fluoroasparagine inhibits the growth of several human cancer cell lines,43 and 2- and 4fluorophenyl-DL-alanines have been shown to be toxic to rats when administered in their
diet.44

The intracellular uptake and inhibitory activity of fluorinated α-amino acids in human
breast cancer cells has recently been investigated.45 The amino acid analogues L-4fluorotryptophan,

L-6-fluorotryptophan

and

L-4-fluorophenylalanine

effectively and

irreversibly inhibited cell growth with IC50 values in the low micromolar range (3–15
µm). The cellular uptake of these fluorinated amino acids was found to occur through
active transport, with a 70-fold excess of intracellular over extracellular concentrations.
Hence, fluorinated amino acids are promising chemotherapeutics and new cytotoxic
drugs. Fluorinated α-amino acids have also been widely investigated as new PET tracers
for tumour imaging due to the increased amino acid transport rate and accumulation of
amino acids in tumour cells.30

Despite their biological properties, few fluorinated α-amino acids have been developed as
pharmaceuticals. One exception is the difluoromethylornithine, eflornithine, a
mechanism-based inhibitor of ornithine decarboxylase that is used in the treatment of
sleeping sickness (trypanosomiasis) caused by the Trypanosoma brucei gambiense
parasite. It is also used as a topical formulation for the treatment of female hirsutism.46

H2N

CF2H
CO 2H
NH2
elfornithine
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1.7 Fluorinated α- peptides
1.7.1 The fluorous effect and α-Peptides
Extensively fluorinated molecules tend to be extremely hydrophobic. Thus, they are
poorly soluble in most organic solvents, but will dissolve in fluorocarbon solvents – a
phenomenon termed the “fluorous effect’.47 Hydrophobic forces play key roles in protein
folding and protein-protein interactions. Consequently, the fluorous effect is of great
interest in protein engineering. Extensively fluorinated peptides are expected to exhibit
self-aggregating properties, which could lead to the design of novel protein-protein
recognition elements mediated through fluorocarbon-fluorocarbon interactions.48

α-Helical coiled coil peptides have been used to investigate the impact of the fluorous
effect on the structure of peptides. Coiled coils typically consist of 2-5 right handed αhelices that are wrapped around each other to form a superhelical twist.49 The primary
structure of each α-helix is characterized by a repeat of seven residues called the 4-3
heptad repeat, commonly denoted as (a-b-c-d-e-f-g)n. The first and fourth positions (a and
d) typically contain hydrophobic residues and form a special interface of the helices by
hydrophobic core packing. Charged residues often occupy the solvent exposed fifth and
seventh (e and g) positions and form interhelical ionic interactions. The major contributor
to the structural stability of the coiled coil is the hydrophobic core which constitutes the
primary driving force for oligomerisation.50-52

Several studies have reported the synthesis of fluorous analogues of peptides that adopts a
dimeric α-helical coiled-coil structure (Figure 1.11).53-58 The α-helical coiled-coil
structure of the peptides was derived from the “leucine zipper” region of the yeast
transcription factor GCN4 dimerization domain. The incorporation of fluorinated
analogues of leucine and valine at the hydrophobic a and d positions have been shown to
significantly increase the stability of this coiled-coil peptide towards unfolding by heat
and chemical denaturants, while still retaining the same affinity and specificity for
binding to target DNA as the wild type. This enhanced stability is believed to be derived
from sequestering the more hydrophobic fluoro-groups from aqueous solvent, which
increases the driving force for peptide folding and assembly.
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Figure 1.11 Three dimensional representation of the dimeric form of GCN4 zipper peptide substituted
with trifluoroleucine at the four d-positions in the helix. The van der Waals radii of the fluorine atoms are
shown as yellow spheres. (Reproduced from Ref. 56)

The effect of incorporating fluorinated amino acids into a different structural motif, the
anti-parallel 4-α-helix bundle, has also been investigated. Lee et al designed a peptide
that adopts an anti-parallel 4-α-helix bundle in which the hydrophobic core is exclusively
packed with leucine. 47, 48 A series of peptides was synthesised in which 2, 4 or 6 layers of
the hydrophobic core were repacked with L-5,5,5,5′,5′,5′-hexafluoroleucine (Figure 1.12).
The free energy of unfolding of these peptides was found to increase with the degree of
fluorination, along with a more structured backbone and less fluid hydrophobic core, and
was attributed to the increase in hydrophobicity of the side-chain.

Chapter One

16

Figure 1.12 Models of a series of peptides in which 2, 4 or 6 layers of the hydrophobic core have been
repacked with hexafluoroleucine. The trifluoromethyl groups are represented by green spheres.
(Reproduced from Ref. 47)

The fluorous effect has also been used to direct specific self-association of two α- helical
peptides.53, 59 Bilgiçer et al synthesised two peptides that form parallel coiled-coils, one
that incorporated L-5,5,5 ,5′,5′,5′-hexafluoroleucine at the hydrophobic positions (Fb), and
a control peptide that retained leucine at these positions (Hb). The peptides were found to
preferentially self-segregate into homomeric bundles (Figure 1.13). The fluorous peptide
formed a tetramer, whereas the control peptide was the intended dimer. The observed
preference for homodimeric assemblies over the heterodimer was found to be due to the
greater stability of the hexafluorleucine core tetramer. The tendency of mixed
hydrocarbon-fluorcarbon cores to self-sort into homomeric bundles suggests new avenues
for the design and manipulation of protein-protein interfaces. Appropriately fluorinated
peptides could be used in stabilising protein folds and in mediating specific proteinprotein interactions.

Figure 1.13 Thermodynamic self-sorting behaviour of hydrocarbon- and fluorocarbon-core coiled coil
peptides. (Reproduced from Ref. 60)
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Peptides that rely on hydrophobic interactions for insertion into membranes may exhibit
increased membrane association upon fluorination. Melittin, a 26 amino acid residue
amphiphilic peptide isolated from bee venom, inserts into membranes and causes cell
lysis. Niemz and Tirrell investigated the effect of L-5,5,5-trifluoroleucine substitution on
the membrane-binding and tetramerization behaviour of melittin.61 Both mono- and tetrasubstituted melittins were found to exhibit stronger self-association and enhanced affinity
for lipid bi-layers, with aggregation of fluorinated melittins within the lipid bilayer
(Figure 1.14). The enhanced membrane binding was attributed to fluorocarbonhydrocarbon separation (the fluorous effect), and an increase in hydrophobic character.
Furthermore, fluorination has also been used to control the self-association of membranespanning α-helical peptides.62, 63

Figure 1.14 Schematic diagram depicting the two–step self assembly of membrane-soluble protein
segments in micelles. The designed peptides are extremely hydrophobic, are only minimally soluble in
water, and partition readily into micelles forming α-helices. One face of the helix exposes a string of
hexafluoroleucine residues, shown in space-filling representation that promotes the formation of higher
order aggregates. Atom colours: Gray, C; red, O; blue, N; green, F; purple, backbone. Only the backbone
(depicted as a helix) and the core packing residues are shown for clarity. (Reproduced from Ref. 62)

1.7.2 Biologically active fluorinated peptides

There are limited reports on the incorporation of fluorinated α-amino acids into bioactive
peptides. Among the first examples was the incorporation of

L-5,5,5,5′,5′,5′-

hexafluoroleucine into the blood pressure regulating peptide hormone angiotensin.64,

65

The modified peptide was found to be more active than the wild type, a result attributed
to an improved resistance to enzyme degradation and better bioavailability of the peptide
due to the increased hydrophobicity. Fluorinated derivatives of two host defence
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antimicrobial peptides, buforin and magainin, display moderately better protease stability,
while retaining or exhibiting significantly increased bacteriostatic activity.66 Thus,
fluorination may be an effective strategy to increase the stability of biologically active
peptides where proteolytic degradation limits the therapeutic value.

1.7.3 Fluorinated peptide biomaterials
Fluorinated peptides have been used in the development of biomaterials. For example, the
β-sheet element ((AlaGly)3PheGly)n has been reported to adopt a lamellar crystalline
structure in which the phenylalanine residues are exposed to the surface.

The

replacement of phenylalanine residues with 4-fluorophenylalanine gives fluorinated
crystalline layers, which are regarded as possible precursors for conducting polymers
(Figure 1.15).67, 68

Figure 1.15 Schematic representation of the lamellar crystalline phase formed by the peptide sequence
((AlaGly)3PheGly)n, in which phenylalanine is replaced by 4-fluorophenylalanine. The green spots indicate
amino acid side chains with fluorine at the lamellar surface. (Reproduced from Ref. 67)

1.7.4 A hyperstable collagen mimic
Raines and co-workers have exploited the highly polarised nature of the C-F bond to
make hyperstable analogues of collagen.

69-72

Natural collagen consists of three

polypeptide chains wound into a tight triple helix, strengthened by the presence of
repeating trimers of glycine, proline, and 4(R)-hydroxyproline. The replacement of 4(R)hydroxyproline residues with 4(R)-fluoro-L-proline (Flp) in collagen mimics was found to
impart remarkable stability to the collagen triple helix.69, 70 In fact, three strands of (ProFlp-Gly)10 form one of the most stable collagen mimics of similar size known to date.71, 72

Chapter One

19

The enhanced stability imparted by Flp is attributed to the gauche effect (as discussed
earlier) between the amide nitrogen and the fluorine. The gauche effect dictates the
pyrrolidine ring pucker as seen in Figure 1.16.73,

74

The ring pucker pre-organises the

three main-chain torsion angles to facilitate triple helix formation, and also provides a
conducive geometry for other favourable interactions which stabilise the triple helix.

Figure 1.16 Main-chain torsion angles (ω,φ, and ψ) of a Flp residue. The gauche effect fixes the
pyrrolidine ring pucker. In that ring pucker the ω,φ, and ψ angles are pre-organised. (Reproduced from Ref.
71).

Chapter One

20

1.8 Research Described in this Thesis
The unique electronic properties of fluorine described above allow the preparation of
organic molecules with desirable physical, chemical and biological properties. Organic
fluorine has especially been utilised in medicinal chemistry to create bioactive
compounds with improved biochemical, physiological and pharmacokinetic properties.

Fluorinated analogues of α-amino acids possess valuable biological activities, such as
enzyme inhibition and cytotoxicity. Moreover, the incorporation of fluorinated α-amino
acids into α-peptides has resulted in profound modifications, such as enhanced thermal
and chemical stability, increased affinity for lipid bilayers, stronger self-association and
improved biological activity. Hence, considering the great potential of fluorinated amino
acids in drug development and applications of fluorinated amino acids in peptide design,
the synthesis of new fluorinated amino acids is of great interest.

Fluorinated α-amino acids are divided into two groups. One is formed by side-chain
fluorinated amino acids, while the other group contains amino acids in which the proton
on the α-carbon is substituted with a fluoroalkyl group. α-Amino acids in which the
proton on the α-carbon is substituted with a fluorine atom are hydrolytically unstable; the
presence of fluorine on the α-carbonyl C-atom renders the NH-C bond labile to
hydrolysis (Scheme 1.1).75 Thus, the influence of a backbone-bound fluorine on the
properties of α-peptides or proteins is unknown.

H
N
R

O
F

H 2O

O
NH 2

R

HF
O

Scheme 1.1 Hydrolytic Instability of proteins and peptides with backbone-bound fluorine.

By contrast, β-amino acids containing backbone-bound fluorine are stable compounds,
and hence offer an opportunity to study the influence of backbone-bound fluorine on the
secondary structures, conformations and biological functions of peptides. β-Amino acids
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are analogues of α-amino acids that contain an extra backbone carbon (refer to Chapter
Two for further information on β-amino acids).

Work in this thesis presents the stereoselective synthesis of α-fluorinated β-amino acids,
and examines the influence of backbone-bound fluorine on the conformation and
biological properties of β-peptide derivatives.

Chapter Two details the synthesis of a series of fluorinated β-peptidic compounds
designed to examine how fluorine stereoelectronic effects (detailed in Section 1.2) can be
used to control the conformation of β-peptide bonds. X-ray crystallography was used to
study the conformations of these compounds.

Chapter Three outlines the stereoselective synthesis of a series of α-fluorinated-β-amino
acids. The synthesis of α-fluoro-β3-amino acids via the direct fluorination of β3-amino
acids was investigated. The stereoselective synthesis of α-fluoro-β2-homophenylalanine
from 3-phenylpropanoic acid is also detailed.

Chapter Four describes the enzyme assays conducted to assess the inhibitory activity of
α-fluoro-β-amino acids, and the analogous non-fluorinated β-amino acids, against αchymotrypsin.

Chapter Five details the synthesis of a series of N-succinyl-α-fluoro-β-amino acids-pnitroanilides, which were designed to investigate the proteolytic stability of fluorinated βpeptides. Enzyme assays were performed to assess the proteolytic stability of these
compounds against α-chymotrypsin.
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2.1 Introduction
β-Amino acids are analogues of α-amino acids that contain an extra backbone carbon. βAmino acids and their derivatives are components of bioactive molecules and complex
peptidic and non-peptidic natural products, such as microcystins, carnosine, pantothenic
acid (vitamin B5), Taxol, and bestatin (Figure 2.1).1 Natural peptidic substances that
contain β-amino acids can be highly physiologically active, and are often toxic.

Taxol and bestatin are examples of naturally occurring, medically important compounds
that contain β-amino acids; taxol is a potent anti-neoplastic agent used in chemotheraphy
treatments for a variety of cancers2,

3

and bestatin is an immunological response

4

modifier. The β-amino-α-hydroxy acid residues in these compounds are crucial for
biological activity.

Despite the wide occurrence of β-amino acids in nature, peptides consisting only of βamino acids do not occur naturally.
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Figure 2.1 Some natural products containing β-amino acid building blocks with β-amino acid backbones
highlighted in red.
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β-Amino acid nomenclature
There are two types of monosubstituted β-amino acids: β3- and β2-amino acids. The
descriptors used in this thesis for the specification of different β-homo-amino acid
derivatives are based on the nomenclature developed by Seebach.1

Homologated α-amino acids are produced through the insertion of a CH2 group into the
amino acid backbone, with the side chain remaining unchanged. The location of the side
chain on the β-amino acid is defined by the descriptors β3 and β2 (Figure 2.2). β3-Amino
acids have the side chain located at the ‘3’ position on the carbon chain and are
designated β3-homoXaa or H-β3-hXaa-OH. The lower case h or the prefix homo indicates
it is a homologated amino acid and Xaa is the name of the parent α-amino acid. The side
chain of β2-amino acids is located at the ‘2’ position and are labelled β2-homoXaa or Hβ2-hXaa-OH. β-Peptides made exclusively from one of these two types of amino acids are
defined as β3- or β2-peptides.
R
N 3
H

O

O
2
1

β3-homo-amino acids
H-β3hXaa-OH

N 3
H

2
1

R
β2-homo-amino acids
H-β2hXaa-OH

Figure 2.2 Structural formulae and nomenclature for the abbreviations used for β-amino acids.

Synthesis of β-amino acids
There are many techniques available for the synthesis of β3-amino acids, with the method
of choice being the Arndt-Eistert homologation.5 The Arndt-Eistert methodology allows
enantiomerically pure β3-amino acids to be readily prepared from α-amino acid
precursors in high yields, and is directly applicable to most N-Boc-, N-Cbz-, or N-Fmocprotected α-amino acids (Scheme 2.1). This method leaves the stereocentre at the αcarbon intact with retention of configuration and formally inserts a CH2 group into the
amino acid backbone.
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Scheme 2.1 Homologation of an α- to a β-amino acid derivative by the Arndt-Eistert protocol.

Arndt-Eistert homologation begins with activation of the α-amino acid, usually by
conversion to a mixed anhydride, followed by treatment with diazomethane to yield an αamino diazoketone. A silver catalysed Wolff rearrangement of the diazoketone in the
presence of a nucleophile generates the corresponding β3-amino acid derivative.

Unlike for β3-amino acids, there is no general method for the synthesis of
enantiomerically pure β2-amino acids, and they cannot be synthesised directly from αamino acids. β2-Amino acids are usually prepared by enantioselective reactions or
sequences of transformations.

The chiral centre of β2-amino acids can be generated stereoselectively via the formation
of one of the four strategic bonds: (a) the C(2)-C(3) bond, (b) the C(2)-R bond, (c) the
C(2)-H bond, and the C(1)-C(2) bond (Figure 2.3).6
(b)
R
H 2N

3
C
H2

H
C
2

(c)

CO 2H

(a) (d)

Figure 2.3 Strategic bonds for the stereoselective synthesis of β2- amino acids (Reproduced from Ref. 6)

The most frequently employed methods for the synthesis of β2-amino acids proceed via
stereoselective formation of (a), the C(2)-C(3) bond. For this type of reaction a des-amino
acid* with the appropriate side-chain or precursor is used as the starting material. The
*

A desamino acid has the fundamental structure of the parent amino acid, but the amino group has been

removed and replaced with the appropriate number of hydrogen atoms.
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stereochemistry of the formation of the C(2)-C(3) bond is often controlled through the
attachment of a chiral auxiliary to the carbonyl carbon of the carboxylic acid. The most
common forms of chiral auxiliaries used are the oxazolidinones shown in Figure 2.4.6
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N
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O
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Ph

Ph
Ph

R= Bn, i-Pr

Figure 2.4 Chiral auxiliaries used in the synthesis of β2-amino acids

Once the chiral auxilliary is attached by acylation, the enolate is generated by
deprotonation. The formed chiral enolate can then undergo aminomethylation via one of
three synthetically equivalent diastereoselective reactions to form the C(2)-C(3) bond
(Scheme 2.2). The first method is a Mannich Reaction with an electrophilic
aminomethylating agent (X-CH2-NPG) to directly give a protected amine.7-12 The second
method involves alkoxycarbonylmethylation with X-CH2-CO2R, followed by Curtius
degradation.11-13 The final method uses CH2O for hydroxymethylation to give an alcohol
which is then converted to an NH2 group via substitution.12, 14-16
R1
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H

Chiral
Auxiliary
O=CH 2

PGN-CH 2
Mannich

R2O2C-CH 2-X

R1
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HO
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O
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hydrolysis
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R3O 2C

H
N

R1
*

CO 2H

Scheme 2.2 Methods used for the formation of the C(2)-C(3) bond in the synthesis of β2-amino
acids.(Reproduced from Ref. 6)
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Secondary structures of β-peptides
β-Peptides, like α-peptides, contain amide bonds that are capable of forming
intramolecular hydrogen bonds to help stabilise secondary structures. Hence, β-peptides
form secondary structures that are analogous to, and also extend, those formed by αpeptides. These secondary structures are more stable than their natural counterparts17 and,
unlike α-peptides, can form in protic solvents with chain lengths as short as four residues.
18, 19

β-Peptides fold to helices, pleated sheets or hairpin-type structures (Figure 2.5), and

can also be constructed to ensure they do not fold but remain linear.1, 17, 20-24

Figure 2.5 Helices, pleated sheets, and turns of β-peptides: a) The 314-helix built of β3hXaa (or β2hXaa)
residues. b) The (P)-β3/β2-12/10-helix. c) The β-peptidic parallel pleated sheet. d) The β-peptidic turn with
attached anti-parallel sheet structure form a hairpin turn. (Reproduced from Ref. 24)

There are some fundamental differences between the secondary structures of α-peptides
and their β-peptide analogues, for example: i) the “handedness” of the helix from L-αamino acids is opposite to that from L-β3-homoamino acids, and hence the direction of the
macrodipole is also in the opposite direction; ii) a β-peptide consisting of alternating β2and β3-residues forms a helix consisting of alternating 10- and 12-membered hydrogen
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bonded rings that does not occur in nature; iii) the ordering of the side chains on the helix
surface is different for α- and β-peptides. The helix formed by α-peptides is a 3.613-helix.
When viewed along the helix axis the side chains of amino acids i and i+17 are in the
same position. However, the 314-helix formed by β-peptides has residues i and i+3 in the
same position; iv) in a β-peptidic pleated sheets all the C=O bonds point in the same
direction, and all the N-H bonds in the opposite direction, resulting in polar layers. In αpeptidic sheets these bonds alternate in direction, and thus it has no polar directionality;
v) geminally disubstituted α-amino acid residues promote helix formation, while
geminally disubstituted β-amino acid residues destabilise helices and sheets; and most
importantly vi) the secondary structures of many β-peptides can be designed and
modelled.1, 24

Control of the conformation of an amide bond using fluorine
The introduction of a CH2 group in the transition from α- to β-peptides introduces an
additional sp3 centre. The consequential sp3-sp3 bond in the β-peptide backbone has a
higher barrier of rotation in comparison to the sp3-sp2 bonds in the α-peptide backbone.
Thus, β-peptides are more conformationally constrained, resulting in an ability to more
readily adopt secondary structures, and with greater stability, than the corresponding αpeptides.
The stabilities of possible conformations about the sp3-sp3 bond within a β3-residue differ
significantly, with the gauche conformation being the most favoured (Figure 2.6). For the
peptide to adopt a helical or turn-like secondary structure a (+)-gauche conformation is
required. The antiperiplanar conformation is necessary for a pleated sheet structure.1, 7, 19
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Figure 2.6 β3-peptide conformations around the sp3-sp3 bond. (Adapted from Ref. 1)
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Two conformational effects associated with fluorine were previously described in Section
1.2: the F-C-C(O)-N(H) moiety in α-fluoroamides adopts an antiperiplanar conformation
between the C-F and C=O bonds, and in N-β-fluoroethylamides a conformation with the
vicinal C-F and C-N(CO) bonds gauche is favoured.25-27
These conformational effects could help stabilise a particular conformation about the sp3sp3 bond of the β-amino acid through the strategic placement of fluorine. Introduction of
fluorine at the α-position of a β-amino acid results in the fluorine positioned α to a
carbonyl group and β to a NH group. Therefore, both the stereoelectronic effects seen in
α-fluoroamides and N-β-fluoroethylamides can be present and cumulative in α-fluoro-βamino acids.
Structures 2.1 and 2.2 show α-fluoro-β3-residues with the (+)-gauche relationship
between the carbonyl and nitrogen atoms that is required for a helical structure (Figure
2.7). The configuration of the fluorine-substituted carbon is important as only 2.1 has the
favoured gauche relationship between the fluorine and nitrogen, along with the

antiperiplanar relationship between the fluorine and carbonyl group. Therefore, the (+)gauche conformation of 2.1 will be stabilised by the associated fluorine stereoelectronic
effects, which will promote helix formation.
O
C
N
H

O

H

H
F

H
R
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2.1

N
H

R
H
2.2

Figure 2.7 Conformations of helical peptides consisting of α-fluoro-β3-amino acid residues.

The conformation of an α-fluoro-β-amino acid residue could thus help stabilise or define
a β-peptide’s secondary structure. The conformational effects associated with the αfluorine could increase the energy difference between conformations and help lock the
residue in a selected conformation, allowing the manipulation of peptide backbones in a
predictable way.
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Fluoro-Substituted β-Peptides
The β-heptapeptide 2.3 with a central βhAla(α-Me) unit of like†configuration has been
shown by CD and NMR analysis,17, 28 as well as by molecular-dynamics simulations,29, 30
to form a particularly stable 314-helix with the two Me groups in the allowed lateral
positions (Figure 2.8).
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At each tetrahedral C-atom in the folded chain of a β-peptidic 314-helix there is a lateral
and an axial position. The pitch of ca. 4.8 Å prevents non-hydrogen atoms from
occupying the axial positions due to steric hindrance.1, 31Hence, the β-peptide 2.4 cannot
form a 314-helix as it would require an axial Me group.

Figure 2.8 The 314-helix (of a 5 Å pitch) with 'allowed' (green) and 'forbidden' (black) positions for nonhydrogen atoms (N-atoms blue, O-atoms red). (Reproduced from Ref. 32)

†

The term ‘like’ is used to describe the relationship between two stereocentres in a diastereomer when both
have an (S) or (R) configuration. Conversely, the stereodescriptor ‘unlike’ is used to describe a molecule
containing an (S) and an (R) stereocenter.
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A fluorine atom is considered the most conservative substitution for hydrogen on steric
grounds, and as such it was thought that its small size would enable it to occupy the
forbidden axial positions of the 314-helix. The β-heptapeptides 2.5-2.7 were synthesised
by the Seebach research group with the central βhAla(α-Me) unit of the helical peptide
2.3 was replaced by like and unlike configuration F- and F2-substituted β-amino acids
moieties.32 The peptides were subjected to detailed NMR experiments in MeOH.33
Distance constraints, calculated from the cross-peak volumes of ROESY spectra, with the
dihedral-angle constraints derived from the coupling constants, were used in simulatedannealing molecular-dynamics calculations (SA) of structural bundles of 2.5-2.7 with
XPLOR-NIH.33

Inspection of the NOE patterns exhibited by the peptides revealed that 2.6, the peptide
with the central α-fluoro-βhAla residue with unlike relative configuration, and the
difluoro-derivative, 2.7, both displayed the typical NOE pattern observed for 314-helices.
Full SA calculations of these compounds gave bundles of helical low-energy structures,
confirming the NOE analysis. Both 2.6 and 2.7 formed a 314-helix with a fluorine atom in
the ‘forbidden’ axial position, confirming that fluorine is small enough to occupy this
position without sterically destroying the helix.

In the structural bundle obtained for the like α-fluoro-β-heptapeptide 2.5 the fluorine
substituent occupied the ‘allowed’ lateral position, but complete helix formation did not
occur. The consequential structure had two quasi-helical termini (residues 1-3 and 5-6)
separated by a central turn with a ten-membered hydrogen-bonded ring between the NH
of residue 3 and the CO of residue 4.

In β-peptides 2.5 and 2.6 both the α-fluoroamide and the N-(β-fluoroalkyl)amide
structural motifs are present in the central α-fluoro-β-amino acid residues. Thus, the two
conformational effects associated with these motifs should be present and cumulative.
The NMR structure of 2.6 shows that the central unlike F-substituted β-amino acid
residue has the C-F bond antiperiplanar to the C=O bond and gauche to the N-H bond.
This is the predicted conformation based on the stereoelectronic effects associated with
fluorine. In the β-peptide 2.5 the fluorine is again antiperiplanar to the carbonyl O-atom,
which prevented complete helix formation occurring. The energetic preference to have
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the fluorine antiperiplanar to the carbonyl O-atom appears to outweigh the benefits
associated with complete helix formation, such as hydrogen-bonding and side-chain
interactions, and is strong enough to enforce the conformation in 2.5 causing a bend in the
backbone.

Quantum-mechanical calculations were carried out with (2R,3S)- (2.8) and (2S,3S)-3(acetylamino)-2-fluoro-N-methyl-butanamide (2.9) as models for the central α-fluoro-βamino acid residues of the β-peptides 2.6 and 2.5, respectively.33 The minimised energy
structures for the two epimers are shown in Figure 2.9. The calculations predicted that
the helical conformation 2.8a, with the C-F bond antiperiplanar to the C=O bond and
gauche to the N-H bond, of the unlike epimer 2.8, is 6.9 kcal mol-1 more stable than the
helical conformation 2.9a, with the C-F bond gauche to the C=O bond, of the like epimer
2.9. However, 2.8a is only 0.5 kcal mol-1 more stable than the non-helical conformation
2.9b of the like epimer 2.9, which has the C-F bond antiperiplanar to the C=O bond.

2.9a

2.9b
2.8a
Figure 2.9 Geometry-optimized structures and calculated gas phase energies (DFT B3LYP, 6-31 + G(d))
obtained for the two epimeric models 2.8 and 2.9 (AcNH-CH(Me)-CHF-CONHMe) with different starting
conformations. a) Model 2.8 in the conformation 2.8a as extracted from the central residue of the NMR
structure of 2.6, b) model 2.9 in the same conformation (see 2.9a)(under exchange of the positions of the Hand F-substituents at C(2) in 2.8) and c) model 2.9 in the (non-helical) conformation 2.9b extracted from
the NMR structure of the β-peptide 2.5. (Reproduced from Ref. 33)

Calculations for the difluoro derivative found only 3 kcal mol-1 separated all minima and
maxima from the lowest energy conformer, which had one C-F bond antiperiplanar and
one gauche to the

C=O bond. The low energy difference between the conformers
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results in no great energetic preference for a particular conformer, and the β-peptide 2.7
can form a 314-helix along its entire length.
Next, Seebach in collaboration with Abell synthesised the two β-peptides, 2.10 and 2.11,
containing an α-fluoro-β3hAla and an α-fluoro-β2hPhe residue, respectively, to gain
further evidence for the preference of an antiperiplanar conformation in α-fluroamides.34
The longer peptide 2.10 was selected for study as the central α-fluoro-β3hAla residue with
(2S,3S)-configuration was able to hinder helix formation in 2.5 but the six β-amino acid
residues flanking the central fluoro-amino acid should readily fold into a 314-helix, and
the β3hGlu and β3hLys residues are positioned to form salt-bridges that should help
stabilise the helix. The bundle of thirty NMR-solution structures of 2.10 generated from
SA calculations exhibited a 314-helix over the full length of the peptide, with the fluorine
atom occupying the lateral position. The folding of the peptide into the 314-helix forced
the C-F bond to be 90° to the C=O bond, rather than allowing it to be in the more
favourable conformation with an antiperiplanar relationship between the two bonds. Cooperative folding in the longer β-peptide is thought to have encouraged complete helix
formation.

The β-tetrapeptides 2.11 and 2.12 were synthesised to investigate the α-fluoroamide
effect in another secondary structure, the hairpin-turn. If the fluoro-substituted β2-amino
acid in 2.11 adopts an antiperiplanar conformation between the C-F and C=O bonds it
should help stabilise the turn structure. The non-fluorinated analog 2.12 was synthesised
for comparision. Thirty NMR-solution structures were generated by SA calculations and
showed both peptides adopt a hairpin structure with a central turn unit that has a tenmembered hydrogen-bonded ring. However, for 2.11 the SA calculations derived two sets
of conformers: for 80% of the structures the C-F bond was antiperiplanar to the C=O
bond as predicted, for the remaining structures the dihedral angle F-C-C=O was between
140-160°. Qualitative information on the backbone dihedral angles was deduced from
comparsion of H,F-coupling constants with known structures to help determine the
conformation. For compound 2.6, where the antiperiplanar conformation prevails, a
long-range coupling constant of ca. 4 Hz was observed between the α-F and the HN
proton of the neighbouring amino acid. For the β-peptide 2.10, where the F-C-C=O
dihedral angle is ca. 90°, this long range coupling does not occur (< 1Hz). By using the
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J(Fα,HNi+1) coupling constant as an indicator of the antiperiplanar conformation of the

C-F and C=O bonds, the coupling constant of 2.11 of 4 Hz suggests the corresponding
dihedral angle must be close to 180°. Based on this observation the second cluster of
structures found in the SA calculations was rejected. The major cause for the appearance
of the second cluster was attributed to there being no reliable calibrations available for the
vicinal 3J(H,F) coupling constants in α-fluoro-β-amino acid residues, and hence the
values could not be used as constraints in the SA calculations. In addition, the observable
NOEs, which were used in the SA calculations, did not well-define the structure of the
two amino acids in the turn due to the α-carbon of the α-fluoro-β2-amino acid residue not
having any protons.

SA-calculation for the non-fluorinated analogue, 2.12 gave a single conformation of the
backbone. Both 2.11 and 2.12 show the same solution structure, and hence no conclusion
could be drawn on the stabilization of a backbone fluorine substituent on a hairpin turn
structure.
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2.1.1 Research described in this chapter

Experimental and theoretical data indicate two conformational effects associated with
fluoroamides; in α-fluoroamides, where fluorine is positioned α to the carbonyl group, the
F-C-C(O)-N(H) moiety adopts an antiperiplanar conformation between the C-F and C=O
bonds, and in N-β-fluoroethylamides, where fluorine is positioned β to the amide
nitrogen, a conformation where the C-F and C-N(CO) bonds are gauche is favoured.25-27

The fluoro-substituted β-peptides synthesised by the Seebach research group show that
these conformational effects can influence the secondary structure of peptides; a single
backbone-bound fluorine can disrupt the formation of a 314-helix. The F-C-C=O moiety
in the β-peptide 2.5 adopts an antiperiplanar conformation which prevents helix
formation. The energetic preference to have the fluorine antiperiplanar to the carbonyl
oxygen-atom is strong enough to cause a bend in the backbone and outweighs the benefits
associated with complete helix formation, such as hydrogen-bonding and side-chain
interactions. However, when the peptide length was increased the advantage of forming a
helix overcome the conformational effect of the fluorine, resulting in the fluorine
becoming 90° to the carbonyl oxygen and helix formation occurring over the whole
length of the peptide. The unpredictability of the secondary structures of these fluorosubstituted β-peptides implies more information is required about the fluorine
conformational effects with respect to peptide backbones.

The majority of the data about the conformational effects associated with the C-F bond
have been obtained from simple amides. To obtain information about these
conformational effects that is more relevant to β-peptides a series of model compounds
incorporating β-amino acids were synthesised. The structures obtained were then studied
by single crystal X-ray analysis. Information garnered from these structures will help in
the design of β-peptides whose secondary structure can be planned and controlled via the
placement of fluorine atoms in the backbone.
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2.2 Target Compounds
N-β-Fluoroethylamide and α-fluoroamide derivatives
Previous studies to investigate the gauche and antiperiplanar conformational preferences
in fluoroamides used β-fluoroethylamine and α-fluoropropionic acid in the synthesis of
simple fluoroamides (Figure 2.10).25-27 These two compounds were also used in this study
and were attached to a variety of β-amino acids, including fluorinated amino acids, to
investigate the influence of the fluorine conformational effects on a peptide backbone.
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R
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F
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H

Figure 2.10 α-fluoroamides and N-β-fluoroethylamides used to study the gauche and antiperiplanar effects
seen in fluoroamides.

β-Fluoroethylamine was attached to β-amino acids to examine the gauche effect in
peptidic N-β-fluoroethylamides (2.13-2.15). Both β2- and β3-amino acids were used to
study whether the position of the amino acid side chain has any influence on the
conformation of the fluoroamide structure. An α-fluoro-β2-amino acid was also coupled
to β-fluoroethylamine to generate 2.16. Compound 2.16 has a fluorine atom on either side
of the central amide group, one positioned α to the carbonyl group, and the other β to the
nitrogen of the amide. Therefore, both conformational effects should be present and work
in conjunction with each other to dictate the conformation of the amide.
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The antiperiplanar preference of peptide-based α-fluoroamides was investigated by
attaching α-fluoropropionic acid to both a β3-amino acid (2.17) and an α-fluoro-β2-amino
acid (2.18). Fluorine is positioned on either side of the amide group in compound 2.18,
one α to the carbonyl group, and the other β to the nitrogen. Therefore, both
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conformational effects should be present and work concurrently in determining the
conformation around the amide bond. Fluorine is also α to the carbonyl of the ester group,
and hence should be able to direct the conformation of the ester.

O
O

O
∗

F

N
H

O

∗

OMe

N
H

F

OMe
F

2.17

2.18

The attachment of β-fluoroethylamine to the C-terminus of 2.18 generated 2.19, a
compound which has two amide groups, each flanked by a fluorine α to the carbonyl
group and β to the nitrogen. The conformations of both amides should be rigorously
controlled by the two fluorine conformational effects.
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Dipeptides containing an α-fluoro-β-amino acid
Dipeptides incorporating α-fluoro-β-amino acids were also synthesised. α-Fluoro-βamino acids incorporate both the β-fluoroethylamide and α-fluoroamide moieties as the
fluorine is positioned both β to a nitrogen and α to a C=O group. By coupling an α-fluoroβ-amino acid to another amino acid it is possible to examine how the conformational
effects associated with the fluorinated amino acid influence the conformation of the
ensuing peptide bond. An α-fluoro-β-amino acid was coupled to an α-amino acid, to give
2.20, and to β-amino acids, to give 2.21 and 2.22.
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Dipeptides 2.23 and 2.24 were also synthesised via the coupling of two α-fluoro-β-amino
acids. The resultant peptide bond has a fluorine positioned α to the carbonyl group and a
fluorine positioned β to the nitrogen. Thus, the conformation of the peptide bond should
be rigidly controlled by the two stereoelectronic effects associated with fluorine.
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Both fluorinated β2- and β3- amino acids were used in the synthesis of dipeptides to
examine how the position of the amino acid side-chain effects the conformation.
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2.3 Synthesis of N-β-Fluoroethylamides
β-Fluoroethylamine·HCl was initially coupled to the β3-amino acids, N-Boc-β3hLeu-OH
(2.27) and N-Boc-β3hVal-OH (2.28), in the presence of O-(7-azabenzotriazol-1-yl)N,N,N′,N′-tetramethyluronium

hexafluorophosphate

(HATU)

and

N,N-

Diisopropylethylamine (DIPEA) to give 2.13 and 2.14, respectively (Scheme 2.3).
Crystals of 2.13b and 2.14a suitable for X-ray crystallography were grown via slow
evaporation in ethyl acetate, and X-ray crystal structures were obtained.
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Scheme 2.3 Reagents and Conditions: i) LiOH, 3:1 MeOH:H2O; ii) β-fluoroethylamine·HCl, HATU,
DIPEA, DMF.

The crystal structure of 2.14a was determined with no disorder and with only one
molecule in the asymmetric unit.

Figure 2.11 X-ray crystal structure of 2.14a. Atom colours: C, black; N, blue; O, red; F, green; H, white.

F
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However, for compound 2.13b there was disorder in the amino acid side chain and three
molecules in the asymmetric unit. Disorder in a crystal structure implies that there is not
exact register of the contents of one unit cell with those of all others; the atoms or
molecules in the crystal structure pack randomly (non-periodically) in alternative ways in
different unit cells. The asymmetric unit is the smallest part of the crystal structure from
which the complete structure can be derived by use of the space-group symmetry
operations (including translations). The asymmetric unit may consist of only one
molecule or ion, part of a molecule, or of several molecules that are not related by
crystallographic symmetry.35 Figure 2.12 shows one of the molecules in the asymmetric
unit. The ratios for the side chain’s two different positions for each molecule in the
asymmetric unit are; molecule A 0.689(5):0.311(5), molecule B 0.615(5):0.384(5),
Molecule C 0.638(5):0.362(5).

Figure 2.12 X-ray crystal structure of 2.13b showing one of the three molecules in the asymmetric unit and
disorder in the amino acid side chain (the hollow bonds represent the less common position). Atom colours:
C, black; N, blue; O, red; F, green; H, white.
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β-Fluoroethylamine·HCl was also coupled to the β2-amino acid 2.34 for comparison with
the β3-amino acid derivatives 2.13 and 2.14. The β2-amino acid 2.34 was prepared by the
diastereoselective aminomethylation of a N-acyl-oxazolidin-2-one Ti-enolate with benzyl
N-(methoxymethyl)carbamate (2.31, MeOCH2NHCbz) (Scheme 2.4).8
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Scheme 2.4 Reagents and Conditions: i) HCHO, K2CO3, H2O, 60°C (44%); ii) MeOH, p-TsOH·H2O, 4 Å
molecular sieves, Et2O, (98%); iii) TiCl4, Et3N, DCM, -20°C, then MeOCH2NHCbz (2.31), TiCl4, DCM,
0°C, (42%); iv) LiOH, H2O2, 4:1 THF:H2O, 0°C to rt (62%); v) β-fluoroethylamine·HCl, HATU, DIPEA,
DMF (69%).

The reaction of benzyl carbamate (2.29) with K2CO3 and HCHO in H2O gave 2.30 in
41% yield, which was subsequently stirred with a catalytic amount of p-toluenesulfonic
acid in Et2O/MeOH (5:1) to produce MeOCH2NHCbz (2.31) in 98 % yield after
chromatography.

The N-acyl-oxazolidin-2-one Ti-enolate of 2.32 was formed at -20°C (TiCl4/ Et3N) and
was reacted at 0°C with TiCl4-activated MeOCH2NHCbz to give 2.33 ( 42% yield, >95%
de determined by 1H NMR). The use of MeOCH2NHCbz (2.31) as the aminomethylating
agent results in a N-Cbz-protected β2-amino acid. Activation of the electrophile,
MeOCH2NHCbz, with a second equivalent of TiCl4 is required to accelerate the reaction.

F

Chapter Two

47

The oxazolidinone chiral auxiliary was removed by treatment with LiOOH (formed in
situ) to give the free acid 2.34 in 62% yield. The acid was then coupled to βfluoroethylamine·HCl using HATU to give 2.15 (69% yield). Crystals of 2.15 were
grown from petroleum ether/ethyl acetate, and an X-ray crystal structure was obtained
with no disorder and with only one molecule in the asymmetric unit.

Figure 2.13 X-ray crystal structure of 2.15. Atom colours: C, black; N, blue; O, red; F, green; H, white.

The α-fluoro-β-amino acid derivative 2.35 was coupled to β-fluoroethylamine·HCl to
generate 2.16 (Scheme 2.5). The synthesis of 2.35 is described in Chapter 3. Hydrolysis
of the ester 2.35, in the presence of LiOH, gave the corresponding free acid 2.36 in
quantitative yield. HATU was then used to couple this acid to β-fluoroethylamine·HCl to
give 2.16 with a 46% yield. Crystals of 2.16 that were suitable for X-ray crystallography
could not be obtained.
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Scheme 2.5 Reagents and Conditions: i) LiOH, 3:1 MeOH:H2O (100%); ii) β-fluoroethylamine·HCl,
HATU, DIPEA, DMF (46%).
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2.4 Synthesis of α-Fluoroamide Derivatives
The synthesis of 2.17 began with the preparation of Boc-(S)-β3hLeu-OMe 2.39 using the
Arndt-Eistert methodology (Scheme 2.6).13 Boc-(S)-Leu-OH (2.37) was reacted with
triethylamine and ethylchloroformate to form the corresponding mixed anhydride which,
upon treatment with diazomethane, gave the diazoketone intermediate, 2.38. A
characteristic singlet at δH 5.45ppm, corresponding to the CHN2 proton, signified the
successful preparation of the intermediate which was isolated as a yellow solid in 32%
yield.
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Scheme 2.6 Reagents and Conditions: i)Et3N, ClCO2Et, THF, -15° C, 15 min, then diazomethane, 0°C
(32%); ii) AgOBz, silica gel, MeOH, 50°C, 15 min. (76 %) ; iii) TFA, DCM (100 %); iv) (±)-αfluoropropionic acid, HATU, DIPEA, DMF (82%).

A Wolff rearrangement of the α-amino acid-derived diazoketone 2.38 was achieved by
gentle warming in a methanol/silica slurry containing catalytic amounts of silver benzoate
to produce Boc-(S)-β3hLeu-OMe 2.39 in a 76% yield.14 The N-Boc protecting group was
then cleaved on treatment with TFA to give the free amine as a TFA salt, 2.40
(quantitative yield). HATU-mediated coupling of the amine to α-fluoropropionic acid
generated 2.17 in 82% yield as a 50:50 mixture of diastereoisomers (determined by 1H
NMR). The diastereoisomers were separable by chromatography on silica. However,
crystals of 2.17a and 2.17b could not be obtained.
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Scheme 2.7 Reagents and Conditions: i) TFA, DCM (100%); ii) (±)-α-fluoropropionic acid, HATU,
DIPEA, DMF (69%).

Compound 2.18 was prepared by N-Boc deprotection of the α-fluoro-β2-amino acid 2.35,
followed by HATU coupling to racemic α-fluoropropionic acid to form 2.18 in a 69%
yield as a 50:50 mixture of diastereoisomers (determined by 1H NMR)(Scheme 2.7).
Unfortunately, the diatereoisomers of 2.18 could not be separated by column
chromatography. Therefore, a new method was devised to synthesise 2.18b
stereoselectively (Scheme 2.8).
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Scheme 2.8 Reagents and Conditions: i) (4R)-benzyl-2-oxazolidinone, pivaloyl chloride, Et3N, DMAP,
THF, -78°C to 0°C (78%); ii) LDA, NFBI, THF, -78°C to 0°C (54%) ; iii) LiOOH, 4:1 THF/H2O, 0°C to rt
(58%) ; iv) 2.41, HATU, DIPEA, DMF, (35%).
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Propanoic acid 2.42 was first converted to the corresponding acid chloride and this was
reacted with (4S)-4-benzyl-2-oxazolidinone to give the oxazolidinone 2.43 in 78 % yield.
The incorporation of the oxazolidinone functional group allowed selective fluorination at
the α- carbon by deprotonation with LDA, followed by treatment with NFBI to give 2.44
with a 54 % yield and >95 % diastereometric excess (determined by

19

F NMR of the

crude and purified product). With the required fluorinated chiral centre in place, the bulky
oxazolidinone chiral auxiliary was removed by treatment with LiOOH (formed in situ) to
give (R)-α-fluoropropanoic acid 2.45. The acid was then coupled to 2.41 using HATU to
give the single isomer 2.18b.

The attachment of β-fluoroethylamine to the C-terminus of 2.18b generated 2.19. Ester
hydrolysis of 2.18b gave 2.46, which was then treated with HATU and βfluoroethylamine·HCl to give 2.19 in 47 % yield (Scheme 2.9). Recrystallization, via
slow evaporation in ethyl acetate, produced crystals of 2.19 suitable for X-ray
crystallography.
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Scheme 2.9 Reagents and Conditions: i) LiOH, 3:1 MeOH:H2O (99%); ii) β-fluoroethylamine·HCl, HATU,
DIPEA, DMF (47%).

An X-ray crystal structure was obtained for 2.19 and contained disorder in the N-βfluoroethylamide part of the molecule as shown in Figure 2.14. F3 occupies three
different positions in the crystal structure, the ratio for F3A:F3B:F3C is 0.387(4):
0.268(16): 0.345(16). Therefore, there is no dominant structure out of the three. The Xray crystal structure confirms the relative stereochemistry of the two fluorinated
stereocentres as depicted in Scheme 2.9.
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Figure 2.14 X-ray crystal structure of 2.19. The disorder is shown by hollow and dashed bonds. Atom
colours: C, black; N, blue; O, red; F, green; H, white.
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2.5 Synthesis of Dipeptides containing an α-Fluoro-β-Amino Acid
The α-fluoro-β2-amino acid derivative 2.36 was coupled to an α-amino acid to give 2.20
and a β-amino acid to give 2.21 (Scheme 2.10). The deprotected acid 2.30 was coupled
with HATU to H-Leu-OMe to give 2.20 with a 78 % yield, and to H-β3-hLeu-OMe 2.40
to give 2.21 in 72% yield. Crystals of 2.20 suitable for X-ray crystallography could not be
obtained. Large block crystals of 2.21 were obtained with good extinctions, but they did
not diffract X-rays. To obtain a single crystal suitable for diffraction the methyl ester was
hydrolysed on treatment with LiOH, and the acid 2.47 was re-esterified with pbromophenol to give 2.48 in 70% yield. Esterification with p-bromophenol is a common
method to help improve the formation of single crystals suitable for X-ray
crystallography.36,

37

Compound 2.48 was recrystallized via slow evaporation in ethyl

acetate to obtain crystals suitable for X-ray crystallography.
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Scheme 2.10 Reagents and Conditions: i) H-(R)-Leu-OMe, HATU, DIPEA, DMF, (78%) ii) 2.40, HATU,
DIPEA, DMF, (72%); iii) LiOH, 3:1 MeOH:H2O (100%); iv) EDCI, DMAP, p-bromophenol, DCM (77%).

An X-ray crystal structure was obtained for 2.48 and contained two molecules in the
asymmetric unit (Figure 2.15). The presence of a heavy atom, bromine, allowed the
assignment of the absolute stereochemistry of the compound using the Flack parameter,
and confirmed the predicted structure.
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Figure 2.15 X-ray crystal structure of 2.48 showing one of the two molecules in the asymmetric unit. Atom
colours: C, black; N, blue; O, red; F, green; H, white; Br, yellow.

The α-fluoro-β3-amino acid (2R,3R)-2.49 was also coupled to β3-homoleucine to produce
compound 2.22 (Scheme 2.11). A crystal structure of (2R,3R)-2.49 was acquired and is
detailed, along with the synthesis of (2R,3R)-2.49, in Chapter 3.
Ester hydrolysis of the α-fluoro-β3-amino methyl ester (2R,3R)-2.49 gave the acid 2.50 in
92% yield (Scheme 2.11). HATU-mediated coupling of the acid to H-Leu-OMe (2.40)
generated the dipeptide 2.22 with a 76% yield. The dipeptide was recrystallized via slow
evaporation in dichloromethane to give crystals suitable for X-ray crystallography. The
X-ray crystal structure of 2.22 had two molecules in the asymmetric unit with no
disorder, and confirmed the relative stereochemistry of the compound (Figure 2.16).

O
BocHN

i
OMe

F
(2R,3R) -2.49

O
BocHN

OH
F
2.50

O

ii
BocHN
F

O
N
H

2.22

Scheme 2.11 Reagents and Conditions: i) LiOH, 3:1 MeOH:H2O (100%); ii) 2.40, HATU, DIPEA, DMF
(76%).
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Figure 2.16 X-ray crystal structure of 2.22. Atom colours: C, black; N, blue; O, red; F, green; H, white.

The dipeptide 2.23, consisting of two α-fluoro-β2-amino acids, was prepared in 79 %
yield by HATU coupling of 2.36 to 2.41 (Scheme 2.12). However, the crystals obtained
of this compound were very thin needles. To improve the quality of the crystal the methyl
ester of 2.23 was converted to the bromo phenyl ester (2.52). Crystals of 2.52 suitable for
X-ray crystallography were acquired via slow evaporation in ethyl acetate. A crystal
structure of 2.52 was obtained with disorder in the bromo phenyl ring with two different
possible positions of the ring, as shown in Figure 2.17. The ratio between the A and B
ring positions is 0.492:0.508 respectively. The presence of the heavy atom (bromine)
allowed the confirmation of the absolute stereochemistry of the compound using the
Flack parameter.
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Scheme 2.12 Reagents and Conditions: i) HATU, DIPEA, DMF, (79%); ii) LiOH, 3:1 MeOH/H2O (100%):
iii) EDCI, DMAP, p-bromophenol, DCM (43%).
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Figure 2.17 X-ray crystal structure of 2.52. Atom colours: C, black; N, blue; O, red; F, green; H, white: Br,
red.

A second dipeptide consisting of α-fluoro-β-amino acids, 2.24, was synthesised in 40%
yield by coupling the N-Boc protected α-fluoro-β3-amino acid 2.50 to the α-fluoro-β2amino acid derivative 2.41 in the presence of HATU (Scheme 2.13). However, crystals of
2.24 suitable for X-ray crystallography could not be obtained.
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Scheme 2.13 Reagents and Conditions: i) HATU, DIPEA, DMF, (40 %).
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2.6 Analysis of X-ray Crystal Structures
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Figure 2.18 Compounds in Chapter 2 for which X-ray crystal structures were obtained.

2.6.1 Torsion Angles of the F-C-C-N(H) moiety

In the crystal structures of 2.13b, 2.14a, 2.15, 2.48, 2.22, 2.52 and (2S,3S)-2.49 the F-CC-N moieties adopt the expected gauche conformation between the C-F and C-N bonds
as shown by the torsion angles in Tables 2.1 and 2.2.‡

‡

The crystal structures for compounds 2.13b, 2.14a, 2.15, 2.19, 2.22, 2.52 and (2S,3S)-2.49 were solved by

Prof. Raymond Butcher and Prof. Ward Robinson at the University of Canterbury. The crystal structure of
2.48 was solved by Prof. Matthew Wilce at Monash University. Further details of these structures will be
reported in a future paper.
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Compound

N-C-C-F

Torsion angle

2.19

N(1)-C(4)-C(5)-F(2)

-73.7(6)

2.48 a§

N(1A)-C(11B)-C(9A)-F(1A)

-73.9

b§

N(1B)-C(11B)-C(9B)-F(1B)

-68.5

2.22 a§

N(1A)-C(6A)-C(14A)-F(1A)

60.2(10)

b§

N(1B)-C(6B)-C(14B)-F(1B)

62.3(10)

N(1)-C(6)-C(7)-F(1)

59.5(11)

N(2)-C(16)-C(17)-F(2)

53.5(12)

N-C(6)-C(14)-F

61.6(2)

2.52

(2S,3S)-2.49

Table 2.1 Torsion angles of N-C-C-F in crystal structures with an internal fluorine.

Compound

N-C-C-F

Torsion angle

2.13b a§

N(2A)-C(13A)-C(14A)-F(1A)

-69.9(8)

b§

N(2B)-C(13B)-C(14B)-F(1B)

-70.1(8)

§

N(2C)-C(13C)-C(14C)-F(1C)

-70.3(9)

2.14a

N(2)-C(12)-C(13)-F

71.7(8)

2.15

N(2)-C(19)-C(20)-F

-66.5(10)

2.19

N(2)-C(14)-C(15)-F(3A)

-178.4(10)

N(2)-C(14)-C(15)-F(3B)

-78.4(13)

N(2)-C(14)-C(15)-F(3C)

58.7(17)

c

Table 2.2 Torsion angles of N-C-C-F in crystal structures with a terminal fluorine.

In the X-ray structure of 2.19 there was disorder in the terminal F-C-C-N(H) moiety with
no preference for a particular conformation. For N-β-fluoroethylamides experimental and
theoretical data indicated that the gauche conformation for the F-C-C-N(H) moiety is 1.8
kcal mol-1 lower in energy than the anti conformation.38 It was also found that the gauche
conformation persisted in X-ray structures of small molecule N-β-fluoroethylamides.27
However, as the energy difference between the two conformations is quite low, the

§

Refers to more than one distinct molecule in the asymmetric unit.

Chapter Two

58

energy barrier between the conformations may have been overcome during the crystal
packing of 2.19, allowing the fluorine to occupy all three possible positions. In addition,
as the fluorine is terminal it will be more likely to be influenced by crystal packing than
an internal fluorine. The internal F-C-C-N(H) moiety in 2.19 adopted the expected
gauche conformation.

2.6.2 Torsion Angles of the F-C-C(O)-N(H) moiety

The crystal structures of 2.19, 2.48, 2.22 and (2S,3S)-2.49 all show an antiperiplanar
conformation between the C-F and C=O bonds, with torsion angles for F-C-C=O ranging
from 172.4 to 179.7° as shown in Table 2.3.

Compound

F-C-C=O

Torsion angle

2.19

F(1)-C(2)-C(3)-O(1)

-172.4(6)

F(2)-C(5)-C(13)-O(2)

-179.7(4)

F(1A)-C(9A)-C(8A)-O(3A)

177.6

F(1B)-C(9B)-C(8B)-O(3B)

179.4

2.22 a**

F(1A)-C(14A)-C(15A)-O(3A)

-175.2(9)

b**

F(1B)-C(14B)-C(15B)-O(3B)

-175.3(10)

F(1)-C(7)-C(15)-O(3)

177.3(11)

F(2)-C(17)-C(25)-O(4)

154.5(12)

F-C(14)-C(15)-O(3)

174.8(2)

2.48 a**
b

**

2.52

(2S,3S)-2.49

Table 2.3 Torsion angles of F-C-C-O in crystal structures.

The torsion angle for the F-C-C=O group of the α-fluoroester in 2.52 was 154.5°. The
deviation from the antiperiplanar conformation could be due to steric clash between the
bromo phenyl ester and the phenyl ring of the amino acid sidechain. The conformational
preference for the C-F bond to lie antiperiplanar to the C=O bond is less for αfluoroesters than it is for α-fluoroamides due to weaker dipoles. In Figure 1.5 the energy
difference between the trans and cis conformers for the ester 1.3 is 3-3.5 kcalmol-1 lower
**

Refers to more than one distinct molecule in the asymmetric unit.
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Thus, the weaker antiperiplanar

conformational preference of the α-fluoroester in 2.52 has been overcome by steric effects
and crystal packing. The α-fluoroamide moiety in 2.52 exhibited the predicted
antiperiplanar conformation between the C-F and C=O bonds, with a torsion angle for FC-C=O of 177.3°.

71.7º
-70.1º

2.13b

-66.5º

2.14a

2.15

Figure 2.19 X-ray crystal structures of 2.13b, 2.14a and 2.15 showing the N-C-C-F torsion angle (“Newman projection” view).( For 2.15 as there is more than one
molecule in the asymmetric unit the average value is shown).
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-73.7º

-179.7º

-179.7º

Figure 2.20 X-ray crystal structures of 2.19 showing the N-C-C-F and F-C-C=O torsion angles. (“Newman
projection” view).

60.3°

-71.2°

-175.3°

178.5°

Figure 2.21 X-ray crystal structures of 2.48 showing the N-C-C-F and F-CC=O torsion angles. (As there is more than one molecule in the asymmetric
unit the average values are shown.

Figure 2.22 X-ray crystal structures of 2.22 showing the N-C-C-F and F-CC=O torsion angles. (As there is more than one molecule in the asymmetric
unit the average values are shown.
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59.5°

53.5°

154.5°

177.3°

Figure 2.23 X-ray crystal structures of 2.52 showing the N-C-C-F and F-C-C=O torsion angles.

174.8°

61.6°

Figure 2.24 X-ray crystal structures of (2S,3S)-2.49 showing the N-C-C-F and F-C-C=O torsion angles.
(As there is more than one molecule in the asymmetric unit the average values are shown).
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2.7 Conclusion and Future Work
Experimental and theoretical data indicate two conformational effects associated with
fluoroamides: the F-C-C(O)-N(H) moiety in α-fluoroamides adopts an antiperiplanar
conformation, and in N-β-fluoroethylamides a gauche conformation between the vicinal
C-F and C-N(CO) bonds is favoured.

A series of compounds were synthesised to

investigate how these stereoelectronic effects can be used to control the conformation of
β-peptide bonds through the strategic placement of fluorine. X-ray crystal structures were
obtained for seven of these compounds, 2.13b, 2.14a, 2.15, 2.19, 2.48, 2.22, 2.52, and
also the α-fluoro-β3-amino acid (2S,3S)-2.49. The majority of the crystal structures had
the expected conformations: when fluorine was positioned β to a nitrogen a gauche
conformation was observed, and when fluorine was positioned α to a C=O group the
structure adopted a conformation with fluorine antiperiplanar to the oxygen of the
carbonyl group. Thus, the conformational effects associated with fluoroamides can be
used to predict the ‘solid state’ conformation of peptide bonds in small fluorinated
peptides.

The X-ray crystal structures that did not exhibit the predicted conformations, 2.19 and
2.52, had the N-C-C-F group and F-C-C=O group, respectively, at terminal positions in
the molecules. As these groups were external they are more likely to be affected by
crystal packing, which could overcome the conformational preferences. The possibility of
steric clash between the phenyl groups could also account for the deviation from the
expected conformation in the crystal structure of 2.52.

Future work could involve using NMR to generate parameters for molecular-dynamics
calculations to study the conformations of the crystal structure compounds in solution to
establish that they are the same in solid phase. Longer peptides containing α-fluoro-βamino acids could also be synthesised and studied to ascertain how the chain length and
the secondary structure of the peptide influence the conformation of fluoroamides.

Chapter Two

65

2.8 References
1.

Seebach, D.; Beck, A. K.; Bierbaum, D. J., Chem. Biodiversity 2004, 1 (8), 11111239.

2.

Li, Y.; Poliks, B.; Cegelski, L.; Poliks, M.; Gryczynski, Z.; Piszczek, G.; Jagtap,
P. G.; Studelska, D. R.; Kingston, D. G. I.; Schaefer, J.; Bane, S., Biochemistry
1999, 39 (2), 281-291.

3.

Nicolaou, K. C.; Dai, W.-M.; Guy, R. K., Angew. Chem., Int. Ed. Engl. 1994, 33
(1), 15-44.

4.

Umezawa, H.; Aoyagi, T.; Suda, H.; Hamada, M.; Takeuchi, T., J. Antibiot. 1976,
29 (1), 97-9.

5.

Podlech, J.; Seebach, D., Liebigs Ann. 1995, 1995 (7), 1217-1228.

6.

Seebach, D.; Beck, A. K.; Capone, S.; Deniau, G.; Grošelj, U.; Zass, E., Synthesis
2009, 2009 (01), 1-32.

7.

Seebach, D.; Abele, S.; Gademann, K.; Guichard, G.; Hintermann, T.; Jaun, B.;
Matthews, J. L.; Schreiber, J. V.; Oberer, L.; Hommel, U.; Widmer, H., Helv.
Chim. Acta 1998, 81 (5-8), 932-982.

8.

Hintermann, T.; Seebach, D., Helv. Chim. Acta 1998, 81 (11), 2093-2126.

9.

Barnett, C. J.; Wilson, T. M.; Evans, D. A.; Somers, T. C., Tetrahedron Lett.
1997, 38 (5), 735-738.

10.

Moumné, R.; Denise, B.; Guitot, K.; Rudler, H.; Lavielle, S.; Karoyan, P., Eur. J.
Org. Chem. 2007, 2007 (12), 1912-1920.

11.

Arvanitis, E.; Ernst, H.; Ludwige, A. A.; Robinson, A. J.; Wyatt, P. B., J. Chem.
Soc., Perkin Trans. 1 1998, (3), 521-528.

12.

Seebach, D.; Schaeffer, L.; Gessier, F.; Bindschädler, P.; Jäger, C.; Josien, D.;
Kopp, S.; Lelais, G.; Mahajan, Y. R.; Micuch, P.; Sebesta, R.; Schweizer, B. W.,
Helv. Chim. Acta 2003, 86 (6), 1852-1861.

13.

Lelais, G.; Campo, M., A.; Kopp, S.; Seebach, D., Helv. Chim. Acta 2004, 87 (6),
1545-1560.

14.

Liu, Y.; Prashad, M.; Ciszewski, L.; Vargas, K.; Repič, O.; Blacklock, T. J., Org.
Process Res. Dev. 2008, 12 (2), 183-191.

15.

Lelais, G.; Micuch, P.; Josien-Lefebvre, D.; Rossi, F.; Seebach, D., Helv. Chim.
Acta 2004, 87 (12), 3131-3159.

Chapter Two

16.

66

Hu, X.; Nguyen, K. T.; Verlinde, C. L. M. J.; Hol, W. G. J.; Pei, D., J. Med.
Chem. 2003, 46 (18), 3771-3774.

17.

Seebach, D.; Overhand, M.; Kühnle, F. N. M.; Martinoni, B.; Oberer, L.;
Hommel, U.; Widmer, H., Helv. Chim. Acta 1996, 79 (4), 913-941.

18.

Appella, D. H.; Christianson, L. A.; Karle, I. L.; Powell, D. R.; Gellman, S. H., J.
Am. Chem. Soc. 1996, 118 (51), 13071-13072.

19.

Cheng, R. P.; Gellman, S. H.; DeGrado, W. F., Chem. Rev. 2001, 101 (10), 32193232.

20.

Rueping, M.; Schreiber, J., V. ; Lelais, G.; Jaun, B.; Seebach, D., Helv. Chim.
Acta 2002, 85 (9), 2577-2593.

21.

Lelaism, G.; Seebach, D.; Jaun, B.; Mathad, R., I.; Flögel, O.; Rossi, F.; Campo,
M.; Wortmann, A., Helv. Chim. Acta 2006, 89 (3), 361-403.

22.

Seebach, D.; Sifferlen, T.; Bierbaum, D., J.; Rueping, M.; Jaun, B.; Schweizer, B.;
Schaefer, J.; Mehta, A., K. ; O'Connor, R., D. ; Meier, B., H. ; Ernst, M.; Glättli,
A., Helv. Chim. Acta 2002, 85 (9), 2877-2917.

23.

Seebach, D.; Abele, S.; Gademann, K.; Jaun, B., Angew. Chem. Int. Ed. 1999, 38
(11), 1595-1597.

24.

Seebach, D.; Gardiner, J., Acc. Chem. Res. 2008, 41 (10), 1366-1375.

25.

Banks, J. W.; Batsanov, A. S.; Howard, J. A. K.; O'Hagan, D.; Rzepa, H. S.;
Martin-Santamaria, S., J. Chem. Soc., Perkin Trans. 2 1999, (11), 2409-2411.

26.

Briggs, C. R. S.; O'Hagan, D.; Howard, J. A. K.; Yufit, D. S., J. Fluorine Chem.
2003, 119 (1), 9-13.

27.

O'Hagan, D.; Bilton, C.; Howard, J. A. K.; Knight, L.; Tozer, D. J., J. Chem. Soc.,
Perkin Trans. 2 2000, (4), 605-607.

28.

Seebach, D.; Ciceri, P., E. ; Overhand, M.; Jaun, B.; Rigo, D.; Oberer, L.;
Hommel, U.; Amstutz, R.; Widmer, H., Helv. Chim. Acta 1996, 79 (8), 20432066.

29.

Daura, X.; van Gunsteren, W., F. ; Rigo, D.; Jaun, B.; Seebach, D., Chem. Eur. J.
1997, 3 (9), 1410-1417.

30.

Daura, X.; Jaun, B.; Seebach, D.; van Gunsteren, W. F.; Mark, A. E., J. Mol. Biol.
1998, 280 (5), 925-932.

31.

Seebach, D.; Hook, D., F.; Glättli, A., Peptide Science 2006, 84 (1), 23-37.

Chapter Two

32.

67

Gessier, F.; Noti, C.; Rueping, M.; Seebach, D., Helv. Chim. Acta 2003, 86 (6),
1862-1870.

33.

Mathad, R. I.; Gessier, C.; Seebach, D.; Jaun, B., Helv. Chim. Acta 2005, 88 (2),
266-280.

34.

Mathad, R. I.; Jaun, B.; Flögel, O.; Gardiner, J.; Löweneck, M.; Codée, J. D. C.;
Seeberger, P. H.; Seebach, D.; Edmonds, M. K.; Graichen, F. H. M.; Abell, A. D.,
Helv. Chim. Acta 2007, 90 (12), 2251-2273.

35.

Glusker, J. P.; Lewis, M.; Rossi, M., Crystal Stucture Analysis for Chemists and
Biologists. VCH Publishers: New York, 1994.

36.

Hosoya, Y.; Adachi, H.; Nakamura, H.; Nishimura, Y.; Naganawa, H.; Okami, Y.;
Takeuchi, T., Tetrahedron Lett. 1996, 37 (51), 9227-9228.

37.

Luis, J. G.; Andres, L. S.; Fletcher, W. Q.; Lahlou, E. H.; Perales, A., J. Chem.
Soc., Perkin Trans. 1 1996, (17), 2207-2213.

38.

O'Hagan, D.; Bilton, C.; Howard, J. A. K.; Knight, L.; Tozer, D. J., Perkin 2 2000,
(4), 605-607.

CHAPTER THREE

Synthesis of α-Fluoro-β-Amino Acids

Chapter Three

69

3.1 Introduction
Chapter Three describes the work done to prepare α-fluoro-β-amino acids that were used
to study the conformation of fluorinated β-peptidic compounds (Chapter Two), and the
activity of α-fluoro-β-amino acids derivatives against α-chymotrypsin (Chapters Four and
Five).

α-Fluoro-β-amino acids are an important class of compounds and have been synthesised
for a variety of reasons: for use as protease inhibitors,1, 2 to study to examine the effect of
backbone-bound heteroatoms on the structures and biological properties of β-peptides
(refer to Chapter 2),3-6 and to make fluorinated analogues of important biologically active
compounds.7

Even though replacement of hydrogen with fluorine is known to have biomedicinal
benefits very little is known about the chemistry and biological activity of fluorinated βamino acids in contrast to their non-fluorinated derivatives.8 This is probably due to the
limited number of stereoselective methods for their synthesis.

Incorporation of fluorinated β-amino acids into β-peptides could also give rise to peptides
that fold to form a fluorinated inner surface, with the amino acid side-chains selected to
control numerous characteristics such as lipophilicity/hydrophobicity, acid/base
properties, and the desired three dimensional structure of the target β-peptide.8, 9

Considering the benefits of fluorine substitution of hydrogen in organic compounds and
the potential applications of the use of fluorinated β-amino acids in the design of βpeptides, the development of new methods for the synthesis of α-fluorinated β-amino
acids is of particular interest.
Syntheses of α-fluoro-β3-amino acids
There are two main strategies employed for the synthesis of α-fluoro-β3-amino acids:
direct fluorination of β-amino enolates, and the conversion of a hydroxyl group to a
fluorine atom. The latter method is the most widely used and involves the use of
enantiopure β-hydroxy-α-amino acids as precursors.2-4, 10, 11 In 1982 Somekh and Shanzer
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performed the first example of this method by fluorinating N,N-dibenzyl derivatives of βhydroxy-α-amino acid esters (3.1-3.5) with (diethylamino)sulphur trifluoride (DAST) to
give the rearranged N,N-dibenzyl-α-fluoro-β-amino acid esters (3.6-3.10) in high
stereospecificity and high yield (Scheme 3.1).11

O R R
1
2
Ph

O

OH

O R R
1
2
O

Ph

N

THF, RT

N
Ph
3.1
3.2
3.3
3.4
3.5

DAST

F

Ph
Ph

Ph

R1=R2=H
R1=H, R2=CH3
R1=CH3, R2=H
R1=H, R2=iPr
R1=iPr, R2=H

3.6 R1=R2=H
3.7 R1=H, R2=CH3
3.8 R1=CH3, R2=H
3.9 R1=H, R2=iPr
3.10 R1=iPr, R2=H

Scheme 3.1 Preparation of α-fluoro-β-amino acids from N,N-dibenzyl derivatives of β-hydroxy-α-amino
acids and DAST

NMR spectra, GLC and HPLC analysis of the rearranged fluorinated products 3.6-3.10
showed a single diastereoisomer, with inversion of configuration at each asymmetric
centre relative to the β-hydroxy-α-amino acid starting material. The assignment of
configuration was confirmed by a crystal structure of the fluorinated product of the
threonine derivative (3.7).
O
Ph

O

O

N

Ph

DAST
THF, RT

OH

Ph

3.11

Ph

O

N
F

Ph
Ph

3.6

Scheme 3.2 Fluorination of the D-isoserine derivative 3.11 with DAST to give the α-fluoro-β-alanine
derivative 3.6

In addition, fluorination of the D-isoserine derivative 3.11, under the same conditions,
gave the α-fluoro-β-alanine derivative 3.6 in the same yield and optical activity as
obtained from

L-serine

derivative 3.1 (Scheme 3.2). The reaction proceeded with

retention of configuration.
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It was proposed that the fluorination reactions of 3.11 and 3.1 both proceeded via a
common intermediate (the aziridinium ring 3.12), which undergoes fluoride attack at the
carbon atom α to the carboxyl group to give the same product in each case (Scheme
3.3).12
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O

N
OH

Ph

DAST

H2C

THF, RT

N

Bz

Ph

CHCO2Bz

F

Ph

O

OH

THF, RT

Bz
3.12

3.11

DAST

N
Ph

Ph
3.1

O
Ph

O

N
F
3.6

Ph
Ph

Scheme 3.3 Proposed common intermediate, an aziridinium ion, for the two different reactions for the
synthesis of the α-fluoro-β-alanine derivative 3.6.

Seebach et al 3, 4 and Takei et al 2 extended this methodology to the synthesis of a range
α-fluoro-β3-amino acids through substitution of the OH group of an α-hydroxy-β-amino
acid derivative with fluorine (Scheme 3.4). The use of N,N-dibenzyl-protected aldehydes
3.13 as starting materials allowed easy access to a range of different amino acid side
chains as the aldehyde can be prepared from an amino acid by standard conditions in
three steps.3 Treatment of the aldehyde 3.13 with trimethylsilylcyanide, in the presence of
an appropriate Lewis acid, gave a mixture of epimeric cyanohydrins 3.14. Acid
hydrolysis in the presence of methanol gave the 2-hydroxy methyl esters 3.15a and 3.15b,
which were separated by chromatography. The diastereoisomeric N,N-dibenzyl-protected
hydroxyl methyl esters were then separately treated with DAST to give the 2fluoromethyl esters, 3.16a and 3.16b, by OH/F substitution with overall retention of
configuration at C(2). Saponification, debenzylation and Boc-protection gave the desired
products 3.17a and 3.17b.
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Scheme 3.4 Reagents and Conditions: i) Me3SiCN, BF3·Et2O, CH2Cl2, -10°; ii) Me3SiCN, TiCl4, CH2Cl2, 78°; iii) HCl/MeOH; iv) DAST, CH2Cl2, 0°; v) LiOH·H2O, EtOH/H2O; vi) H2, Pd/C, MeOH; vii) Boc2O,
Et3N, MeOH.

However, this method did not always give good regio- and stereoselectivity in the ring
opening of the intermediate aziridinium ion by fluorine, resulting in equimolar mixtures
of regioisomers. In these instances the method devised by Somekh and Shanzer shown in
Scheme 3.1 was used instead to synthesise the α-fluoro-β-amino acid: benzyl protected
derivatives of β-hydroxy-α-amino acids were fluorinated with DAST, followed by
rearrangement to give α-fluoro-β-amino acid esters.4
Andrews et al have reported a method for the synthesis of α-fluoro-β3-amino esters via
direct fluorination of β3-amino enolates (Scheme 3.5).1 This method employed the highly
diastereoselective

conjugate

addition

of

lithiated

(S)-(-)-N-benzyl-N-α-

methylbenzylamide (3.19) to the α,β-unsaturated esters, t-butyl cinnamate (3.18a) and
ethyl crotonate (3.18b). The resultant β-amino enolates 3.20a and 3.20b then directly
underwent diastereoselective electrophilic fluorination with N-fluorobenzenesulfonimide
(NFSI) to give 3.21a and 3.21b with diastereomeric excesses of 64% and 66%,
respectively. The major diastereoisomer was formed by nucleophilic attack of the enolate
at the opposite face to the chiral amine group. The major isomer of 3.21a was isolated
and crystallised, and the relative stereochemistry confirmed by X-ray crystallography.
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Scheme 3.5 Reagents and Conditions: i) n-BuLi, THF ; ii) NFSI, THF.

The amine protecting group of 3.21a was removed via hydrogenation, using Pearlman’s
catalyst, to give the primary amine 3.22 (Scheme 3.6). The tert-butyl ester was then
cleaved under acidic conditions to give α-fluoro-β3-homophenylglycine (3.23) as a single
stereoisomer (based on NMR analysis).
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Ph

O

O

N
F
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ii

i
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H 2N
F
3.22

Scheme 3.6 Reagents and Conditions: i) Pd(OH)2/C H2, 1 atm; ii) TFA.

OH

H 2N
F
3.23
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Another literature method for the synthesis of α-fluoro-β3-amino acid derivatives involves
the direct fluorination of the dianion of an β3-amino acid derivative.7 Davis and Reddy
used this method to synthesise the α-fluoro-β3-phenylalanine derivatives, 3.26a and
3.26b, fluorinated analogues of the sidechain of Taxol (Scheme 3.7). It was thought that
replacing the α-hydroxy group of the side-chain with fluorine might result in a useful
derivative of Taxol (refer to Figure 2.1 for structure of Taxol).
Davis and Reddy synthesised syn*-(2S,3S)- and anti-(2R,3S)-methyl-2-fluoro-(Nbenzoylamino)-3-phenylpropanoate, 3.26a and 3.26b, from methyl (N-benzoyl)-3-amino3-phenylpropanoate 3.24 using lithium diisopropylamide (LDA) and either N-fluoro-obenzene-disulfonimide (NFOBS) or NFSI as an electrophilic source of fluorine. The use
of NFSI as the fluorinating agent was found to give a lower yield than NFOBS, but
afforded improved stereoselectivity (results summarized in Table 3.1). Overall, it was
found that 3.26a and 3.26b were obtained in high yields, but with poor diasteroselectivity.
The stereochemistry was assigned based on

13

C NMR analysis and vicinal proton

coupling constants between the protons on carbons 1 and 2 (J2,3) in 3.26a and 3.26b. The
mixture of stereoisomers were separated by preparative HPLC.
Ph

O
2

BzHN 3

1 OMe

F
Ph
BzHN

O

2.2 equiv LDA

N
OMe

3.24

Ph

Ph

H

S
O Li S
O
OMe

3.25

[F+ ]

3.26a

O

Ph
BzHN 3

2

1 OMe

F
3.26b

Scheme 3.7 Fluorination of the dianion of (-)-(R)-methyl (N-benzoyl)-3-amino-3-phenylpropanoate 3.24
with electrophilic fluorinating reagents.

*

In the representation of stereochemical relationships ‘anti’ means ‘on the opposite side’ of a reference
plane, in contrast to ‘syn’ which means ‘on the same side’. 13 In this thesis syn/anti are used to describe the
relationship between the fluorine and the amino acid side chain substituents in α-fluoro-β3-amino acids. In
the syn isomer the fluorine and the amino acid side chain substituents lie on the same side of the carbon
chain with respect to the plane of the peptide backbone, and in the anti isomer the fluorine and the amino
acid side chain substituents lie on opposites sides.
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Reagent [F+]

Temp

(°C)/ % Yielda

Ratio of 3.26a
and 3.26bb

Time (h)
1

NFOBS

-78/6

82

65:35

2

NFOBSc

-78/6

94

56:44

3

NFOBSc

-100/6

41

56:44

4

NFOBSc,d

-78/6

58

52:48

5

NFSIc

-78/6

65

81:19

Table 3.1 Results of the fluorination of 3.24 with electrophilic fluorinating reagents. a) isolated yields. b)
Ratio determined by 1H NMR. c) 2.0 equiv. of LiCl was added. d) Addition of the enolate to NFOBS).7

The stereoselectivity of this reaction was thought to be attributed to the formation of the
eight-membered cyclic chelate (3.25), with approach of the electrophilic source of
fluorine from the sterically least hindered face. The formation for this intermediate was
first

suggested

in

the

α-hydroxylation
14

(camphorylsulfonyl)oxaziridine.

of

the

dianion

of

3.24

with

The good anti- selectivity (85:15) observed in the

hydroxylation reaction was thought to be due to the approach of the oxaziridine from the
least hindered face of the intramolecular eight-membered chelate. The calculated lowest
energy conformer of the chelated dianion supported this hypothesis, indicating that the Si
face was the most accessible to electrophilic attack.14

However, the poor selectivity

observed for the electrophilic fluorination of the enolate dianion suggests that the cyclic
chelate is either not being formed or is breaking down under the reaction conditions. This
theory is also supported by the observation that a higher portion of syn isomer is formed
when NFSI is used instead of NFOBS. NFSI is bulkier than NFOBS and hence would be
more likely to give the anti isomer if the cyclic chelate was being formed.
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3.1.1 Research described in this chapter
The method devised by Davis and Reddy enables the synthesis of α-fluoro-β3-amino acids
via the direct fluorination of the corresponding β3-amino acids (Scheme 3.7). β3-Amino
acids are readily prepared from the α-amino acid precursors by Arndt-Eistert
homologation and are commercially available.15 Therefore, this method is the most direct
route for the synthesis of α-fluoro-β3-amino acids. However, the study by Davis and
Reddy has limited scope, with the use of a single amino acid side-chain (phenyl), and a
less than ideal N-benzoyl protecting group.

The research in this chapter extends the method of Davis and Reddy to a variety of αfluoro-β3-amino acids, with an investigation on how the stereoselectivity of this reaction
is affected by the size of the amino acid side-chain and amine protecting group. The
synthesis of an α-fluoro-β2-amino acid is also detailed.

The compounds prepared is this chapter were used in subsequent studies on the
conformation of fluorinated β-peptidic compounds and the activity of α-fluoro-β-amino
acids derivatives against α-chymotrypsin, as described in Chapters 2, 4 and 5.
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3.2 Synthesis of α-Fluoro-β3-Amino Acids
Novel α-fluoro-β3-amino acids were synthesised from their corresponding β3-amino acids
using the methodology described by Davis and Reddy: direct fluorination of β3-amino
acid enolates.7 NFSI was used as the electrophilic source of fluorine as Davis and Reddy
found that it gave better stereoselectivity than NFOBS.
3.2.1 Synthesis of α-fluoro-β3-homophenylalanine and optimisation of reaction
conditions
Derivatives of α-fluoro-β3-homophenylalanine, (2S,3S)- and (2R,3R)-2.49, were
synthesised from commercially available N-Boc-protected β3-homophenylalanine, (S)and (R)-3.27 (Scheme 3.8). Reaction of the acid with MeI and KHCO3 gave the methyl
esters (S)- and (R)-3.28 without cleavage of the Boc protecting group.

For the initial synthesis of (2S,3S)-2.49 2.2 equivalents of LDA (freshly prepared in THF)
and a solution of (S)-3.28 in THF were added at -78 °C to give a lithium enolate
intermediate (see later for a discussion on the enolate 3.48) . The solution was stirred for
an hour at -78 °C and then five equivalents of NFSI in THF were added. The resulting
solution was stirred at -78 °C for 2.5h and then at 0°C for a further 2h to give the
protected α-fluoro-β3-amino acid (2S,3S)-2.49 in 73 % yield after purification by
chromatography (Entry 1 in Table 2.4). Integration of the major and minor peaks in the
19

F NMR spectrum of the crude product gave a diastereomeric ratio of the major to minor

isomer of 95:5 (see later for a discussion on a rotamer).

O
BocHN

O

i
OH

BocHN

O

ii, iii
OMe

BocHN 3

2

1 OMe

F
3.27

3.28

2.49

Scheme 3.8 Reagents and Conditions: i) MeI, KHCO3, DMF; ii) LDA, THF, -78°C, 1 h ; iii) NFSI, THF.
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Starting

eqv.

eqv.

Temp

Material

of LDA

Of NFSI

(°C)

% de

Ratio of

Major

Minor

%

Product

Product

Yield

-78/2.5

(2S,3S)-

(2R,3S)-

73

90

95:5

0/2

2.49

2.49

-78/2.5

(2R,3R)-

(2S,3R)-

57

91

95:5

0/2

2.49

2.49

-78/3.5

(2S,3S)-

(2R,3S)-

53

86

93:7

-40/1

2.49

2.49

-78/2.5

(2R,3R)-

(2S,3R)-

37

94

97:3

-40/1

2.49

2.49

/

isomers

Time (h)
1

2

3

4

(S)-3.28

(R)-3.28

(S)-3.28

(R)-3.28

2.2

2.2

2.1

2.1

5

2.5

2.5

1.1

Table 3.2 Results of the fluorination of the lithium enolate of 3.28 with NFSI using different conditions.

The fluorination reaction was repeated on 3.28 with varying equivalents of LDA and
NFSI, and at different temperatures, to ascertain the optimal conditions (Table 3.2). The
equivalents of LDA and NFSI used were sequentially reduced in Entries 2-4 in an effort
to minimise side-products. The reaction mixture was kept at -78°C for an extra hour in
Entry 3 and was only warmed up to -40°C for an hour instead of at 0°C for two hours in
Entries 3 and 4. The solutions were kept at a lower temperature in these entries to try to
achieve the best yield and diastereomeric excess. The reductions in equivalents of LDA
and NFSI and lowering of temperature in Entries 2-4 generally resulted in lower yields
with only slight variations in the diastereomeric ratios.

Only small differences in the diastereomeric ratios were observed under a variety of
conditions, thus the initial set of conditions (Entry 1 in Table 2.2) were selected as
optimal as these gave the highest yield. (R)-3.28 was reacted under these conditions to
give (2R,3R)-2.49 with a 76 % yield and a 94:6 ratio of diastereoisomers. The result of
this reaction confirmed this set of conditions as being optimal, and consequently was used
in all further fluorination reactions of β3-amino acids.
Recrystallization of (2S,3S)-2.49 and (2R,3R)-2.49 from ethyl acetate/petroleum ether
through slow diffusion removed the minor diastereoisomer. The syn relative configuration
of (2R,3R)-2.49 was confirmed by X-ray crystallography (Figure 3.1). The absolute
configuration was assigned based on the known absolute configuration of the starting β3amino acid (3.27 in Scheme 3.8).
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Figure 3.1 X-ray crystal structure of (2R,3R)-2.49. Atom colours: C, black; N, blue; O, red; F, green; H,
white.

The

19

F NMR spectra of crude (2S,3S)-2.49 and (2R,3R)-2.49 in chloroform contained

multiplet resonances at (-)203.4 – (-)203.9 and (-)203.4 – (-)203.8 ppm, respectively, that
were initially thought to be due to a side product (Figure 3.2). However, these resonances
still remained after purification. Changing the solvent for the

19

F NMR from chloroform

to DMSO resolved the resonance at (-)203.4 – (-)203.9 ppm in the 19F NMR spectrum of
(2S,3S)-2.49 into a doublet of doublets at (-)199.9 ppm with coupling constants of J =
48.8, 24.5 Hz. These coupling constants are comparable to the coupling constants of the
major diastereoisomer resonance of J = 48.2, 23.3 Hz. Variable temperature 19F NMR of
(2S,3S)-2.49 in chloroform showed that the resonance at (-)203.4-(-)203.8

and the

resonance of the major diastereoisomer at (-)204.7 coalesced at 55°C with a small
shoulder (Figure 2.3), suggesting that the additional peak is due to the presence of a
rotamer. The

13

C and 1H NMR spectra showed no evidence of any other compounds in

the sample. Boc-protected α-amino acids are known to exsist as syn and anti rotamers.16,
17

Therefore, it is assumed that (2S,3S)-2.49 and (2R,3R)-2.49 exist as rotamers, which are

most likely due to the Boc protecting group. The ratio of rotamers was found to be 9:1
(determined from the 19F NMR spectra), which is consistent with a Boc rotamer.

The integrals of the rotamers of the major diastereoisomer were combined in the
calculation of the diastereomeric ratios for the synthesis of (2S,3S)-2.49 and (2R,3R)2.49.

23°C

30°C

35°C

40°C

45°C

50°C

Figure 3.2 Variable temperature 19F NMR of (2S,3S)-2.49 in CDCl3 showing coalescing of peaks as the temperature increases.

55°C
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3.2.2 Affect of amino acid side chain on the diastereoselectivity of fluorination of β3amino acids

The diastereomeric excesses obtained in the synthesis of (2S,3S)-2.49 and (2R,3R)-2.49
were greater than that reported by Davis and Reddy in the related fluorination reaction
with NFSI (Scheme 3.7). This could be due to the different amino acid side chains used;
in the α-fluoro-β3-amino acid synthesised by Davis and Reddy, 3.26, the amino acid side
chain is a phenyl group, while 2.49 has a benzyl group.

1, 7

To investigate whether the

stereoselectivity of the fluorination of β3-amino acids is influenced by the amino acid side
chain the fluorination reaction was performed on a series of N-Boc protected β3-amino
acids: β3-homoleucine, β3-homovaline and β3-homoalanine (Scheme 3.9).

R
BocHN

R

O
OMe

i, ii

R

O

BocNH

BocNH

OMe

OMe
F

F
3.32a R2=CH 2CH(CH3) 2
3.33a R2=CH(CH 3)2
3.34a R2=CH3

3.29 R2=CH 2CH(CH3) 2
3.30 R2=CH(CH 3)2
3.31 R2=CH 3

O

3.32b R2=CH2CH(CH 3)2
3.33b R2=CH(CH3) 2
3.34b R2=CH 3

Scheme 3.9 Reagents and Conditions: i) LDA, THF, -78°C, 1 h ; ii) NFSI, THF, -78°C 2.5h, 0°C 2h.

Product

% Yield

% de

3.32

60
52
40
57
38
41
45

86
85
76
91
88
92
92

3.33

3.34

Ratio
of
product a to
b
93:7
93:7
88:12
96:4
94:6
96:4
96:4

Table 3.3 Results of the fluorination of the lithium enolates of 3.29-3.31 with NFSI.
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The fluorination reactions were performed in duplicate for each β3-amino acid (3.29-3.31)
to ensure the stereoselectivity of the reaction was reproducible. However, for 3.30 the
reaction was repeated a third time. The diastereomeric ratios were consistently high, with
the major diastreoisomer present in over 90 % in the reaction product being achieved for
all three compounds: 93:7 for 3.32, 96:4 for 3.33, and 96:4 for 3.34 (see Scheme 3.9 and
Table 3.3).

The synthesis of 3.32 and 3.33 were accomplished with yields of 60 % and 57 %,
respectively, after purification by radial chromatography on silica. However, the highest
yield obtained for the synthesis of 3.34 was 45 %. To account for the lower yield of 3.34
two side-products formed during the synthesis of 3.34 were isolated using radial
chromotrography. NMR analysis of the first of these side products found that it exhibited
two peaks in the

19

F NMR spectrum at -122.2 and -113.8 ppm, with a mutual coupling

constant of 258 Hz. This is indicative of geminal fluorines and NMR analysis was
consistent with the C,C-difluorinated amino ester 3.35.4
The 1H NMR spectra of the second side product in chloroform was similar to that
obtained for 3.34 with the absence of a peak corresponding to the amine proton. Further
investigation using 2D NMR experiments (HSQC and COSY) confirmed that there was
no amine proton in the side-product. The 19F NMR spectra of the side-product exhibited
two resonances at -190.6 and -190.7 ppm. The structure of the second side product, the
C,N-difluorinated amino ester 3.36, was tentatively assigned based on this information,
and was supported by high resolution mass spectroscopy.

Comparable side-products were also seen in the synthesis of 3.33. The side products 3.35
and 3.36 are consistent with the side-products formed in similar alkylation reactions of
β3-amino acids that proceed via the same lithium enolate, followed by electrophilic
alkylation.18
O
BocHN

O
OMe

F F
3.35

Boc

N
F

OMe
F
3.36

Figure 3.3 Side-products from the fluorination of the lithiated enolate of 3.31.
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The diastereomeric ratios obtained in the syntheses of N-Boc protected α-fluorinated β3homophenylalanine (2.49), β3-homoleucine (3.32), β3-homovaline (3.33) and β3homoalanine (3.33) were very similar: 95:5 for (2S,3S)-2.49, 94:6 for (2R,3R)-2.49, 93:7
for 3.32, 96:4 for 3.33, and 96:4 for 3.34. These comparable diastereomeric ratios
indicate that the size of the amino acid side-chain does not greatly affect the
stereoselectivity of the fluorination of β3-amino acids.

3.2.3 Affect of amine protecting group on the diastereoselectivity of fluorination of
β3-amino acids
Next, the influence of the amine protecting group on the fluorination of β3homophenylglycine was investigated. A benzoyl group was used to protect the amine in
the synthesis of α-fluoro-β3-homophenylglycine 3.26 by Davis and Reddy; for the
synthesis of 2.49, 3.32-3.34 a Boc amine protecting group was used. The synthesis of
compounds 2.49, 3.32-3.34 all proceeded with greater diastereomeric excesses than that
reported by Davis and Reddy for the synthesis of 3.26 (81:19). Thus, it was postulated
that the size of the amine protecting group may influence stereoselectivity by hindering
attack on one face of the lithium enolate. To test this hypothesis the compound used by
Davis and Reddy, 3.24, and derivatives with different size amine protecting groups (3.393.41) were fluorinated using the established method (Scheme 3.11). The Boc and Cbz
protecting groups were chosen as they are both larger than the benzoyl protecting group,
while the acetyl group was selected as it is significantly smaller. The results are shown in
Table 3.4.

The methyl ester 3.38 was obtained from commercially available (R)-3-amino-3phenylpropionic acid 3.37 in quantitative yield on treatment with thionyl chloride in
methanol. The amine hydrochloride was then protected on reaction with benzoyl chloride
in the presence of base to give 3.24 with a yield of 85 %. The N-Cbz protected analogue
3.39 was synthesised from 3.38 in 71 % yield using benzyl chloroformate in a 1:1
solution of saturated aqueous NaHCO3 and DCM. The reaction of di-tert-butyl
dicarbonate and Et3N with 3.38 generated the N-Boc protected version 3.40 in 89 % yield.
The remaining compound, the acetyl protected derivative 3.41, was formed with a yield
of 74 % by reaction of 3.38 with acetyl chloride and base.
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ii

O
BzHN

OMe
3.24

iii

O
CbzHN

O

O

i
H 2N

OH

HCl.H2N

3.37

OMe
3.39

OMe
3.38
iv

O
BocHN

OMe
3.40

v

O
AcHN

OMe
3.41

Scheme 3.10 Reagents and Conditions: i) SOCl2, MeOH (100 %); ii) BzCl, Et3N, DCM (85%); iii) Benzyl
chloroformate, 1:1 sat. aq. NaHCO3 :DCM (71%); iv) (Boc)2O, Et3N, 1:1 H2O: 1,4-dioxane (89%); v) AcCl,
Et3N, DCM (74%).

O
RHN

O
OMe

3.24 R= Bz
3.39 R= Cbz
3.40 R= Boc
3.41 R= Ac

i, ii

RHN

O
OMe

RHN

OMe

F

F

3.26a R= Bz
3.42a R= Cbz
3.43a R= Boc
3.44a R= Ac

3.26b R= Bz
3.42b R= Cbz
3.43b R= Boc
3.44b R= Ac

Scheme 3.11 Reagents and Conditions: i) LDA, THF, -78°C, 1 h ; ii) NFSI, THF, -78°C 2.5h, 0°C 2h.
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3.24
3.39
3.40
3.41
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Product

% Yield

% de

3.26
3.42
3.43
3.44

70
63
75
51

66
58
56
26

Ratio of a to b
in product
83:17
79:21
78:22
63:37

Table 3.4 Results of the fluorination of the lithium enolates of 3.24, 3.39-3.41with NFSI as shown on
Scheme 3.11.

The synthesis of 3.26, using the method shown in Scheme 3.11, proceeded with a
diasteremeric ratio of 83:17 and a yield of 70 %. These values are very similar to those
reported by Davis and Reddy for their synthesis of 3.26 (Scheme 3.7), which had a
diastereoisomeric ratio of 81:19 and a yield of 65 %.

When the benzoyl amine protecting group of 3.24 was replaced with the larger Cbz and
Boc protecting groups (compounds 3.39 and 3.40), the fluorinated reaction proceeded to
give the products 3.42 and 3.43 with diastereomeric ratios of 79:21 and 78:22, and yields
of 63% and 75 %, respectively (Scheme 3.11). These values do not vary significantly
from those achieved in the synthesis of the N-benzoyl protected derivative 3.26. When the
smaller N-acetyl protecting group was used (compound 3.41) there was a significant
change in the stereoselectivity of the fluorination reaction; compound 3.44 was
synthesised with a nearly equimolar diastereomeric ratio of 63:37, and with a lower yield
of 51 %.

Radial chromatography of compounds 3.26 and 3.43 produced pure samples of the major
diastereoisomers, 3.26a and 3.43a.
3.2.4 The lithium enolate and the diastereoselectivity of the fluorination of β3-amino
acids
A similar reaction to the direct fluorination of β3-amino acids (as shown in Schemes 3.8,
3.9 and 3.11) is the α-alkylation of β3-amino acids via reaction of an alkyl electrophile
with the LDA generated lithium enolate of a β3-amino acid. This alkylation reaction has
been studied by several groups, with high diastereoselectivity generally achieved.19-25
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Seebach et al have investigated the course of the α-alkylation of β3-amino acids using βamino butyric acid as a representative compound (Scheme 3.12).19 It was found that the
reaction proceeded via the di-lithiated β-amino acid derivative 3.46, which was always
alkylated with the same syn relative topicity (as drawn).

O
R

O
N
H

OLi

LDA, THF
OMe

-70°

R

OLi

N

OMe

O

EX
-70°

R

O
N
H

3.46

3.45
Re

OMe
E
3.47

R= Ph, PhCH 2O

Scheme 3.12 Stereochemistry of the alkylation of β-amino butyric acid derivatives via a di-lithiated
enolate.

It is well documented that upon treatment with LDA a β3-amino acid forms a doubly
lithiated intermediate, and electrophiles add to the enolate to give the syn product (as
shown in Scheme 3.12).19, 23, 24, 26 Hence, the fluorination reactions in Schemes 3.7, 3.8
and 3.10 would proceed through a di-lithiated intermediate as LDA was used to generate
the enolate. The electrophilic source of fluorine (NFSI) would then add to the enolate to
give the syn product, which was confirmed by the X-ray crystal structure of (2R, 3R)2.49.

The good syn selectivity observed in the fluorination reactions in Schemes 3.8, 3.9 and
3.11 can be accounted for by considering the possibility of chelation of a lithium ion
between the enolate oxygen of the ester group and the deprotonated amino group to form
a six-membered ring, 3.48.25, 27-30 X-ray crystal structures of β-amino ester enolates have
exhibited this type of coordination with the formation of six-membered rings.18 The
creation of the ring helps stabilise the structure and allows control of enolate geometry by
holding it in a rigid conformation. Electrophilic attack can occur only from the sterically
least hindered face of the ring, resulting in the observed high syn selectivity.
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OLi
Li
R1

N

O
OMe

R2
3.48

Figure 3.4 Possible lithium enolate intermediate.

From Schemes 3.8 and 3.9 it was found that when R1=OC(CH3)3 and R2= CH2Ph,
CH2CH(CH3)2, CH(CH3)2 and CH3 (compounds 3.28, 3.32-3.34) the diastereomeric
excess of the fluorination reaction was high. However, when R2= Ph (compound 3.40) the
diastereomeric excess was reduced.

The Winstein-Holness A values (or axial strain values) provide a measure of the
conformational preference of a substituent (R) in a monosubstituted cyclohexane to be
equatorial rather than axial.31,

32

It is defined as the Gibbs free energy between the

equatorial and axial conformers. These values can be used as a measure of steric bulk.
Based on the literature values in Table 3.5 it could be assumed that a phenyl substituent
has the greatest steric bulk of these four substituents.

Substituent A
value
(kcalmol-1)
CH3
1.7433
CH(CH3)2 2.2133
Ph
2.834
CH2Ph
1.6835
Table 3.5 Winstein-Holness A values for selected substituents.

Thus, during the fluorination of 3.48 when R2= Ph the large steric bulk of the phenyl
group is close in proximity to the site of electrophilic attack, and could therefore reduce
the preference for attack on one side of the ring, giving a larger amount of the anti
product.
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The conversion of the amine protecting group to R1=Ph, OCH2Ph with R2=Ph
(compounds 3.24 and 3.39) resulted in the fluorination reaction proceeding with similar
diastereomeric excesses to when R1=OC(CH3)3

(compound 3.40) (see Table 3.4).

However, when R1= CH3 (compound 3.41) the diastereomeric excess of the fluorination
reaction was significantly lower. The common protecting groups, Bz, Boc and Cbz, are
sufficiently bulky enough to sterically block one side of the enolate from electrophilic
attack to the same extent. The smaller Ac group may not be able to block attack from one
side to the same degree, giving a higher ratio of isomers.
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3.3 Synthesis of an α-Fluoro-β2-Amino Acid
The first and only synthesis for α-fluorinated β2-amino acids was devised by Michael
Edmonds and Florian Graichen from our research group, and this was used to synthesise
the α-fluoro-β2-amino acid derivative 2.35 (Scheme 3.13).6, 36 The benzyl side-chain was
selected as it was required for the synthesis of possible α-chymotrypsin substrates and
inhibitors in Chapters Four and Five.

The propanoic acid 3.49 was first converted to the corresponding acid chloride 3.50 and
this was reacted with the anion of (4S)-4-benzyl-2-oxazolidinone to give the
oxazolidinone 3.51 in 96% yield. The incorporation of the oxazolidinone functional group
allowed selective fluorination at the α-carbon by deprotonation with LDA, followed by
treatment with NFSI to give 3.52 with a 76% yield and >95% de (determined by

19

F

NMR of the crude and purified product).

Benzyl chloromethyl ether (BnOCH2Cl) was used as the electrophile for reaction with the
anion of 3.52 as other alkylating reagents, including MeOCH2NHZ, CH3I and
CH3OCH2I, were previously found to be unreactive.36 Alkylation of 3.52 with
BnOCH2Cl, in the presence of TiCl4 and diisopropylethylamine, gave 3.53 in a yield of
52% and >95% de (determined by

19

F NMR of the crude and purified product). The

introduction of the benzyl protected hydroxymethyl substituent provides a group suitable
for facile conversion into the desired amine functionality of 2.35.

With the required fluorinated chiral centre in place, the bulky oxazolidinone chiral
auxiliary of 3.53 was removed by treatment with LiOOH (formed in situ) to give the free
acid 3.54 (98% yield). This acid was then esterified with thionyl chloride in MeOH to
give 3.55 in 97% yield. The large oxazolidinone group was removed to minimise
potential steric interference in the subsequent conversion of the hydroxyl group to the
desired amine.

The benzyl group of 3.55 was then removed by Pd/C catalysed hydrogenation to give the
free alcohol 3.56 in 95% yield. This was followed by conversion to the tosylate 3.57
(79% yield) on treatment with tosyl chloride (TsCl), triethylamine (Et3N) and 4-
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(dimethylamino)pyridine (DMAP) in dry dichloromethane. The tosylate group was
displaced by heating at 80˚C for 36 hours in the presence of sodium azide (NaN3) to give
the azide 3.58 (45% yield). Subsequent hydrogenation with a Pd/C catalyst of the azide
afforded the free amine which was immediately converted to the Boc derivative 2.35 in
76% yield by reaction with (Boc)2O present in the solution.
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viii
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BocHN

OMe
F
2.35

x

N3
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F
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Scheme 3.13 Reagents and Conditions: i) C2Cl2O2, DCM (100%); ii) n-BuLi, (4R)-benzyl-2-oxazolidinone,
THF,-78°C to rt (96%); iii) LDA, NFSI, THF, -78-0°C (76%); iv) TiCl4, iPr2NEt, BnOCH2Cl, DCM, 0°C
(52%); v) LiOH, H2O2, 4:1 THF/H20, 0°C (87%); vi) SOCl2, MeOH, 0°C to rt (97%); vii) Pd/C, H2, MeOH
(95%); viii) TsCl, Et3N, DMAP, DCM, 0°C to rt (79%); ix) NaN3, DMF, 80°C (45%); x) Pd/C, H2,
(Boc)2O, MeOH (76%).

O
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3.4 Conclusion and Future Work
This chapter presents the synthesis of a series of α-fluoro-β-amino acids. The main
techniques for the synthesis of α-fluoro-β3-amino acids involve the conversion of a
hydroxyl group into fluorine (Schemes 3.1, 3.2 and 3.4). However, by using the method
devised by Davis and Reddy (Scheme 3.7) it was possible to synthesise a variety of αfluoro-β3-amino acids, with high diastereoselectivity, via the direct fluorination of β3amino acids. This method allows the stereoselective conversion of an α-amino acid to an
α-fluoro-β3- amino acid in two steps: Arndt-Eistert homologation of the α-amino acid to
generate the β3- amino acid, followed by direct fluorination of the β3- amino acid with
LDA and NFSI to give the α-fluoro-β3- amino acid (Scheme 3.14).

R
OH

PGHN

Arndt-Eistert
homologation

R

O

PGHN

R

LDA
OMe

[F+]

O

PGHN

O

OMe
F

Scheme 3.14 Stereoselective conversion of an α-amino acid into an α-fluoro-β3-amino acid.

The direct fluorination of N-Boc-protected β3-homophenylalanine (3.28), β3-homoleucine
(3.29), β3-homovaline (3.30) and β3-homoalanine (3.31) all proceeded with good
diastereomeric excess (> 85 % de). However, the fluorination of N-Boc-protected β3homophenylglycine (3.40) occurred with a lower diastereomeric excess of 66%.
Replacement of the Boc amine protecting group of β3-homophenylglycine with Cbz and
Bz groups (compounds 3.24 and 3.39) did not improve the stereoselectivity of the
fluorination reaction, and substitution with an acetyl amine protecting group (compound
3.41) reduced the diastereomeric excess to 26%.

The

stereoselective

synthesis

of

an

α-fluoro-β2-homophenylalanine

from

3-

phenylpropanoic acid was also accomplished. Conversion of the acid to the Evan's
oxazolidinone followed by enantioselective fluorination and alkylation in high
diastereomeric excess, and subsequent amination gave the α-fluorinated β2-amino acid
2.35.
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The α-fluoro-β-amino acids synthesised in this chapter were used in other studies
discussed in Chapters 2, 4 and 5.

Future work in this area lies in further optimization of the reaction conditions for the
direct fluorination of β3- amino acids, possibly using a different base or fluorinating
agent. In addition, it could also be investigated if this fluorination reaction could be used
to synthesise anti-α-fluoro-β3amino acids by increasing the temperature of the reaction to
generate a larger portion of the anti isomer, and also if it is possible to synthesise αdifluoro-β3-amino acids by increasing the amount of LDA used in the reaction.
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4.1 Serine Proteases
Proteases are enzymes that catalyse the hydrolysis of amide bonds in peptides and
proteins. Serine proteases, named on the basis of a catalytic serine residue in the active
site, are the most thoroughly understood and largest family of proteases, making up over
thirty percent of all proteases. They are extensively distributed in nature and are found in
all kingdoms of cellular life as well as in many viral genomes.1 Interest in serine
proteases has been maintained, not only due to their involvement in a range of
physiological processes, but also for their use in understanding enzymatic rate
enhancements and structure-activity relationships.

Chymotrypsin is often chosen as a representative serine protease as it is a well studied
and characterised enzyme. The structure of chymotrypsin was the first reported structure
for a protease, and multiple crystal structures of ligand-chymotrypsin complexes are
available in the PDB database.2,

3

Chymotrypsin-like proteases are also the most

abundant in nature, with over 240 recognised in the MEROPS database.4, 5

Chymotrypsin is an endopeptidase; it catalyses the cleavage of peptide bonds within a
polypeptide to break it into shorter peptide chains. The specificity of chymotrypsin is
rationalized by the topology of the S1 substrate binding site (by the notation of Schechter
and Berger6). Residues on the C-terminus of the scissile peptide bond are labelled P1,
P2...Pn and on the N-terminus P1′, P2′...Pn′ (Figure 4.1). The corresponding enzyme
binding sub sites are designated S1, S1′...Sn′. Chymotrypsin contains a deep hydrophobic
pocket in the S1 site which accomodates large hydrophobic groups, such as the sidechains of the phenylalanine, leucine and tryptophan amino acids. Hence, chymotrypsin
specifically cleaves peptide bonds on the C-terminal side of these selected residues.
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Figure 4.1 Schematic representation of a protein substrate binding to a protease. (Reproduced from Ref. 7)

The active site of a serine protease consists of a catalytic triad and an oxyanion hole. The
catalytic triad consists of the Ser195, His57 and Asp102 residues. The oxyanion hole is
formed by the backbone NHs of the Gly193 and Ser195 residues. The generally accepted
mechanism of serine protease-catalysed amide bond hydrolysis is depicted in Scheme 4.1.
The mechanism begins with nucleophilic attack by the Ser195 hydroxyl group on the
carbonyl of the scissile amide bond. This initial step is aided by His57 acting as a base to
deprotonate the Ser195 hydroxyl group to increase its nucleophilicity. The Asp102
residue assists by hydrogen bonding to the His57 to orient it towards both the Ser195
hydroxyl group and the substrate.

The resultant tetrahedral intermediate (4.2) is stabilised by hydrogen bonding to the NH
groups in the oxyanion hole.

A hydrogen bond to Asp102 stabilises the His57-H+

residue, which then transfers a proton to the amine of the tetrahedral intermediate. The
ensuing cleavage of the C-N bond produces the covalent acyl enzyme intermediate 4.3
with expulsion of the amine as the leaving group.

Next, a water molecule, activated by deprotonation by the His57 residue, attacks the
newly formed acyl group in 4.3 to give a second tetrahedral intermediate 4.4. The
generated His57-H+ residue protonates the Ser195 hydroxyl group, improving its leaving
group ability, resulting in cleavage of the enzyme-substrate C-O bond with release of a
carboxylic acid.

The overall sequence results in the cleavage of a peptide bond to give an amine and a
carboxylic acid, with regeneration of the free enzyme.1, 5, 8-10
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Scheme 4.1 Schematic representation of peptide bond hydrolysis by serine proteases.
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4.1.1 Kinetics of serine protease catalysed hydrolysis
A simplified kinetic model of the mechanism of serine protease peptide hydrolysis is
shown in Scheme 4.2.11, 12 The first step in this three step model involves the binding of
the substrate (S) to the enzyme (E) to form an initial enzyme-substrate composite called
the Michaelis complex (ES). Next, the acyl-enzyme intermediate (EA) is generated, with
release of the first product, P1 (as discussed in the previous section). Hydrolysis of EA
produces the second product, P2, and regenerates the free enzyme.

E+S

k1

k2

ES

EA + P1

k-1

k3
H 2O

E + P2

Scheme 4.2 Simplified kinetic model of the hydrolysis of peptides and proteins by serine proteases.

Under classical steady-state conditions, the overall rate of amide bond hydrolysis,  ,
varies with substrate concentration, [S], according to the Michaelis-Menten equation:13



 S
S


Equation 4.1

 is the maximum rate that can occur when all present enzyme participates in the
reaction.14 This value is dependent on the enzyme concentration, and is hence not a
fundamental property of the enzyme.15



is the Michaelis Constant and is defined as the

concentration of substrate at which  ⁄2 is achieved. The value of



gives an

indication of the affinity of the enzyme for the substrate, with a low value indicating a
high affinity.

15

The values for  and

(Michaelis-Menten plot).



can be derived from a plot of  vs. [S]
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For the hydrolysis of peptide bonds by serine proteases  and



are expressed by

Equations 4.2 and 4.3:12, 16-18





1

 







Equation 4.2
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In Equation 4.3 E

Equation 4.3



represents the total enzyme concentration. In Equation 4.2



is the

dissociation constant of the Michealis Complex (ES), which is defined by Equation 4.4:





  


Equation 4.4

For the hydrolysis of most amide bonds,



can be simplified to








. 12, 16

4.1.2 Inhibition of serine proteases
A compound is termed an enzyme inhibitor if it decreases the rate of an enzymecatalyzed reaction when it is present in the reaction mixture. 14, 15 The most common type
of reversible inhibition is competitive, where the substrate and the inhibitor both compete
to bind to the substrate-binding site. The substrate and inhibitor cannot simultaneously
bind to the enzyme.

S +

E
+

k1

ES

k -1

I
k-I kI
EI

Scheme 4.3 Competitive inhibition of a serine protease.

k2

EA + P1

k3
H 2O

E + P2
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The mechanism of competitive inhibition of a serine protease is represented by Scheme
4.3. The enzyme-inhibitor complex (EI) cannot give rise to a new product, only
reformation of E + I can occur. Therefore, the concentration of EI is given by a true
equilibrium constant of the reversible combination of the enzyme with the competitive
inhibitor, termed Ki :





E I
EI

Equation 4.5

Ki is the dissociation constant of the EI complex, and is also called the inhibition constant.
The Michaelis-Menten rate equation for the competitive system in Scheme 4.3 is written
as:



S
I
"
 !1


S

Equation 4.6

By taking the reciprocals of both sides the equation becomes:

1





  S

I

S
 S


Equation 4.7

Analysis of inhibition data using Dixon plots and [S]/v vs [I] plots.
The value of Ki can be estimated using a Dixon plot.19 A Dixon plot is based on Equation
4.7 and is a plot of the reciprocal velocity, 1/ , against the inhibitor concentration, [I], at
two or more values of substrate concentration, [S]. For each value of [S] the points lie on
a straight line. For competitive, non-competitive* and mixed† inhibitors the extrapolated
lines (at different [S] values) intersect at a single point where [I] = - Ki (Figure 4.2). The
point of intersection occurs on the abscissa for non-competitive inhibitors. If the Dixon
plot generates parallel lines the compound is an uncompetitive‡ inhibitor.

*

Non-competitive inhibitors bind to the enzyme at a site other than the enzyme's active site
Mixed inhibition refers to a combination of competitive inhibition and uncompetitive inhibition. The
inhibitor can bind to either the free enzyme or the enzyme-substrate complex.
‡
Uncompetitive inhibition takes place when an enzyme inhibitor binds only to the complex formed
between the enzyme and the substrate.
†
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The Dixon plot cannot distinguish
disting
between competitive and mixed inhibitors
ibitors. Therefore,
to unambiguously determine
rmine the mode of inhibition the Dixon plot must be used in
conjunction with the modified
dified Dixon plot.

The modified version of the Dixon
D
plot was devised by Cornish-Bowden and is a plot of
[S]/ against [I] at several
ral different
diff
values of [S].20 For each value of [S]] the ppoints lie on
a straight line. For uncompetit
mpetitive, mixed and non-competitive inhibitors the eextrapolated
lines (at different valuess of [S])
[
intersect at a single point. If the point
int of intersection
occurs on the abscissa the inhibition
inh
is non-competitive. For competitive
tive in
inhibition the
extrapolated lines do nott intercept
inter
and run parallel to each other. Thus,, mixe
mixed inhibition
can be easily distinguished
hed from
fr
competitive inhibition using the modified
dified Dixon plot,
unlike with the Dixon plot. However, the modified Dixon plot cannot
annot distinguish
uncompetitive from mixed
ixed inhibition,
i
and hence the Dixon plot must be used to
differentiate between these two types of inhibition.

Figure 4.2 Characteristic plotss of 1/ν
1/ against [I] (Dixon plot) and of [S]/ ν for the common
mon inhibition
in
types.
In mixed inhibition the point off intersection
inter
can be above the axis in the first plot and below
elow it
i in the second
or vice versa. (Reproduced from
m Ref.
Ref 20)
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Fluorine-based serine protease inhibitors
The substitution of atoms and functional groups with fluorine is often used in the
development of protease inhibitors due to mechanistic and analytical advantages. The
inclusion of fluorine in the inhibitor allows

19

F NMR to be used to follow and

characterise the formation of inhibitor-enzyme complexes, as discussed in Chapter One.
Fluorine can also be used to fine-tune the functional groups in inhibitors to enable them to
form stable complexes with the target enzyme, such as the CF3 substituent in
trifluoromethyl ketones.
Trifluoromethyl ketones are excellent inhibitors of serine proteases.21,

22

The CF3

substituent in the trifluoromethyl ketone 4.5 destabilises the C-O π-bond to which it is
attached, and makes the carbonyl group susceptible to hydration (4.6), and subsequent
nucleophilic attack by the serine residue of the active site (Scheme 4.4).23
Ser195
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- H2O
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O

CF3
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Scheme 4.4 Proposed mechanism of action of peptide trifluoromethyl ketones. (Reproduced from Ref. 10)

The resultant hemiacetal addition complex 4.7 mimics the tetrahedral intermediate
formed during the cleavage of peptides by serine proteases (4.2 in Scheme 4.1). Thus,
serine proteases bind tightly to the trifluoroketone transition state analogue, resulting in
potent inhibition.

The fluoroalkyl substituent also lowers the pKa of the protonated form of the hemiacetal
intermediate 4.7, which ensures essentially complete oxyanionic character of the
hemiacetal complex. This promotes interaction between the inhibitor and the oxyanion
hole, and helps to further stabilise the enzyme-inhibitor complex.24, 25
The formation of the active site serine adduct 4.7 was observed using 19F NMR,25 and Xray crystallography has confirmed the protein-bound hemiacetal structure.26
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β-Amino acid-based serine protease inhibitors
β-Peptides are stable towards hydrolysis by many common proteases and peptidases
(refer to Chapter Five for further details).27-31 The high biological stability of β-peptides
has been used in the development of protease inhibitors; β-amino acid-based inhibitors
have been developed that have potent biological activities and are also resistant to
proteolysis.32
JanuviaTM is an example of a β-amino acid-based serine protease inhibitor. The serine
protease dipeptidyl peptidase IV (DPP-4) plays a major role in the metabolism of glucose,
and is a target in developing potential anti-diabetic agents. JanuviaTM is a potent, selective
and orally active DPP-4 inhibitor, and has recently been approved by the U.S. Food and
Drug Administration for the treatment of type 2 diabetes.33, 34
F
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Figure 4.3 Examples of serine protease inhibitors containing β-amino acids, with the β-amino acid
backbones highlighted in red.

Phosphoramidates containing β-amino acids, such as 4.8 and 4.9, are known to inhibit the
serine protease β-lactamase.35 Inhibition occurs through phosphorylation of the active site
of the enzyme, with release of the β-amino acid (Figure 4.4). The β-amino acid
phosphoramidates are more active than the analogous α-amino acid phosphoramidates as
β-amino acids are better leaving groups than α-amino acids under these reaction
conditions.32
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Figure 4.4 Mechanism of inhibition of β-lactamase by β-amino acids phosphoramidates (Reproduced from
Ref. 35)
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Fluorine has also been introduced into β-amino acids to give rise to serine protease
inhibitors. For example, a series of fluorinated β3-homophenylalanine derivatives 4.10-

4.12 was designed by Ohba et al as possible selective inhibitors of α-chymotrypsin.36
During proteolytic hydrolysis the carbonyl oxygen atom of the scissile peptide bond
hydrogen bonds in the oxyanion hole (refer to Scheme 4.1). In the search for new αchymotrypsin inhibitors Ohba et al substituted the carbonyl oxygen atom of αphenylalanine with fluorine. Thus, the fluorine atom should be positioned to hydrogen
bond to the oxyanion hole, resulting in reversible competitive inhibition of the enzyme
(Figure 4.5). In addition, nucleophilic attack by the hydroxyl group of the Ser195 residue
at the fluorinated carbon centre of the inhibitor could result in displacement of a fluorine
atom, and the ensuing adduct would irreversibly inactivate the enzyme.

O
AcHN

OMe
R1

R2

Compound

R1

R2

Ki (mM)a

type of ligandb

4.10

F

H

19.1

competitive inhibitor

4.11

H

F

6.44

competitive inhibitor

4.12

F

F

0.034

competitive inhibitor

Table 4.1 Inactivation of α-chymotrypsin by compounds 4.10-4.12.36
19 b

plotting the data according to Dixon .

a

Ki values were determined by

Modes of inhibition were determined according to Dixon19 and

Cornish-Bowden20.

Figure 4.5 Postulated inactivation mechanism of α-chymotrypsin by a series of fluorinated phenylalanine
analogues. A) reversible competitive inactivation. B) irreversible inactivation.( Reproduced from Ref. 36)
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The fluorinated β-amino acid derivatives 4.10-4.12 were found to be reversible
competitive inhibitors of α-chymotrypsin (Table 4.1). The anti mono-fluorinated
compound 4.11, with a Ki value of 6.44 mM, was more active than the corresponding syn
form 4.10, which had a Ki value of 19.1 mM. The difluorinated compound 4.12 was the
most active with Ki = 34 µM. The Ki value obtained for 4.12 is comparable to the value
obtained for the N-acetyl phenylalanine trifluoromethyl ketone derivative 4.13, a known
reversible inhibitor of α-chymotrypsin with a Ki of 40 µM.

O
N
H

CF3
O

4.13

Both the configuration of the fluorinated carbon centre in compounds 4.10 and 4.11, and
the addition of an extra fluorine at the α-carbon in compound 4.12 had an effect on the Ki
value, implying that fluorine is involved in the inactivation of the enzyme. Compounds

4.10-4.12 were reversible inhibitors, suggesting that inactivation occurs through hydrogen
bonding of the fluorine to the oxyanion hole.
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4.1.3 Research described in this chapter

β-Amino acids are pharmacologically important as β-amino acid-based inhibitors have
potent biological activities but are also resistant to proteolysis. The inclusion of fluorine
into enzyme inhibitors can improve their biological properties, such as the metabolic
stability and binding affinity of the compound (refer to Chapter One). For example, the
CF3 substituent enables trifluoromethyl ketones to form stable complexes with serine
proteases, resulting in potent inhibition. Therefore, fluorinated analogues of β-amino
acids could possess valuable biological activities. Previous work in this area has shown
that the α-fluorinated β3-amino acids 4.10-4.12 (Table 4.1) are active-site inhibitors of a
serine protease, α-chymotrypsin.36

Thus, the inhibitory activity of the α-fluorinated β-amino acids synthesised in Chapter
Three was investigated. This chapter details the enzyme assays conducted on a selection
of α-fluorinated β-amino acids to ascertain their inhibitory activity against a
representative serine protease, α-chymotrypsin. These compounds are proposed to inhibit
serine proteases via the formation of hydrogen bonds between the fluorine atom and the
amide protons of the oxyanion hole in the active site. The non-fluorinated counterparts
were also assayed to determine the influence of fluorine on the inhibitory properties of
the β-amino acids.
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4.2 Selection of α-Fluoro-β-Amino Acids for Inhibition Studies
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Figure 4.6 β-amino acid derivatives selected to assay against α-chymotrypsin

Two series of fluorinated β-amino acids were selected to assay against α-chymotrypsin;
β-homophenylalanine derivatives (2.35, (2S,3S)-2.49 and (2R,3R)-2.49),

and β-

homophenylglycine derivatives (3.26a, 3.43a, and 3.44) (Figure 4.6). These two series of
amino acid derivatives were selected to assay against α-chymotrypsin as they both
contain aromatic amino acid side-chains. α-Chymotrypsin has a high specificity toward
aromatic amino acid side chains (as discussed earlier), and thus these compounds are
more likely to be able to bind to the enzyme. Comparison of the assay results between the
two series will allow the determination of which of the two types of aromatic amino acid
has greater activity against α-chymotrypsin. The β-homophenylalanine derivatives are βamino acid analogues of the naturally occurring α-amino acid, α-phenylalanine, whereas
the β-homophenylglycine derivatives are analogues of α-phenylglycine, which does not
occur naturally. Thus, the β- homophenylalanine derivatives could be better mimics of a
natural amino acid, and hence be more potent inhibitors of α-chymotrypsin.

In addition, for each of these compounds, except 3.44, a pure sample of the single
diastereoisomer was obtained. The diastereomeric mixture of compounds 3.44a and 3.44b
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could not be separated by chromatographic methods. However, the mixture of
diastereoisomers (labelled 3.44) was still selected for assay testing as it is the β3homophenylglycine analogue of the N-acetyl-β3-homophenylalanine derivatives 4.10-

4.11 used in the study by Ohba et al.
Both fluorinated β2- and β3-homophenylalanine derivatives were selected for assaying
against α-chymotrypsin. Compounds (2S,3S)-2.49 and (2R,3R)-2.49 are N-Boc protected
α-fluoro-β3-homophenylalanine derivatives, and compound 2.35 is an N-Boc protected αfluoro-β2-homophenylalanine derivative. Thus, comparison of (2S,3S)-2.49 and (2R,3R)-

2.49 with 2.35 will allow examination of how the position of the phenylalanine side
chain alters the activity of α-fluoro-β-homophenylalanine against α-chymotrypsin. In
addition, the compounds synthesised and assayed by Ohba et al, 4.10 and 4.11, are also αfluoro-β3-homophenylalanine derivatives but have an acetyl amine protecting group
instead of a Boc protecting group. Therefore, comparison of the Ki values of (2S,3S)-2.49
and (2R,3R)-2.49 with the values of 4.10 and 4.11 will allow investigation of how the
amine protecting group affects the inhibitory activity of α-fluoro-β3-homophenylalanine
against α-chymotrypsin.

Compounds 3.26a, 3.43a, and 3.44 were selected to assay against α-chymotrypsin as they
are all α-fluoro-β3-homophenylglycine derivatives but have different amine protecting
groups; compound 3.26a has a benzoyl protecting group, 3.43a has a Boc protecting
group and 3.44 has an acetyl protecting group. Thus, comparision of the Ki values of
these three compounds will allow examination of how the amine protecting group
influences the inhibitory activity of α-fluoro-β3-homophenylglycine derivatives.

The non-fluorinated analogues, 5.27, (S)-3.28, (R)-3.28, 3.24, 3.40, 3.41, respectively,
were also assayed for comparison to ascertain the influence of fluorine on the inhibitory
properties of the β-amino acids.

The synthesis of all compounds in Figure 4.6, except for 5.27, is described in Chapter
Three. The synthesis of compound 5.27, the non-fluorinated analogue of 2.35, in detailed
in Chapter Five.
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4.3 Assay Setup and Validation
The α-chymotrypsin assay procedure was adapted from the methods outlined by Geiger37
and Häcker et al.38 All α-chymotrypsin assays were conducted at 25 ± 0.1 °C in a 77 mM
Tris HCl, 20 mM CaCl2, pH 7.8 buffer solution. The inhibition of α-chymotrypsin was
analyzed spectrophotometrically with the substrate Suc-Ala-Ala-Pro-Phe-pNA. Addition
of a stock enzyme solution to the reaction mixture initiated the reaction. The absorbance
at 405 nm, due to the formation of p-nitroaniline, was measured continuously over a six
or ten minute period to give a linear steady-state turnover of the substrate. Stock solutions
of the inhibitors and substrates (Suc-Phe-pNA and Suc-Ala-Ala-Pro-Phe-pNA) were
prepared in DMSO. Enzyme stock solutions were prepared in 1 mM HCl. DMSO was
used in the assay mixture at a final concentration of 6% to aid solubility of the substrates
and inhibitors in solution. All experiments were performed in triplicate and the mean
values used.§ All data was globally fitted.

A more detailed description of assay conditions for individual experiments is given in
Section 6.4.

4.3.1 Determination of Kinetic Parameters

Km values for the substrates Suc-Phe-pNA and Suc-Ala-Ala-Pro-Phe-pNA were initially
determined to ascertain the enzyme exhibited normal activity, and to validate the assay
set-up. The substrates were incubated with α-chymotrypsin at enzyme concentrations of
43.7 µg/mL for Suc-Phe-pNA and 11 ng/mL for Suc-Ala-Ala-Pro-Phe-pNA. The Km
values for Suc-Phe-pNA and Suc-Ala-Ala-Pro-Phe-pNA, obtained from MichaelisMenten plots ( vs. [S], Figure 4.7), were found to be 1.52 ± 0.05 mM and 67 ± 4 µM,
respectively. These values are in good agreement with literature values.16, 23, 39-41

A 874 µg/mL enzyme solution was used in the determination of the Km for Suc-Phe-pNA.
However, an enzyme solution with a much lower concentration of 219 ng/mL was
required in the determination of the Km for Suc-Ala-Ala-Pro-Phe-pNA due to the lower
Km value of this substrate.
§ Enzyme assays were performed by Dr. Markus Pietsch and Victoria Peddie.
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Many enzymes are more stable at high concentrations than at low concentrations, so it is
not uncommon for an enzyme to lose activity rapidly when it is diluted from a stable
stock solution to the much lower concentration used in an assay. Therefore, a stock
enzyme solution of 219 ng/mL was not prepared due to possible loss of enzyme activity
at this low concentration. Instead, for each set of measurements used in the determination
of the Km for Suc-Ala-Ala-Pro-Phe-pNA a new 219 ng /mL enzyme solution was
prepared from a stable enzyme stock solution of 874 µg/mL.
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Figure 4.7 Michaelis-Menten Plots of Suc-Phe-pNA and Suc-Ala-Ala-Pro-Phe-pNA. Mean values and
standard deviations of rates from triplicate experiments in 77 mM Tris-HCl, 20 mM CaCl2, pH 7.8 with 6%
v/v DMSO and 43.7 µg/mL α-chymotrypsin for Suc-Phe-pNA and 0.011 µg/mL α-chymotrypsin for SucAla-Ala-Pro-Phe-pNA are shown.

Slight differences in the individually prepared 219 ng /mL enzyme solutions resulted in
inconsistencies between different batches of measurements. Therefore, the rates of
hydrolysis were recalculated as percentage rates to allow comparison between the sets of
measurements. For each set of measurements a control cuvette containing 100 µM SucAla-Ala-Pro-Phe-pNA was included, and the rate of enzymatic-catalysed hydrolysis at
this substrate concentration was set to 100%. The rate of hydrolysis at other substrate
concentrations were then recalculated as percentage rates based on this value.

Michaelis-Menten plots have a hyperbolic function. Thus, the Michaelis-Menten equation
has been reformulated in a variety of ways to give a linear fit, which enables the kinetic
parameters to be easily read from graphs. However, linearization has been superseded by
computer software, such as Grafit 5 as used here, which accurately derives the kinetic
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parameters from Michaelis-Menten plots via non-linear regression. This method is more
accurate than linearization as the ordinate and abscissa variables are independent in
Michaelis-Menten plots, unlike for linear plots, and thus no transformations of variables
are required.42

However, linear plots are still useful for visual inspection to ascertain that MichaelisMenten behaviour is obeyed as deviations from theorectical behaviour are often
exaggerated in linear plots.43 Accordingly, three linear methods were also used to
determine the Km values for Suc-Phe-pNA and Suc-Ala-Ala-Pro-Phe-pNA: LineweaverBurke44, Hanes-Woolf45 and Eadie-Hofstee46,

47

.

All three linear plots showed the

expected Michaelis-Menten behaviour, and gave comparable values of Km to those
obtained using Michaelis-Menten plots (Table 4.2).

Analysis Method
Michaelis-Menten plot
Lineweaver-Burke plot
Hanes-Woolf plot
Eadie-Hofstee plot

Km for Suc-Phe-pNA
(mM)
1.52
1.53
1.51
1.53

Km for Suc-Ala-AlaPro-Phe-pNA (µM)
67.2
61.3
70.2
63.7

Table 4.2 Km for Suc-Phe-pNA and Suc-Ala-Ala-Pro-Phe-pNA determined by four different methods.

Chapter Four

113

4.4 Assay of Fluorinated and Non-Fluorinated β-Amino Acid Derivatives
The inhibition of α-chymotrypsin by the fluorinated β-amino acids 2.35, (2S,3S)-2.49,
(2R,3R)-2.49, 3.26a, 3.43a, and 3.44, and their non-fluorinated analogues, 5.27, (S)-3.28,
(R)-3.28, 3.24, 3.40, 3.41, was analyzed spectrophotometrically using the substrate SucAla-Ala-Pro-Phe-pNA. For each set of measurements a new 219 ng /mL enzyme solution
was used. The rate of enzyme-catalyzed hydrolysis of 100 µM Suc-Ala-Ala-Pro-Phe-pNA
without inhibitor present was measured for each experimental set and was set to a
percentage rate of 100%. The rate of hydrolysis at other substrate and inhibitor
concentrations were calculated as percentage rates based on this value.

The Ki values for all compounds, except 3.43a, were obtained graphically according to
Dixon19 from measurements in the presence of two substrate concentrations, [S], and six
inhibitor concentrations, [I]. Only two substrate concentrations were used due to limited
amounts of compound.

The mode of inhibition was concluded from Dixon plots19 and

plots of [S]/v vs. [I] according to Cornish-Bowden20 (Figures 4.8 and 4.9). For compound

3.43a there was not enough material to obtain a Dixon plot. Therefore the Ki value was
calculated according to Cheng & Prusoff48 and Chou49 from experiments at a single
substrate concentration under the assumption of a competitive mode of inhibition.

4.4.1 Assay results of β-homophenylalanine derivatives
The (S)-β3-homophenylalanine methyl ester (S)-3.28 inhibited α-chymotrypsin with a Ki
value of 0.6 mM (Table 4.3 and Figure 4.8). The (R)-isomer of 3.28, with inversion of the
configuration at the β-position, was inactive against α-chymotrypsin. The α-fluorinated
derivatives of these compounds, (2S,3S)-2.49 and (2R,3R)-2.49, were inactive towards αchymotrypsin at a concentration of 0.5 mM (analysis of the inhibition of α-chymotrypsin
at higher concentrations of (2S,3S)-2.49 and (2R,3R)-2.49 was not possible because of
solubility issues).
The fluorinated β2-homophenylalanine derivative 2.35 inhibited α-chymotrypsin with a Ki
value of 0.9 mM. However, inhibition was not observed for the non-fluorinated analogue

5.27 (Figure 4.8 and Table 4.3).
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Compounds (S)-3.28 and 2.35 showed a competitive mode of inhibition characterized by
an intersection point of the lines above the abscissa in the Dixon plot, and by parallel
lines in the [S]/v vs. [I] plot (Figure 4.8).

O
BocHN

O
BocHN

O
OMe

R1

BocHN

R2

R1
OMe

R1

(2S,3S)-2.49: R1= F, R2= H
(S )-3.28:R1= H, R2= H

R2
2.35: R1= F
5.27: R1= H

(2R,3R)-2.49: R1= H, R2= F
(R)-3.28: R1= H, R2= H

a

Compound

Ki (mM)

(S)-3.28

0.6 ± 0.2

b

type of ligand
competitive
inhibitor

c

c,d

–

c,d

–

(2S,3S)-2.49

NI

(R)-3.28

NI

(2R,3R)-2.49

NI

5.27

NI

c,d

–

c,d

–
competitive
inhibitor

e

2.35

OMe

0.9 ± 0.2

Table 4.3 Ki values for the interaction of β-homophenylalanine derivatives with α-chymotrypsin.
19

values were determined plotting the data according to Dixon .
19

20

according to Dixon and Cornish-Bowden .

c

b

a

Ki

Modes of inhibition were determined

Inhibition studies were done at 0.15 × Km and 0.75 × Km.

d

No inhibition; highest inhibitor concentration analysed: [(2S,3S)-2.49] = 0.5 mM, [(R)-3.28] = 0.5 mM,
[(2R,3R)-2.49] = 0.5 mM, [5.27] = 0.2 mM. These concentrations correspond to the maximum amount of
compound soluble under the described conditions.
Km .

e

Inhibition studies were done at 0.75 × Km and 1.5 ×
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Figure 4.8 Dixon plot (A) and [S]/v vs. [I] plot (B) for the inhibition of α-chymotrypsin by compounds (S)3.28 and 2.35 in the presence of different concentrations of the chromogenic substrate Suc-Ala-Ala-ProPhe-pNA: for the (S)-3.28 graphs full circles, [S] = 10 µM; open squares, [S] = 50 µM, for the 2.35 graphs
full circles, [S] = 100 µM; open squares, [S] = 50 µM Mean values and standard deviations of rates from
triplicate experiments in 77 mM Tris-HCl, 20 mM CaCl2, pH 7.8 with 6% v/v DMSO and 0.011 µg/mL αchymotrypsin are shown

4.4.2 Assay results of β-homophenylglycine derivatives
The fluorinated β3-homophenylglycine derivatives, 3.26a, 3.43a, and 3.44, inhibited αchymotrypsin with Ki values of 0.5, 0.9 and 2.8 mM, respectively (Figure 4.9 and Table
4.4). The non-flourinated compound 3.41, with a Ki value of 10 mM, was three fold less
potent than the corresponding fluorinated analogue 3.44. The non-fluorinated analogues
of 3.26 and 3.43a were inactive against α-chymotrypsin (3.24 and 3.40).
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The lines intersected at a point above the abscissa in the Dixon plots for compounds

3.26a, 3.41 and 3.43a, and the lines were parallel in the [S]/v vs. [I] plots (Figure 4.9).
Thus, a competitive mode of inhibition was concluded for these compounds.

O
BzHN

OMe
R1

O

O
BocHN

R2

R1

3.24: R1= H, R2= H
3.26a: R1= F, R2= H

AcHN

OMe

R1

R2

3.40: R1= H, R2= H
3.43a: R1= F, R2= H

Compound
3.24
3.26a
3.40

Ki (mM)
NI

a

c,d

R2

3.41: R1= H, R2= H
3.44: R1= F/H, R2= F/H

b

type of ligand
–

0.5 ± 0.2
NI

OMe

e

c,d

competitive inhibitor
–

3.43a

0.9 ± 0.3

3.41

10 ± 2

3.44

2.8 ± 0.8

f

h

g

ND

competitive inhibitor
h

competitive inhibitor

Table 4.4 Ki values for the interaction of β3-homophenyglycine derivatives with α-chymotrypsin.
a

Ki values were determined plotting the data according to Dixon19. b Modes of inhibition were determined

according to Dixon19 and Cornish-Bowden20. c Inhibition studies were done at 0.15 × Km and 0.75 × Km. d
No inhibition; highest inhibitor concentration analysed: [3.24] = 1 mM, [3.40] = 1.6 mM.
studies were done at 0.75 × Km and 1.5 × Km. .
Prusoff

48

and Chou

49

f

e

Inhibition

The Ki value was calculated according to Cheng &

using IC50 = 1.53 ± 0.45 mM, [S] = 50 µM, and Km = 67 µM.

Inhibition studies were done at 0.3 × Km and 0.75 × Km.

g

Not determined.

h
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Figure 4.9 Dixon plot (A) and [S]/v vs. [I] plot (B) for the inhibition of α-chymotrypsin by compounds
3.26, 3.41 and 3.44 in the presence of different concentrations of the chromogenic substrate Suc-Ala-AlaPro-Phe-pNA: for the 3.26 graphs full circles, [S] = 100 µM; open squares, [S] = 50 µM, for the 3.41 and
3.44 graphs full circles, [S] = 20 µM; open squares, [S] = 50 µM Mean values and standard deviations of
rates from triplicate experiments in 77 mM Tris-HCl, 20 mM CaCl2, pH 7.8 with 6% v/v DMSO and 0.011
µg/mL α-chymotrypsin are shown.
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4.5 Discussion of Assay Results

O
BocHN

O
BocHN

OMe
R1
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R2

R2
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5.27: R1= H

(2R,3R)-2.49: R1= H, R2= F
(R)-3.28: R1= H, R2= H

O

O

O
OMe

R1

R1
OMe

R1

(2S,3S)-2.49: R1= F, R2= H
(S )-3.28:R1= H, R2= H

BzHN

OMe

O

BocHN

R2

3.24: R1= H, R2= H
3.26a: R1= F, R2= H

OMe
R1

AcHN

OMe
R1

R2

3.40: R1= H, R2= H
3.43a: R1= F, R2= H

R2

3.41: R1= H, R2= H
3.44: R1= F/H, R2= F/H

O
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OMe
R1

R2

4.10: R1= F, R2= H
4.11: R1= H, R2= F
4.12: R1= F, R2= F

Figure 4.10 β-amino acid derivatives assayed against α-chymotrypsin in this thesis and by Ohba et al.36

The fact that the β3- homophenylalanine derivative (S)-3.28, derived from the natural
form of α-phenylalanine, inhibits α-chymotrypsin (with a Ki of 0.6 mM) while its
enantiomer (R)-3.28 is inactive suggests that the absolute configuration of the amino side
chain is important for binding to the enzyme’s active site. Only the natural orientation of
the side-chain resulted in inhibition.
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The fluorinated derivatives of β3- homophenylalanine, (2S,3S)- and (2R,3R)-2.49, were
inactive against α-chymotrypsin (Table 4.3).

The inactivity of these fluorinated

compounds could be attributed to the relative configuration of the two stereocentres in
these compounds. In both (2S,3S)- and (2R,3R)-2.49 the fluorine and the amino acid side
chain substituents lie on the same side of the carbon chain with respect to the plane of the
peptide backbone, a syn** orientation. Ohba et al found that the syn isomer of α-fluoro-β3homophenylalanine methyl ester 4.10, with a Ki value of 19.1 mM, was a much weaker
inhibitor of α-chymotrypsin than the anti isomer 4.11 which had a Ki value of 6.44 mM.36
Thus, a syn orientation between the fluorine and the amino acid side chain may hinder
binding of α-fluoro-β3-homophenylalanine derivatives in the active site of the enzyme.

Some other structure activity relationship data is evident from the assay results.
Interestingly, while compound 4.10, with an acetyl amine protecting group is active
against α-chymotrypsin the N-Boc protected analogue, compound (2S,3S)-2.49, is
inactive. This difference could be attributed to the N-Boc group retarding activity,
possibly due to a poor fit in the active site. However, the solubility of compound (2S,3S)-

2.49 does limit the detection of its activity, with the highest concentration assayed being
0.5 mM. Analysis of the inhibition of α-chymotrypsin at higher concentrations of this
compound was not possible due to solubility issues. Hence, if compound (2S,3S)-2.49 had
a Ki value greater than 0.5 mM its inhibition of α-chymotrypsin would not have been
detected in these experiments. Thus, (2S,3S)-2.49 could have a similar Ki value to 4.10,
which has a Ki value of 19.1 mM, but due to its insolubility it could not be determined.
In addition, the

N-Boc protecting was not found to hinder the activity of other

compounds; the non-fluorinated β3- homophenylalanine derivative, (S)-3.28, was still
active against α-chymotrypsin even though it contained an N-Boc protecting group, and
the N-Boc protected compounds 2.35 and 3.43a were inhibitors of α-chymotrypsin. Thus,
the observed inativity of compound (2S,3S)-2.49 could more likely be due to its
insolubility than the N-Boc protecting group.

In

contrast

to

the

β3-

homophenylalanine

derivatives,

the

fluorinated

β2-

homophenylalanine and β3-homophenylglycine compounds were more active against α**

In the representation of stereochemical relationships ‘anti’ means ‘on the opposite side’ of a reference
plane, in contrast to ‘syn’ which means ‘on the same side’. 50
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chymotrypsin than their non-fluorinated analogues (Tables 4.3 and 4.4). The β2homophenylalanine derivative 4.29 was inactive against α-chymotrypsin while the
fluorinated analogue 2.35 had a Ki value of 0.9 mM. The fluorinated β3homophenylglycine derivatives, 3.26a, 3.43a, and 3.44, inhibited α-chymotrypsin with Ki
values of 0.5, 0.9 and 2.8 mM, respectively. The corresponding non-fluorinated
compounds were either inactive (3.24 or 3.40), or were much weaker inhibitors (3.41 has
a Ki value of 10 mM). The increased ability of the fluorinated compounds to bind to αchymotrypsin may be due to the formation of hydrogen bonds between the fluorine atom
and the amide protons of the oxyanion hole in the enzyme’s active site as postulated in a
previous study by Ohba et al and discussed in section 4.1.2 .36
The ability of the fluorinated β2-homophenylalanine and β3-homophenylglycine
derivatives to inhibit α-chymotrypsin, while the fluorinated β3- homophenylalanine
derivatives are inactive, could be attributed to the variation in chain length between the
ester group and the aromatic ring; fluorinated β2-homophenylalanine (2.35) and the β3homophenylglycine derivatives (3.26a, 3.43a and 3.44), which inhibit α-chymotrypsin,
both have two carbons between the ester and aromatic group, while the inactive
fluorinated β3- homophenylalanine derivatives ((2S,3S)- and (2R,3R)-2.49) have three
carbons. Thus, the chain length between the ester group and the aromatic ring is likely an
important determinant for binding of α-fluoro-β-amino acids in the active site of the
enzyme.

The nature of the amine protecting group was found to influence the inhibitory activity of
the β3-homophenylglycine derivatives (Table 4.4). For the non-fluorinated analogues only
the N-acetyl protected compound, 3.41, was active against α-chymotrypsin with a Ki
value of 10 mM. Replacement of the N-terminal acetyl group with a Boc substituent
(3.40) or benzoyl group (3.24) resulted in inactivity. However, the presence of fluorine
negates this N-protecting group trend with all the fluorinated β3-homophenylglycine
derivatives being active inhibitors; compounds 3.26a, 3.43a, and 3.44 inhibited αchymotrypsin with Ki values of 0.5, 0.9 and 2.8 mM, respectively. The replacement of the
N-terminal acetyl group in the α-fluoro-β3-homophenylglycine derivative 3.44 with a
larger Boc substituent (3.43a) or benzoyl group (3.26a) led to three- and six-fold
increased potency, respectively.
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Compounds (S)-3.28, 2.35, 3.26a, 3.41 and 3.43a were identified as reversible
competitive inhibitors of α-chymotrypsin using Dixon plots and plots of [S]/v vs. [I].
Analysis of the interaction between α-chymotrypsin and the inhibitors (S)-3.28, 2.35,

3.26a, 3.41, 3.43a and 3.44 revealed reversible inhibition characterized by straight
progress curves for the enzymatic cleavage of substrate in the presence the inhibitors.
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4.6 Conclusion and Future Work
A selection of fluorinated and non-fluorinated β-amino acid derivatives was assayed
against α-chymotrypsin. The influence of an α-fluorine on the inhibitory activity of βamino acids was found to be dependent on the amino acid side chain (-CH2Ph or -Ph),
and its position (β2- or β3-amino acid). The fluorinated β2-homophenylalanine and β3homophenylglycine derivatives (2.35, 3.26a, 3.43a and 3.44) were more active against αchymotrypsin than their non-fluorinated analogues (5.27, 3.24, 3.40 and 3.41), whereas
the fluorinated β3-homophenylalanine methyl ester (2S,3S)-2.49 was inactive against αchymotrypsin although

the corresponding non-fluorinated derivative (S)-3.28 was a

relatively potent inhibitor.
The inhibitory activity of both the fluorinated and non-fluorinated β3-homophenylglycine
derivatives was found to be influenced by the amine protecting group. Only the N-acetyl
non-fluorinated β3-homophenylglycine derivative (3.41) was active against αchymotrypsin, but the incorporation of fluorine negated this N-protecting group trend as
all the fluorinated β3-homophenylglycine derivatives (3.26a, 3.43a, and 3.44) were active
inhibitors. The replacement of the N-terminal acetyl group in the α-fluoro-β3homophenylglycine derivative 3.44 with a larger Boc substituent (3.43a) or benzoyl
group (3.26a) led to three- and six-fold increased potency, respectively.

Additionally,

the

fluorinated

β2-homophenylalanine

and

β3-homophenylglycine

derivatives (2.35, 3.26a, 3.43a and 3.44) were significantly more active against αchymotrypsin than the literature compounds, the fluorinated β3-homophenylalanine
derivatives, 4.10 and 4.11. The difference in activity could be attributed to the position
and type of amino acid side chain. However, none of the inhibitors were as potent as the
difluoro-β3-homophenylalanine derivative 4.12.

Future work in this area could involve using computer aided active site mapping and
docking experiments to rationalise the different trends observed in this series of
compounds. The fluorinated and non-fluorinated β2- and β3-homophenylalanine
derivatives could also be synthesised with N-Cbz and N-acetyl protecting groups and
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assayed against α-chymotrypsin to see whether the trends perceived in the β3homophenylglycine derivatives is also observed in these series.

Additionally, the α-fluoro-β-amino acids could be assayed against a range of other
enzymes to determine their specificity towards enzymes. The synthesis of α-fluoro-βamino acids with an anti relationship between the fluorine and amino acids side chain
could also be undertaken to investigate how the stereochemistry of α-fluoro-β-amino
acids affects their activity towards α-chymotrypsin.
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Chapter Five

5.1 Proteolytic Stability of β-Peptides
Peptides composed of β-amino acids are stable towards hydrolysis by many common
proteases and peptidases, even though they can give rise to protease inhibitors as
discussed in the previous chapter.1-5 The only enzymes known to cleave β-peptide bonds
are β-peptidyl aminopeptidases isolated from Proteobacteria.6-14 These β-peptidyl
aminopeptidases specifically catalyze the N-terminal cleavage of β-amino acids from
oligopeptides, and can hydrolyze β-peptides completely to their constituent amino acids.
Only four such enzymes have been isolated to date and, after sequence analysis, all four
have been classified as serine proteases according to the MerPOS database.15

The application of physiologically active α-peptides in pharmaceuticals is hindered by
their quick proteolytic degradation. Thus, the high biological stability of β-peptides could
be used to overcome this problem; the strategic incorporation of β-amino acids into
peptides could increase proteolytic stability, while retaining biological activity. Increased
resistance to proteolysis could consequentially increase the bioavailabilty and half-live in
vivo of the compounds and hence, the therapeutic efficiency.

The high proteolytic stability of β-peptides towards the majority of proteases and
peptidases could be due to the electronic environment of peptide bonds in β-peptides or
simply due to the enzyme not being able to recognise the compound as a substrate as a
result of the altered steric arrangements of functional groups and other recognition
features of the β-peptide backbone.

α-Peptide substrates bind to proteases through hydrogen bonding in an extended β-strand
geometry (Figure 5.1).

1, 16, 17

A β-strand is a linear “saw-tooth” structure of amino acids

in which the side chains alternate above and below the plane of the peptide backbone.18
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Figure 5.1 Subsite binding of an α-peptide and the serine protease, human leukocyte elastase. The
hydrogen bonding interaction of the polypeptide binding site and S’ sites are shown by dotted lines. The
residues that form each subsite are listed. (Reproduced from Ref. 19)

There are large differences between the extended conformations of α- and β-peptides; the
side chain spacing is different, the side chains are not in the same spatial arrangement
around the amide bonds as in the natural α-peptides, and all amide bonds of β-peptides
have the same orientation (as shown in Figure 5.2). Therefore, β-peptides may not be able
to form multiple hydrogen bonds with enzymes due to the different spacing of the
interacting groups, and hence would not be able to bind to the enzyme in the required βstrand conformation. The ability of proteases to recognise β-peptides as substrates would
thus be impeded and could account for the proteolytic stability of β-peptides.
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Figure 5.2 Comparision of the extended conformation of α-, β3- and β2-peptides, highlighting the
substitution pattern around the amide bonds.
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Additionally, the extra methylene group in the backbone of β-amino acids affects the
electronic environment of amide bonds in β-peptides. The reactivity of an amide bond in
an α-peptide is enhanced by the electronegative -NH-CO- group of the neighbouring
residue (Figure 5.2). In β-peptides there is an absence of this adjacent electronegative
group, decreasing the reactivity of the peptide bond.

Proteolytic Stability of fluorinated β-peptides
Seebach et al proposed that the absence of an electronegative group adjacent to the
peptide bond in β-peptides could be remedied by the introduction of a polar substituent at
the α-position of a β-amino acid residue (Figure 5.3).3 The reactivity of the adjacent
peptide bond would be enhanced and its environment a closer mimic to α-peptide bonds.
Thus, the peptide bonds adjacent to the polar substituent should specifically undergo bond
cleavage, which could afford bond-specific enzymatic degradation and allow the tuning
of β-peptide stability.
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Figure 5.3 Comparision of the extended conformation of an α-peptide and a β3- peptide containing an α-

fluoro-β3-amino acid, highlighting the substitution pattern around the amide bonds.

To investigate this theory Seebach et al synthesized a series of β-peptides containing an
α-fluorinated β3-amino acid at either the N-terminus or embedded within the chain (5.1-

5.7), and screened their proteolytic stability against a selection of endo- and
exopeptidases (including α-chymotrypsin), respectively.20 Fluorine was selected as the
polar substituent as its high electronegativity would dramatically alter the electronic
environment of peptide bonds, while its small size would create minimal steric
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constraints. However, fluorine substitution did not appear to facilitate localized or general
enzymatic degradation as all ten of the β3-peptides tested were resilient to proteolysis.
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5.1.1 Research described in this chapter

The aim of this chapter was to gain further insight into the proteolytic stability of βpeptides by designing and synthesising β-peptidic substrates of the representative serine
protease, α-chymotrypsin.

A series of N-succinyl-β-amino acids-p-nitroanilides (5.10-5.12), containing both αfluoro-β2- and α-fluoro-β3-homophenylalanine residues, were designed and synthesised as
possible substrates of α-chymotrypsin. The introduction of fluorine at the α-position in
the β-amino acid residues in compounds 5.10-5.12 is proposed to increase the activity of
the adjacent amide bond, and thus make the bond more susceptible to protease cleavage.
In addition, the incorporation of fluorine could also aid proteolytic cleavage through
improved binding to the enzyme due to increased lipophilicity and the fluorine hydrogen
bonding in the active-site. Compounds 5.10-5.12 contained β-homophenylalanine
derivatives in the P1 position to aid recognition of the compounds as substrates of αchymotrypsin due to the high specificity of the enzyme for aromatic amino acid side
chains (as discussed in Chapter Four).The corresponding non-fluorinated β-amino acids
derivatives, 5.8, 5.9, and 5.13, were also synthesised for comparision to determine the
impact of fluorine on the proteolytic stability of the p-nitroanilide compounds.

Enzyme assays (as introduced in Chapter Four) were performed to assess the proteolytic
stability and inhibitory activity of the N-succinyl-β-amino acids-p-nitroanilides 5.8-5.13
against α-chymotrypsin.
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5.2 Design of the Proposed α-Chymotrypsin Substrates
The N-succinyl β-amino acid p-nitroanilides 5.8-5.13 were designed as possible
substrates of α-chymotrypsin. The structure of these compounds is based on the well
established substrate of α-chymotrypsin, N-succinyl-L-phenylalanine-p-nitroanilide (SucPhe-pNA, 5.14). The α-amino acid in the P1 position in Suc-Phe-pNA, α-phenylalanine,
was replaced with fluorinated and non-fluorinated β-homophenylalanine derivatives in
compounds 5.8-5.13.

The cleavage of the amide bond in compounds 5.8-5.13 would release p-nitroaniline, a
strongly coloured chromophore that absorbs at 405 nm. Therefore, the activity of αchymotrypsin towards 5.8-5.13 can be easily measured by monitoring the absorbance at
405 nm. In addition, derivatives of 5.8 and 5.9, bearing a free N-terminus, have been
shown to be hydrolysed by β-peptidyl aminopeptidases.9
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Scheme 5.1 Cleavage of 5.14 by α-chymotrypsin

The fluorinated β2- and β3-amino acid p-nitroanilides 5.10-5.12 were designed to
investigate the effect of fluorine on the proteolytic stability of β-peptide bonds. The
incorporation of a polar substituent at the α-position in the β-amino acid residue is
proposed to increase the activity of the adjacent amide bond, and thus make the
compound more susceptible to protease cleavage. Fluorine was selected as the polar
substituent due to its small size and high electronegativity, and also for its ability to
enhance binding affinity (refer to Chapter One). The non-fluorinated β-amino acids
derivatives 5.8, 5.9 and 5.13 were synthesised for comparison with compounds 5.10-5.12
to determine the impact of fluorine on the proteolytic stability of the p-nitroanilide
compounds.

The fluorinated β-peptides synthesised by Seebach et al to investigate the effect of
fluorine on the proteolytic stability of β-peptide bonds, 5.1-5.3, had α-fluoro-β3homoalanine derivatives in the P1 position (refer to Chapter Four for P1 nomenclature). αChymotrypsin specifically cleaves peptide bonds that have amino acids with large
hydrophobic side-chains, such as phenylalanine, leucine and tryptophan, in the P1
position. Therefore, the fluorinated β-peptides 5.1-5.3 did not have the optimum group at
P1, which could account for their proteolytic stability towards α-chymotrypsin instead of
the inability of fluorine to activate the peptide bond towards hydrolysis. Thus, β-amino
acid derivatives of phenylalanine were incorporated in the P1 position of compounds 5.8-

5.13 to aid recognition of the compounds as substrates by α-chymotrypsin.
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In addition, Seebach et al investigated the proteolytic stability of only fluorinated β3peptides (5.1-5.7).3 The proteolytic stability of fluorinated β2-peptides has yet to be fully
investigated. Thus, both fluorinated β2- and β3-amino acids were incorporated into the
proposed substrates 5.10-5.12.
Fluorinated β2-peptides may be more likely to undergo proteolytic hydrolysis than
fluorinated β3-peptides due to the relative positions of the amino acid side chains. The
amino acid side chain is positioned on the α-carbon in both α-amino acids and β2-amino
acids, but is situated on the β-carbon in β3-amino acids. Thus, the introduction of fluorine
at the α-position in β2-peptides results in both an electronegative group and an amino acid
side chain adjacent to the peptide bond. Therefore, the environment of peptide bonds in αfluorinated β2-peptides and α-peptides is very similar (Figure 5.4). Consequently, peptide
bonds in fluorinated β2-peptides should be better mimics of natural α-peptide bonds, and
provide an opportunity to develop β-peptidic substrates of proteases.
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Additionally, the α-fluorinated β2-homophenylalanine derivative 2.35 was found to
inhibit α-chymotrypsin with a Ki value of 0.9 mM, while the α-fluorinated β3-amino acid
analogues (2S,3S)- and (2R,3R)-2.49 were inactive against α-chymotrypsin (refer to
Chapter Four). The α-fluorinated β3- homophenylalanine derivatives 4.10 and 4.11,
synthesised by Ohba et al, were also weaker inhibitors than 2.35 with Ki values of 19.1
mM and 6.44 mM, respectively.21 Thus, α-chymotrypsin may have a greater affinity for
fluorinated β2-amino acids than fluorinated β3-amino acids and hence could be more
likely to bind to, and hydrolyse, fluorinated β2-peptides than fluorinated β3-peptides.
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4.10: R1= F, R2= H
4.11: R1= H, R2= F

The incorporation of fluorine into β-peptides could also improve binding affinity to the
target enzyme. Fluorination typically increases the lipophilicity of a compound, which
can improve binding of the compound to the active site of the enzyme (refer to Chapter
One). Fluorine-hydrogen bonding between the fluorinated compound and the active site
could also enhance binding affinity, and further increase the likelihood of proteolytic
cleavage.

The inhibition of α-chymotrypsin by the fluorinated β-amino acids 4.10-4.12 was
attributed to the formation of hydrogen bonds between the fluorine atom and the amide
protons of the oxyanion hole in the enzyme’s active site (refer to Chapter Four).21
Furthermore, in Chapter Four it was found that the fluorinated β2-homophenylalanine and
β3-homophenylglycine derivatives (2.35, 3.26a, 3.43a and 3.44) were more active against
α-chymotrypsin than their non-fluorinated analogues (5.27, 3.24, 3.40 and 3.41). The
increased ability of the fluorinated compounds to bind to α-chymotrypsin was also
attributed to the formation of hydrogen bonds between the fluorine atom and the
oxyanion hole in the active site.
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Hydrogen bonding of fluorine in the enzyme’s active site is also thought to aid the
defluorination of fluoroacetate by 2-fluoroacetate dehalogenase, a bacterial haloacid
dehalogenase.22,

23

The fluorine atom in fluoroacetate may participate in hydrogen

bonding to help bind the substrate in the active site of this enzyme. The fluoropeptidomimetics* 5.17 and 5.18 were designed to incorporate such possible hydrogen
bonding of the fluorine atom with the protease oxyanion hole.24, 25
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Figure 5.5 Novel Fluoropeptidomimetics designed to inhibit α-chymotrypsin

Compounds 5.17 and 5.18 were designed with a scissile peptide bond (-CO-NH-)
replaced by -CHF-S- to mimic the tetrahedral oxyanion intermediate (Figure 5.5). The
hypothesis is that the fluorine atom occupies the position the negatively charged oxygen
of the tetrahedral oxyanion species (Figure 5.6, species a) would occupy in the oxyanion
hole (as shown in 4.2 in Scheme 4.1). Hence, the fluorine would be able to interact with
the oxyanion hole via hydrogen bonds and multipolar interactions, allowing the
fluorinated compound to bind in the active site of the enzyme.
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H
a

O
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S
b

Figure 5.6 Transition state mimicry of the tetrahedral oxyanion species (species a) by the fluorine atom in

fluoropeptidomimetics (species b).

*

Peptidomimetics are defined as peptide-like structures derived from peptide chains by means of chemical
modifications.

Chapter Five

138

Compounds 5.17 and 5.18 were found to be reasonably potent inhibitors of αchymotrypsin, but exhibited time-dependent loss of activity. The maximum inhibition for

5.17 was 67 % after two hours, with a Ki of 63 µM. Compound 5.18 achieved a
maximum inhibition of 79 % after one hour incubation and had a Ki of 120 µM.25
The inhibitory activity of compounds 5.17 and 5.18, and the fluorinated β-amino acids,

4.10-4.12, 2.35, 3.26a, 3.43a and 3.44, were ascribed to the ability of fluorine to
hydrogen bond in the active site of the enzyme. Therefore, fluorine-hydrogen bonding
could also help the fluorinated β- amino acid p-nitroanilides 5.10-5.12 bind in the active
site, which would increase the likelihood of proteolytic cleavage.
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5.3 Synthesis of the Proposed α-Chymotrypsin Substrates
Compounds 5.10-5.12 were synthesised from the N-Boc-protected α-fluoro-β-amino
acids, (2S,3S)- and (2R,3R)-2.46 and 2.35, respectively. These amino acids were prepared
as discussed in Chapter Three. Compounds 5.7 and 5.8 were synthesised from
commercially available N-Boc-protected L- and D-β3-homophenylalanine, (S)- and (R)-

3.27 respectively.
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Compound 5.10 was synthesised from N-Boc-protected β2-homophenylalamine 5.19. The
synthesis of this amino acid is described below.
O
BocHN

OMe

5.19

5.3.1 Synthesis of the β2-homophenylalanine derivative 5.19
The β2-homophenylalanine derivative 5.19 was obtained using Evan’s methodology with
4(S)-4-benzyl-2-oxazolidinone as the chiral auxialliary group .26 Alkylation of 3.51 with
BnOCH2Cl, in the presence of TiCl4 and diisopropylethylamine, gave the benzyl
protected alcohol 5.20 in >95% de (determined by 1H-NMR) and 98% yield (Scheme
5.2).

With the required chiral centre in place, the bulky oxazolidinone chiral auxiliary was
removed by treatment with LiOOH (formed in situ) to give the free acid 5.21 (87 %
yield), followed by esterification with thionyl chloride in MeOH to give 5.22 with an
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84% yield. The benzyl protecting group was easily removed by Pd/C catalysed
hydrogenation to give the β-hydroxy ester 5.23 in 98 % yield.
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Scheme 5.2 Reagents and Conditions: i) TiCl4, Et3N, BnOCH2Cl, DCM, 0°C (98%); ii) LiOH, H2O2, 4:1

THF/H20, 0°C (87%); iii) SOCl2, MeOH, 0°C to rt (84%); iv) Pd/C, H2, MeOH (98%).

The hydroxyl group of compound 5.23 was then converted to the amine via the azide

5.26. In the synthesis of β2-homohistidine by Lelais et al the hydroxyl group of the
analogous β-hydroxy ester was transformed to the azide under Mitsunobu conditions.27
However, when a Mitsunobu reaction was perfomed on 5.23, with diphenylphosphoryl
azide, PPh3 and diethyl azodicarboxylate (DEAD), the azide was not produced (Scheme
5.3). Two distinct resonances at 6.23 and 5.46 ppm in the 1H NMR spectrum of the
reaction product indicated that elimination had instead occurred to give the alkene 5.24.
Lelais et al also observed an alkene side-product in the synthesis of β2-homohistidine
from the corresponding azide.27
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Scheme 5.3 Reagents and Conditions: i) DEAD, DPPA, PPh3, THF, 0°C to rt.
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The synthesis of the azide via a tosylate, 5.25, was then attempted. The hydroxyl group of
compound 5.23 was tosylated on treatment with tosyl chloride, triethylamine and 4(dimethylamino)pyridine in dichloromethane to give 5.25 in 99% yield after purification
by flash chromatography on silica (Scheme 5.4).
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Scheme 5.4 Reagents and Conditions: i) TsCl, Et3N, DMAP, DCM, 0°C to rt (99%); ii) NaN3, DMF, 80°C

(26%); iii) NaN3, DMSO (79%); vi) Pd/C, H2, (Boc)2O, MeOH (70%); v) LiOH, 3:1 MeOH:H2O (100 %).

The synthesis of the azide 5.26 using the standard conditions of heating the tosylate 5.25
at 80˚C in DMF for 36 h, in the presence of sodium azide, proceeded to give 5.26 in a low
yield of 26 % after purification by radial chromatography on silica. The major sideproduct was again the alkene 5.24.

Treatment of the tosylate 5.25 with sodium azide in DMSO at room temperature
generated the azide 5.26 in 79% yield with very little elimination occurring.28 Subsequent
hydrogenation of 5.26 with a Pd/C catalyst in the presence of (Boc)2O afforded 5.27 in
70% yield. The methyl ester of 5.27 was then hydrolysed in the presence of LiOH to give
the acid 5.19 in quantitative yield

142

Chapter Five

5.3.2 Synthesis of the N-succinyl β-amino acid p-nitroanilides 5.8-5.13

The N-Succinyl β-amino acid p-nitroanilides 5.8-5.13 were synthesised via a β-amino
acid p-nitroanilide, followed by attachment of the N-succinyl group.

The β-amino acid p-nitroanilide 5.29, used in the synthesis of 5.9, was prepared by
attachment of p-nitroaniline to the amino acid (S)-3.27 using phosphorus oxychloride as
the condensing agent (Scheme 5.5). Phosphorous oxychloride activates the carboxyl
group of the amino acid toward nucleophilic attack by forming a mixed anhydride 5.28.8,
9, 29

Pyridine was used as the solvent as it catalyses nucleophilic attack and it also protects

the acid-labile N-Boc protecting group against acidolysis. The β-amino acid p-nitroanilide

5.29 was obtained in a modest yield of 42 %, with the product being difficult to purify
due to highly coloured POCl3 side-products steaking throughout the silica column.
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Scheme 5.5 Reagents and Conditions: i) p-nitroaniline, POCl3, pyridine, -15°C to rt (42%).

Hence, a different method was selected to produce the p-nitroanilide 5.30 in the synthesis
of 5.8. Standard coupling conditions with HATU/HOAt were used to attach p-nitroaniline
to the amino acid (R)-3.27 (Scheme 5.6). The p-nitroanilide 5.30 was obtained in 61 %
yield after purification by recrystallisation from isopropanol.
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Scheme 5.6 Reagents and Conditions: i) p-nitroaniline, HATU, HOAt, Et3N, DCM (61%).
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Succinic anhydride (5.31) was reacted with tert-butanol and catalytic amounts of 4(dimethylamino)pyridine, Et3N, and N- hydroxysuccinimide, under reflux, to give
succinic acid mono-tert-butyl ester 5.32 in 14 % yield (Scheme 5.7).30
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Scheme 5.7 Reagents and Conditions: i) N-hydroxysuccinimide, DMAP, Et3N, tert-butanol, toluene, 110°C

(14%).

The N-Boc protecting group of 5.30 was cleaved on treatment with trifluoroacetic acid to
give 5.33 in excellent yield (quantitative) (Scheme 5.8). Succinic acid mono-tert-butyl
ester 5.32 was then coupled to the free amine using EDCI/HOAt, under standard coupling
conditions, to give 5.34 in 69 % yield after purification by radial chromatography.
Subsequent cleavage of the tert-butyl ester generated the acid 5.8 in 98% yield after
purification by trituration with diethyl ether. Compound 5.8 was synthesised from (R)-

3.27 with an overall yield of 41 %.
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Scheme 5.8 Reagents and Conditions: i) TFA, DCM (100 %); ii) 5.32, EDCI, HOAt, Et3N, DCM (69 %);

iii) TFA, DCM (98 %).
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The synthesis of 5.8, as shown in Schemes 5.6 and 5.8, proceeded in high yields to give
pure material. Hence this method was selected for the production of the remaining five
compounds 5.9-5.13 as shown in Scheme 5.10. The acid 5.35 required for the synthesis
of 5.10 was prepared in 92 % yield via ester hydrolysis of the α-fluoro-β3-amino methyl
ester (2S,3S)-2.33 in the presence of lithium hydroxide (Scheme 5.9).
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Scheme 5.9 Reagents and Conditions: i) LiOH, 3:1 MeOH:H2O (92%).

The β-amino acid p-nitroanilides 5.36a-e were synthesised by HATU/HOAt mediated
coupling of p-nitroaniline to the N-Boc protected β-amino acids (S)-3.27, 2.50, 5.35, 2.36
and 5.19, respectively (Scheme 5.10). Cleavage of the N-Boc protecting group of 5.36a-e
with trifluoroacetic acid gave the free amines 5.37a-e as the TFA salt. Compounds 5.36a-

e and 5.37a-e were not purified but high resolution mass spectroscopy and/or NMR
confirmed their formation. EDCI/HOAt-mediated coupling of 5.37a-e to succinic acid
mono-tert-butyl ester 5.32 gave the esters 5.38a-e. The tert-butyl ester of 5.38a-e was
then cleaved using trifluoroacetic acid to generate the acids 5.9-5.13. The overall yields
for the syntheses of 5.9-5.13 from the corresponding acids ranged from 13-20% (Table
5.1).
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Scheme 5.10 Reagents and Conditions: i) p-nitroaniline, HATU, HOAt, Et3N, DCM; ii) TFA, DCM; iii)
5.32, EDCI, HOAt, Et3N, DCM; vi) TFA, DCM.

Product (NSuccinyl-β-amino
acid- p-nitroanilde)

Overall % yield of
product from
starting acid

H

5.9

17

H

F

5.10

13

H

F

H

5.11

17

H

H

CH2Ph

F

5.12

20

H

H

CH2Ph

H

5.13

17

1

2

3

Starting acid

R

R

R

(S)-2.31

CH2Ph

H

H

2.50

H

CH2Ph

5.35

CH2Ph

3.31
5.19

R

4

Table 5.1 Results for the synthesis of the N-succinyl β-amino acid p-nitroanilides 5.9-5.13 in Scheme 5.10.
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5.4 Assay of Succinyl β-Amino Acid p-Nitroanilides
To determine if the succinyl β-amino acid p-nitroanilides 5.8-5.13 were substrates of αchymotrypsin the compounds were assayed against α-chymotrypsin using the same
methodology described in Chapter Four for the known substrate Suc-Phe-pNA.

Compounds 5.8-5.13 were initially assayed at the highest concentration that could be
achieved without precipitation of the compound occurring. The highest concentration
obtainable for compounds 5.8, 5.9 and 5.12 was 1 mM, and for compounds 5.10, 5.11,
and 5.13 it was 300 µM. The low solubilities of these compounds could be due to the
hydrophobic nature of phenylalanine residues, and the hydrophobic character of the C-F
bond due to its high dipole moment (polar hydrophobicity).31 For each set of
measurements a cuvette containing 1 mM Suc-Phe-pNA was also included for reference.

The succinyl β-amino acid p-nitroanilides 5.8-5.13 were found to be stable towards
enzymatic degradation at high concentrations of enzyme and substrate, and in conditions
in which the α-amino acid derivative Suc-Phe-pNA is degraded. Thus, the replacement of
the α-amino acid in Suc-Phe-pNA with β-amino acid residues conferred proteolytic
stability.

The N-succinyl β-amino acid p-nitroanilides 5.8-5.13 were then tested as possible
inhibitors of α-chymotrypsin. The inhibition of α-chymotrypsin was analyzed
spectrophotometrically

with

the

substrate

Suc-Ala-Ala-Pro-Phe-pNA

using

the

methodology described in Chapter Four.

Compounds 5.10-5.12 were inactive against α-chymotrypsin at the maximum
concentration of compound soluble under the described conditions. Compounds 5.8, 5.9
and 5.13 were found to be relatively potent inhibitors of α-chymotrypsin (Table 5.2). The

Ki values for 5.8 and 5.9 were obtained graphically using linear regression according to
Dixon32 (Figure 5.7). Only two substrate concentrations were used due to limited amounts
of compound. The compounds 5.8 and 5.9 exhibited Ki values of 1.2 mM and 1.4 mM,
respectively, and were found to be competitive inhibitors of α-chymotrypsin. The mode
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of inhibition was concluded from the intersection of the lines above the abscissa in the
Dixon plot and from parallel lines in the [S]/v vs. [I] plot (Figure 5.7).
The low solubility of compound 5.13 meant that its mode of inhibition and Ki value could
not be determined graphically. The Ki value was calculated according to Cheng &
Prusoff33 and Chou34 from experiments at a single inhibitor concentration of 300 µM and
a substrate concentration of 100 µM (the measurement was performed in triplicate and the
mean value used), under the assumption of a competitive mode of inhibition . The Ki
value for 5.13 was calculated at 0.51 ± 0.02 mM.

O
HO

N
H

HO

O
Suc-Phe-p NA

O

NO2

O R1 R2 O

H
N

N
N
H R3 R4 H

O

NO 2

5.8-5.13

Compound

R1

R2

R3

R4

Ksa or Ki (mM)

type of ligandb

Suc-Phe-pNA

–

–

–

–

1.52 ± 0.05

substrate

5.8

H

Bn

H

H

1.2 ± 0.6c

competitive inhibitor

5.9

Bn

H

H

H

1.4 ± 0.6c

competitive inhibitor

5.10

H

Bn

H

F

NI

5.11

Bn

H

F

H

NI

5.12

H

H

Bn

F

NI

5.13

H

H

Bn

H

d,e
d,e
d,e

0.51 ± 0.02f

–
–
–
NDg

Table 5.2 Ks and Ki values for the interaction of N-succinyl amino acid p-nitroanilides with α-

chymotrypsin.

a

Km = Ks.35

b

Modes of inhibition were determined according to Dixon32 and Cornish-

Bowden36. c Inhibition studies were done at 0.75 × Km and 1.5 × Km. d Inhibition studies were done at 1.5 ×
Km .

e

No inhibition; highest inhibitor concentration analysed: [5.10] = 0.3 mM, [5.11] = 0.3 mM, [5.12] =

0.5 mM.

f

The Ki value was calculated according to Cheng & Prusoff33 and Chou34 using IC50 = 1.28 ±

0.04 mM, [S] = 50 µM, and Km = 67 µM.

g

Not determined.
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Figure 5.7 Dixon plot (A) and [S]/v vs. [I] plot (B) for the inhibition of α-chymotrypsin by compounds 5.8

and 5.9 in the presence of different concentrations of the chromogenic substrate Suc-Ala-Ala-Pro-Phe-pNA:
full circles, [S] = 100 µM; open squares, [S] = 50 µM. Mean values and standard deviations of rates from
triplicate experiments in 77 mM Tris-HCl, 20 mM CaCl2, pH 7.8 with 6% v/v DMSO and 0.011 µg/mL αchymotrypsin are shown.

Analysis of the interaction between α-chymotrypsin and the inhibitors 5.8, 5.9 and 5.13
revealed reversible inhibition characterized by straight progress curves for the enzymatic
cleavage of substrate in the presence of the compounds.
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5.4.1 Discussion of Assay Results

The steady state parameter Km for the interaction of Suc-Phe-pNA with α-chymotrypsin
was recently shown to be equal to the dissociation constant of the enzyme-substrate
complex, Ks.35
The Michaelis Constant Km is dependent on Ks, the acylation rate constant for the
formation of the acyl-enzyme (k2), and the de-acylation constant for the hydrolysis of the
acyl-enzyme (k3) (Scheme 4.2). This dependence is expressed by the following equation:

 


1 

Equation 5.1

For the hydrolysis of Suc-Phe-pNA by α-chymotrypsin k2 and k3 were determined to be
0.04 and 11 s-1, respectively.35 As k3>> k2, Equation 5.1 can be simplified to Km= Ks,
giving Ks a value of 1.52 mM.35,

37

Thus, the dissociation constants of the enzyme-

inhibitor complexes (Ki) formed by α-chymotrypsin and the three inhibitors, 5.8, 5.9 and
5.13, are comparable to the dissociation constant found for the enzyme-substrate complex
of α-chymotrypsin and Suc-Phe-pNA (Table 5.2). Dissociation constants describe the
binding of the ligand to the enzyme. Thus, the exchange of (S)-α-phenylalanine in SucPhe-pNA

with

(S)-

or

(R)-β3-homophenylalanine

(5.8

and

5.9)

or

(S)-β2-

homophenylalanine (5.13) did not influence the initial binding of the compound to αchymotrypsin, but did prevent enzymatic degradation.

Both 5.9 and 5.8, which incorporate the β- amino acids (S)- and (R)-3.28, were active
against α-chymotrypsin with Ki values of 1.4 and 1.2 mM, respectively. Compound (S)3.28 has a comparable Ki value of 0.6 mM but (R)-3.28 was found to be inactive against
α-chymotrypsin. The significant difference in activity of (R)-3.28 compared to its Nsuccinyl-β-amino acid p-nitroanilide counterpart, 5.8, may be attributed to the pnitroanilide moiety in 5.8 which has been reported to significantly participate in binding
of peptides to α-chymotrypsin and other serine proteases.38-40 Moreover, the β2-amino
acid 5.27 was inactive against α-chymotrypsin, but its corresponding N-succinyl-β2amino acid p-nitroanilide 5.13 inhibited α-chymotrypsin with a Ki = 0.51 mM. The
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difference in activity of 5.13 compared to 5.27 may also be attributed to binding of the pnitroanilide moiety in 5.13.

However, the α-fluoro-β2-amino acid 2.35 was active against α-chymotrypsin with a Ki
value of 0.9 mM, but its corresponding N-succinyl-α-fluoro-β2-amino acid p-nitroanilide
5.12 was inactive against α-chymotrypsin. Therefore, the p-nitroanilide or the succinyl
groups in compound 5.12 could be hindering binding of the α-fluoro-β2-amino acid
moiety in the active site of the enzyme, which would impede proteolytic cleavage of the
compound.
In addition, the fluorinated derivatives of β3- homophenylalanine, (2S,3S)- and (2R,3R)2.49, were found to be inactive against α-chymotrypsin (refer to Chapter Four). Thus, the
proteolytic stability and inactivity of the corresponding N-succinyl-α-fluoro-β3-amino
acid p-nitroanilides 5.10-5.11 could be attributed to the inability of the α-fluoro-β3-amino
acid moieties to bind in the active site of the enzyme.
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5.5 Conclusion and Future Work
The research in this chapter presents the synthesis of six N-succinyl β-amino acid pnitroanilides 5.8-5.13 that were designed as possible substrates of α-chymotrypsin. The
introduction of fluorine at the α-position in the β-amino acid residues in compounds 5.105.12 was proposed to increase the activity of the adjacent amide bond, and thus make the
bond more susceptible to protease cleavage. In addition, the incorporation of fluorine was
also anticipated to improve binding to the enzyme due to increased lipophilicity and the
possibility of the fluorine atom hydrogen bonding in the active-site. Compounds 5.8-5.13
contained β-homophenylalanine derivatives in the P1 position due to the high specificity
of α-chymotrypsin for aromatic amino acid side chains.
The synthesis of compound 5.13 required the preparation of the β2-homophenylalanine
amino acid derivative 5.19. The synthesis of this amino acid was achieved by
diastereoselective hydroxymethylation of 3.51 to generate the β-hydroxy ester 5.23,
followed by substitution of the hydroxyl group to an amine to give 5.19 (Schemes 5.25.4).
The N-succinyl β-amino acid p-nitroanilides 5.8-5.13 were synthesised by HATU/HOAt
mediated coupling of p-nitroaniline to N-Boc protected β-amino acids to give the β-amino
acid p-nitroanilides 5.30 and 5.36a-e. The N-Boc protecting group was then removed,
and the free amine coupled to succinic acid mono-tert-butyl ester 5.32, using
EDCI/HOAt, to give 5.34 and 5.38a-e. The tert-butyl ester of 5.34 and 5.38a-e was then
cleaved to generate the acids 5.8-5.13.

The N-succinyl-β-amino acid p-nitroanilides 5.8-5.13 were found to be stable towards
hydrolysis by α-chymotrypsin. The incorporation of fluorine at the α-position of a βamino acid appears to have no influence on the proteolytic stability of these compounds.
However, compounds 5.8, 5.9 and 5.13 were established as reversible competitive
inhibitors of α-chymotrypsin (Table 5.2).

Future work in this area could be to synthesise and assay α-fluoro-β-amino acid pnitroanilides with longer peptide chains. The catalytic efficiency of all serine proteases is
dependent on peptide chain length.35 Thus, a longer chain length could increase the
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likelihood of proteolytic cleavage. A variety of α-fluoro-β-amino acids with different
amino acid side chains and stereochemistry could be incorporated in the P1 position of
these compounds to try to improve the binding affinity of the compound in the active site.
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General Methods and Experimental Procedures

6.1.1 General Practice

Infrared Spectroscopy
Infrared spectra were obtained using a Shimadzu 9201PC series FTIR interfaced with an
Intel 486 PC operating Shimadzu’s HyperIR software. Diffuse reflectance spectra were
obtained in a solid KBr matrix.

Nuclear Magnetic Resonance
Proton spectra were obtained on a Varian Inova 600 ,Varian Inova 500 or Varian Unity
300 spectrometer operating at 600 MHz, 500 MHz or 300 MHz respectively. Fluorine
NMR spectra were obtained on a Varian Unity 300 spectrometer operating at 282 MHz.
Carbon NMR were obtained on either the Varian Unity 300, the Varian Inova 500 or the
Varian Inova 600 spectrometer operating at 75, 126 and 151 MHz, respectively. All
spectra were obtained at 23 °C unless otherwise stated with a delay (D1) of at least 1 s.
Two-dimensional cosy experiments, which include COSY, HSQC and NOESY, were
obtained on the Varian Inova 500 or Varian Inova 600 spectrometer at 500 and 600
MHz, respectively.

Chemical shifts are reported in parts per million (ppm) on the δ scale (in which
trimethylsilane (TMS) is referenced to 0.00 ppm) and were referenced to the appropriate
residual solvent peaks: CDCl3 referenced to (CH3)4Si at δH 0.00 ppm (1H) and (CDCl3) at
δC 77.0 ppm (13C); methanol-d4 referenced to CHD2OD at δH 3.31 ppm (1H) and CD3OD
at δC 49.05 ppm (13C); acetone-d6 referenced to (CHD2)(CD3)CO at δH 2.05 ppm (1H) and
(CD3)2CO at δC 30.83 ppm (13C); DMSO-d6 referenced to (CHD2)(CD3)SO at δH 2.50
ppm (1H) and (CD3)2SO at δC 39.43 ppm (13C) . 19F NMR spectra were referenced against
an internal standard (fluorobenzene C6H5F) at δF (–)113.15 ppm (19F).

Small Molecule Mass Spectrometry
Electron impact (EI) mass spectra were obtained on a Kratos MS80 RFA mass
spectrometer operating at 4000V (accelerating potential) and 70 eV (ionization energy).
The source temperature was 200-250o C. Electrospray ionization (ESI) mass spectra were
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detected on a micromass LCT TOF mass spectrometer, with a probe voltage of 3200V,
temperature of 150o C and a source temperature of 80 oC. Direct ionization used 10µL of
a 10µg mL-1 solution, using a carrier solvent of 50% acetonitrile/water at a flow rate of
20µL min-1. Ionization was assisted by the addition of 0.5% formic acid.

Melting Points
Melting points were taken on an Electrothermal apparatus and are uncorrected. Melting
points are not reported for diastereomeric mixtures or oils.

Optical Rotary Dispersion
Optical rotations were measured on a Perkin-Elmer 341 polarimeter, with a 1.0 dm cell
length. Measurements were performed at 22 ± 2 ºC in HPLC-grade solvents at λ = 589
nm. [α]D values are given in deg.mL.g-1.dm-1 and samples concentration values quoted in
this thesis are in 10 mg.mL-1. Optical rotation measurements were not performed for
diastereomeric mixtures.

X-ray Crystallography
X-Ray crystal data for 2.13b, 2.14a, 2.15, 2.19, 2.22, 2.52 and (2R,3R)-2.49 was collected
on a Bruker Apex II diffractometer employing Mo Kα radiation (λ = 0.71073Å) with a
graphite monochromator and CCD detector at the temperature indicated in the tables that
may be found in Appendix. X-Ray crystal data for 2.48 was collected on the PX2
beamline at the Australian Synchrotron, Victoria, Australia, at 100 K. Data collection,
cell refinement and data reduction were performed using SHELXTL1, and refined on F2
using all data by full-matrix least squares procedures using SHELXL-97.2 Absorption
corrections and data scaling were made via redundant data using SADABS.3

Cooled Solutions
Cooled solutions comprised the following: -78 ºC using CO2(s) and acetone; -30 ºC, -25
ºC and -15 ºC using CO2(s) and methanol/water mixtures.
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Concentrating in vacuo
Concentration in vacuo refers to the removal of solvents and volatiles under reduced
pressure by rotary evaporation (low vacuum pump), followed by application of high
vacuum (oil pump) for a minimum of thirty minutes.

Thin Layer Chromatography
Analytical TLC was performed on plastic-backed Merck-Kieselgel KG60F254 or
Polygram Sil G/UV254 plates. Visualisation was achieved using short wave ultraviolet
light, KMNO4, vanillin or phosphomolybdate dip.

Flash and Column Chromatography
Flash chromatography (postitive pressure of anhydrous nitrogen) and column
chromatography (atmospheric pressure) was performed using 230-400 mesh Merck Silica
gel 60. The eluting solvents petroleum ether 50/70*, ethyl acetate and dichloromethane
were distilled in bulk from calcium hydride chips, and methanol (HPLC grade) was used
as received.

Radial chromatography
Radial chromatography was performed using a ChromatotronTM with silica plates of 5, 2
and 1 mm. The silica gel used on chromatotron plates was silica gel 60 PF254 with
gypsum as a binder.

Glassware
Oven-dried glassware was used in all reactions performed under an inert atmosphere
(either anhydrous nitrogen or argon).

Reagents and Solvents
All starting materials and reagents were obtained commercially and used without further
purification, unless otherwise stated.

All solvents were purified according to well established procedures. THF and diethyl
ether were distilled from sodium benzophenone ketyl under an inert atmosphere
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immediately prior to use. Dichloromethane, petroleum ether,* ethyl acetate, triethylamine
and pyridine were distilled from calcium hydride under an inert atmosphere. Anhydrous
N,N-dimethylformamide and dimethyl sulfoxide was obtained from commercial sources.
Anhydrous methanol was distilled from magnesium methoxide and stored under argon
over 4 Å molecular sieves.

Sonication
Contained solutions were sonicated in a water trough at rt for 5 min using a Branson 2510
sonicator.

Elemental Analysis
Microanalysis was performed for carbon, nitrogen, hydrogen and fluorine at the
University of Otago Microanalytical Laboratory. All reported values are within ± 0.5% of
the calculated value.

*

Where petroleum ether refers to the fractions distilled between 50-70 °C
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6.1.2 General Procedures

General Procedure A: Methyl Ester hydrolysis with base
The ester was dissolved in a 3:1 mixture of methanol and water. Lithium hydroxide (5.0
equiv) was added and the mixture stirred at rt for 18 h. The reaction mixture was
concentrated in vacuo and the resulting residue partitioned between ethyl acetate and 1M
aqueous HCl. The organic phase was separated and the aqueous phase extracted twice
more with ethyl acetate. The combined organic extracts were washed with brine, dried
over MgSO4, filtered and concentrated in vacuo. Purification details are given with
individual compounds.

General Procedure B: HATU mediated peptide coupling
The acid, amine (5 equiv), HATU (2 equiv) and HOAt (2 equiv) were dissolved in
anhydrous dichloromethane under N2. EtN3 (4 equiv) was added and the reaction mixture
stirred at rt for 18 h. The reaction mixture was partitioned between ethyl acetate and 0.5
M aqueous HCl. The organic phase was separated and washed sequentially with 0.5 M
aqueous HCl, and saturated aqueous NaCl. The organic phase was dried over MgSO4,
filtered and concentrated in vacuo. The crude mixture was purified as specified for each
compound.

General Procedure C: N-Boc cleavage
The protected compound was dissolved in dichloromethane and 10% trifluoroacetic acid
(v/v) added. The reaction mixture was stirred at rt for 18 h, then concentrated in vacuo to
give the free amine as the trifluoroacetate salt.
General Procedure D: Fluorination of β3-amino acids
A 1.6 M solution of n-BuLi in hexane (2.2 equiv) was added to a solution of freshly
distilled diisopropylamine (2.2 equiv) in anhydrous THF (0.5 M) at –78°C under N2. The
reaction was stirred at –78°C for 1 hour, then a solution of the amino acid (1 equiv) in
anhydrous THF (0.5 M) was added. The mixture was stirred for 1 hour at –78 °C and then
N-Fluorobenzenesulfonimide (5 equiv) in dry THF (1 M) was added dropwise. The
resulting yellow mixture was stirred for 2.5 h at –78°C and 2 h at 0°C. Saturated NH4Cl
solution was added and the aqueous layer was extracted with three times with
dihloromethane. The combined organic phases were dried over MgSO4 and the solvent
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removed in vacuo. Petroleum ether/ethyl acetate (4:1) was added to give a white
precipitate that was removed by filtration. The filtrate was concentrated in vacuo and the
crude mixture was purified as specified for each compound.

General Procedure E: Esterification of acids
The carboxylic acid was suspended in ice-cold methanol and 10% (v/v) thionyl chloride
was added in portions until the carboxylic acid was completely soluble. The ice-cold
solution of the reaction mixture was stirred 1 h, followed by a further 18 h at rt before
being concentrated in vacuo to give a white solid. No purification was necessary.

General Procedure F: Modified HATU mediated peptide coupling To an anhydrous
solution of N,N-dimethylformamide was added the acid (1.0 equiv), amine (1.1 equiv)
and HATU (1.1 equiv). The reaction mixture was stirred for 10 min at rt followed by the
addition of DIPEA (4.0 equiv) and subsequently stirred at rt for 18 h. The reaction
mixture was partitioned between ethyl acetate and 1M aqueous HCl. The organic phase
was separated and washed sequentially with 1M aqueous HCl and brine. The organic
phase was dried over MgSO4, filtered and concentrated in vacuo. If required, products
were purified by flash chromatography on silica.

General Procedure G: EDCI mediated peptide coupling
The amine, acid (1.2 equiv), EDCI (1.2 equiv) and HOAt (1.2 equiv) were dissolved in
anhydrous dichloromethane under N2. EtN3 (4 equiv) was added and the reaction mixture
stirred at rt for 18 h. The reaction mixture was partitioned between ethyl acetate and 0.5
M aqueous HCl. The organic phase was separated and washed sequentially with 0.5 M
aqueous HCl, and saturated aqueous NaCl. The organic phase was dried over MgSO4,
filtered and concentrated in vacuo. The crude mixture was purified as specified for each
compound.

General Procedure H: t-Butyl ester hydrolysis
The protected compound was dissolved in dichloromethane and 10% trifluoroacetic acid
(v/v) added. The reaction mixture was stirred at rt for 18 h, then concentrated in vacuo to
give the free acid.
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6.2 Experimental Work as Described in Chapter Two
Boc-(R)-β3hLeu-OH (2.27a):

O
BocHN

OH

Boc-(R)-β3hLeu methyl ester (2.25a) (198mg, 0.80 mmol) was hydrolysed according to
General Procedure A. The product 2.27a was obtained as a colourless oil (180 mg, 96%)
that required no further purification.
Spectral properties are in agreement with the literature.4
1

H NMR (300 MHz, CDCl3) δ ppm : 4.92 ( 1 H, d, NH, J = 9.4 Hz), 4.08-3.87 ( 1 H,

NHCH, m), 2.69-2.38 ( 2 H, m, CH2CO), 1.74-1.58 ( 1 H, m, CHC(CH3)2), 1.54-1.41 ( 1
H, m, CHHCHC(CH3)2 ), 1.44 ( 9 H, s, C(CH3)3), 1.39-1.26 ( 1 H, m, CHHCHC(CH3)2),
0.93 ( 3 H, d, C(CH3)(CH3), J = 6.6 Hz), 0.92 ( 3 H, d, C(CH3)(CH3), J = 6.5 Hz).
Boc-(S)-β3hLeu-OH (2.27b):

O
BocHN

OH

Boc-(S)-β3hLeu methyl ester (2.25b) (198mg, 0.80 mmol) was hydrolysed according to
General Procedure A. The product 2.27b was obtained as a colourless oil (180 mg, 96%)
that required no further purification.
Spectral properties are in agreement with the literature5
1

H NMR (300 MHz, CDCl3) δ ppm : 5.02 ( 1 H, d, NH, J = 8.6 Hz), 4.07-3.89 ( 1 H,

NHCH, m), 2.64-2.40 ( 2 H, m, CH2CO), 1.78-1.56 ( 1 H, m, CHC(CH3)2),1.57-1.37 ( 1
H, m, CHHCHC(CH3)2), 1.44 ( 9 H, s, C(CH3)3), 1.38-1.19 ( 1 H, m, CHHCHC(CH3)2),
0.92 ( 6 H, d, C(CH3)2, J = 6.5 Hz).
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Boc-(S)-β3hVal-OH (2.28a):

O
BocHN

OH

Boc-(S)-β3hVal methyl ester (2.26b) (178 mg, 0.76 mmol) was hydrolysed according to
General Procedure A. The product 2.28a was obtained as a colourless oil (168 mg, quant)
that required no further purification.
Spectral properties are in agreement with the literature.6
1

H NMR (300 MHz, CDCl3) δ ppm : 4.93 ( 1 H, d, NH, J = 9.1 Hz), 3.83-3.69 ( 1 H, m,

NHCH), 2.63-2.40 ( 2 H, m, CHCH2), 1.94-1.74 ( 1 H, m, NHCHCH), 1.44 ( 9 H, s,
C(CH3)3), 0.93 ( 6 H, d, CHC(CH3)2, J = 6.7 Hz).
Boc-(R)-β3hVal-OH (2.28b):
O
BocHN

OH

Boc-(R)-β3hVal methyl ester 2.26b (2.16b) (202 mg, 0.87 mmol) was hydrolysed
according to General Precedure A. The product 2.28b was obtained as a colourless oil
(180 mg, 95%) that required no further purification.
Spectral properties are in agreement with the literature.6
1

H NMR (300 MHz, CDCl3) δ ppm : 4.91 ( 1 H, d, NH, J = 9.4 Hz), 3.83-3.68 ( 1 H, m,

NHCH), 2.69-2.35 ( 2 H, m, CHCH2), 1.94-1.74 ( 1 H, m, NHCHCH), 1.44 ( 9 H, s,
C(CH3)3), 0.93 ( 6 H, d, CHC(CH3)2, J = 6.6 Hz)
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(R)-tert-butyl 1-(2-fluoroethylamino)-5-methyl-1-oxohexan-3-ylcarbamate (2.13a):

O
BocHN

N
H

F

Boc-(R)-β3hLeu-OH 2.27a (206 mg, 0.88 mmol) and 2-fluoroethylamine hydrochloride
(97 mg, 0.97 mmol) were coupled in DMF (6 mL) using HATU (369 mg, 0.97 mmol) and
DIPEA (0.62 mL, 3.5 mmol) according to General Procedure B. The crude product was
purified by radial chromatography (silica, 5 mm plate, 7:3 ethyl acetate/dichloromethane)
to give 2.13a (216 mg, 84 %) as a white solid.

mp = 120-121ºC
1

H NMR (300 MHz, CDCl3) δ ppm : 6.88 ( 1 H, br s, NHCH2), 5.18 ( 1 H, d, NHCH, J =

9.1 Hz), 4.40 ( 2 H, dt, CH2F, J = 47.4, 4.9 Hz), 3.96-3.82 ( 1 H, m, NHCH), 3.47 ( 2 H,
ddd, NHCH2, J = 27.6, 10.0, 5.4 Hz), 2.44-2.29 ( 2 H, m, CHCH2), 1.66-1.51 ( 1 H, m,
CHC(CH3)2), 1.46-1.29 ( 1 H, m, CHCHHCH) 1.36 ( 9 H, s, C(CH3)3), 1.27-1.14 ( 1 H,
m, CHCHHCH), 0.85 ( 3 H, d, C(CH3)(CH3), J = 6.5 Hz), 0.84 ( 3 H, d, C(CH3)(CH3), J
= 6.6 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm : 171.5, 155.7, 82.4 (d, J = 167.1 Hz), 79.0, 46.2,

43.9, 41.8, 39.7 (d, J = 20.2 Hz), 28.2, 24.8, 22.8, 21.9.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)46.3 (tt, J = 47.3, 27.6 Hz).

HRMS calcd for C14H28N2O3F (MH+) 291.2084; found 291.2083.
FTIR (KBr, cm-1) 3339, 2270, 1686, 1655, 1535, 1448, 1367, 1285, 1175, 1050.
[α]D = + 22.9 (c=1.04 in CHCl3).
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(S)-tert-butyl 1-(2-fluoroethylamino)-5-methyl-1-oxohexan-3-ylcarbamate (2.13b):

O
BocHN

N
H

F

Boc-(S)-β3hLeu-OH 2.27b (180 mg, 0.77 mmol) and 2-fluoroethylamine hydrochloride
(85 mg, 0.97 mmol) were coupled in DMF (6 mL) using HATU (323 mg, 0.85 mmol) and
DIPEA (0.54 mL, 3.1 mmol) according to General Procedure B. The crude product was
purified by radial chromatography (silica, 5 mm plate, 7:3 ethyl acetate/dichloromethane)
to give 2.13b (129 mg, 57 %) as a white solid. The pure compound was recrystallized via
slow evaporation in ethyl acetate to give crystals suitable for X-ray crystallography.

mp = 119-121ºC
1

H NMR (300 MHz, CDCl3) δ ppm : 6.59 ( 1 H, br s, NHCH2), 5.05 ( 1 H, d, NHCH,J =

8.0 Hz), 4.45 ( 2 H, dt, CH2F,J = 47.4, 4.8 Hz), 3.97-3.84 ( 1 H, m, NHCH), 3.52 ( 2 H,
ddd, NHCH2, J = 27.7, 10.3, 5.2 Hz), 2.48-2.31 ( 2 H, m, CHCH2), 1.69-1.55 ( 1 H, m,
CHC(CH3)2), 1.50-1.35 ( 1 H, m, CHCHHCH), 1.40 ( 9 H, s, C(CH3)3), 1.31-1.18 ( 1 H,
m, CHCHHCH), 0.88 ( 6 H, d, C(CH3)2, J = 6.6 Hz)
13

C NMR (75 MHz, CDCl3) δ ppm : 171.3, 155.8, 82.5 (d, J = 167.1 Hz), 79.3, 46.2,

43.9, 41.9, 39.8 (d, J = 20.2 Hz), 28.3, 24.9, 22.9, 22.0.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)113.4 (tt, J = 9.1, 5.8 Hz)

HRMS calcd for C14H28N2O3F (MH+) 291.2084; found 291.2084.
FTIR (KBr, cm-1) 3339, 2251, 1686, 1657, 1535, 1448, 1367, 1286, 1175, 1049.
[α]D = -24.7 (c=0.99 in CHCl3).
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(S)-tert-butyl 1-(2-fluoroethylamino)-4-methyl-1-oxopentan-3-ylcarbamate
(2.14a):
O
BocHN

N
H

F

Boc-(S)-β3hVal-OH 2.28a (195 mg, 0.89 mmol) and 2-fluoroethylamine hydrochloride
(102 mg, 1.0 mmol) were coupled in DMF (6 mL) using HATU (390 mg, 1.0 mmol) and
DIPEA (0.65 mL, 3.7 mmol) according to General Procedure B. The crude product was
purified by radial chromatography (silica, 5 mm plate, 7:3 ethyl acetate/dichloromethane)
to give 2.14a (119 mg, 52 %) as a white solid. The pure compound was recrystallized via
slow evaporation in ethyl acetate to give crystals suitable for X-ray crystallography.

mp= 141-143°C
1

H NMR (300 MHz, CDCl3) δ ppm : 6.53 ( 1 H, br s, NHCH2), 5.00 ( 1 H, d, NHCH, J =

8.9 Hz), 5.37 ( 2 H, dt, CH2F, J = 47.3, 4.8 Hz), 3.75-3.65 ( 1 H, m, NHCH), 3.64-3.47 (
2 H, m, NHCH2), 2.54-2.35 ( 2 H, m, CHCH2), 1.90-1.76 ( 1 H, m, CHC(CH3)2), 1.43 ( 9
H, s, C(CH3)3), 0.93 ( 3 H, d, C(CH3)(CH3), J = 6.8 Hz), 0.92 ( 3 H, d, C(CH3)(CH3), J =
6.8 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm : 171.5, 156.1, 82.5 (d, J = 167.1 Hz), 79.4, 53.3, 39.9

(d, J = 20.2 Hz), 39.4, 32.1, 28.3, 19.3, 18.3.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)46.3 (tt, J = 47.0, 27.5 Hz)

HRMS calcd for C13H26N2O3F (MH+) 277.1927; found 277.1926.
FTIR (KBr, cm-1) 3333, 2272, 1686, 1649, 1535, 1369, 1285, 1250, 1175, 1050.
[α]D = +26.5 (c=1.39 in CHCl3).
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(R)-tert-butyl 1-(2-fluoroethylamino)-4-methyl-1-oxopentan-3-ylcarbamate (2.14b):

O
BocHN

N
H

F

Boc-(R)-β3hVal-OH 2.28b (180 mg, 0.82 mmol) and 2-fluoroethylamine hydrochloride
(90 mg, 0.90 mmol) were coupled in DMF (6 mL) using HATU (344 mg, 0.90 mmol) and
DIPEA (0.57 mL, 3.3 mmol) according to General Procedure B. The crude product was
purified by radial chromatography (silica, 5 mm plate, 7:3 ethyl acetate/dichloromethane)
to give 2.14b (188 mg, 83 %) as a white solid.

mp= 144-145°C
1

H NMR (300 MHz, CDCl3) δ ppm : 6.69 ( 1 H, br s, NHCH2), 5.03 ( 1 H, d, NHCH, J =

8.0 Hz), 5.37 ( 2 H, dt, CH2F, J = 47.3, 4.9 Hz), 3.75-3.66 ( 1 H, m, NHCH), 3.63-3.45 (
2 H, m, NHCH2), 2.55-2.35 ( 2 H, m, CHCH2), 1.90-1.75 ( 1 H, m, CHC(CH3)2), 1.43 ( 9
H, s, C(CH3)3), 0.93 ( 3 H, d, C(CH3)(CH3), J = 6.8 Hz), 0.92 ( 3 H, d, C(CH3)(CH3), J =
6.8 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm : 171.6, 156.1, 82.5 (d, J = 167.1 Hz), 79.2, 53.3, 39.8

(d, J = 20.2 Hz), 39.3, 32.1, 28.2, 19.2, 18.3.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)223.3-(-)223.9 (m)

HRMS calcd for C13H26N2O3F (MH+) 277.1927; found 277.1927.
FTIR (KBr, cm-1) 3333, 2282, 1684, 1645, 1529, 1369, 1285, 1250, 1175, 1051.
[α]D = -26.2 (c=0.82 in CHCl3).
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Benzyl N-(methoxymethyl)carbamate (2.29):
O
O

N
H

OMe

To a suspension of benzyl carbamate 2.29(10 .0 g, 66 mmol) in H2O (75 mL), K2CO3
(183 mg, 1.3 mmol) and HCHO (37 wt.-% soln. in H2O, 5.7 mL, 70 mmol) were added.
The mixture was stirred at 60°C for 30 minutes, and then cooled to room temperature and
stored in the refrigerator overnight at 4°C. The resulting white crystals were filtered and
purified by column chromatography on silica (1:2→0:1 petroleum ether/diethyl ether) to
give benzyl N-(hydroxymethyl)carbamate 2.20(5.32 g, 44 %) as a white solid.

To a solution of benzyl N-(hydroxymethyl)carbamate 2.20 (594 mg, 3.3 mmol) in
anhydrous diethyl ether (7 mL) and anhydrous methanol (1.5 mL) under N2, molecular
sieves 4Å (0.26g) and p-toluenesulfonic acid monohydrate (10 mg, 53 µmol) were added.
The mixture was stirred at rt for 1 hour, then filtered through a silica plug, and the filtrate
concentrated in vacuo to give 2.31 (627 mg, 98 %) as a colourless oil.
Spectral and physical properties are in agreement with those in the literature.7
1

H NMR (300 MHz, CDCl3) δ ppm : 7.37-7.31 ( 5 H, m, ArH), 5.68 ( 1 H, br s, NH),

5.13 ( 2 H, s, PhCH2O), 4.62 ( 2 H, d, NHCH2O, J = 7.1 Hz), 3.32 ( 3 H, s, OCH3).
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(S)-4-benzyl-3-(3-phenylpropanoyl)oxazolidin-2-one

O

(2.32):

O
N

O

Oxalylchloride (3.15 mL, 37 mmol) was added dropwise to a solution of 3Phenylpropanoic acid (5.00 g, 33 mmol) in anhydrous dichloromethane (50 mL) under N2
at 0°C. A catalytic amount of DMF was added and the mixture was warmed to room
temperature and stirred for 18 hours. The solvent was removed by rotary evaporation to
give crude 3-phenylpropionyl chloride (5.61 g, quant.) as a light yellow oil.

n-BuLi (22.9 mL, 37 mmol, 1.6 M in hexane) was added dropwise to a solution of (4S)-4benzyl-2-oxazolidinone (5.90 g, 33 mmol) in anhydrous THF (80 mL) at –78°C under N2.
After 1 h, a solution of 3-phenylpropionyl chloride (see above) (5.61 g, 33 mmol) in
anhydrous THF (30 mL) was added dropwise at –78°C. The reaction mixture was then
allowed to warm to rt and stirred 18 h. The reaction mixture was quenched by the
addition of saturated aqueous NaCl and the resulting mixture was concentrated in-vacuo.
The residue was partitioned between Dichloromethane and water and the aqueous layer
extracted three times with dichloromethane. The combined organic layers were dried
(MgSO4), filtered and concentrated in-vacuo. Recrystallization from hot petroleum
ether/ethyl acetate (4:1) gave the product 2.32 as white needles (7.13 g, 69%).
Spectral and physical properties are in agreement with those in the literature.8
mp = 101-102°C.
1

H NMR (300 MHz, CDCl3) δ ppm : 7.35-7.14 (10H, m, ArH), 4.70-4.61 (1H, m, NCH),

4.21-4.13 (2H, m, CHCH2O), 3.38-3.18 (3H, m, PhCH2CH2, CHCHHPh), 3.11-2.94
(2H, m, PhCH2CH2), 2.75 (1H, dd, CHCHHPh, J = 13.4, 9.5 Hz).
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(R)-2-benzyl-3-((S)-4-benzyl-2-oxooxazolidin-3-yl)-3-oxopropylcarbamate

(2.33):
O

O
N

O

CbzHN

A solution of 2.32 ( 628 mg, 2.0 mmol) in anhydrous dichloromethane (10 mL) under N2
was cooled to -20°C and TiCl4 (0.25 mL, 2.2 mmol) was added dropwise to give a clear
yellow solution. Et3N (0.31 mL, 2.2 mmol) was added and the resulting dark red solution
was stirred for 30 minutes at -20°C. A solution of 2.31 ( 627 mg, 3.2 mmol) in anhydrous
dichloromethane (6.4 mL) under N2, was cooled to 0°C and TiCl4 (0.39 mL, 3.5 mmol)
was added dropwise. This solution was added via cannula to the solution of 2.31 and the
resulting mixture was stirred at 0°C for 3 h. The reaction was quenched by addition of
saturated aqueous NH4Cl (5 mL) and diluted with dichloromethane. The organic phase
was washed with 1M aqueous HCl (two times), 1M aqueous NaOH and saturated
aqueous NaCl before being dried (MgSO4) and concentrated in vacuo. The resulting
crude product was purified by radial chromatography (silica, 5 mm plate, 1:1→0:1
petroleum ether/dichloromethane) to give 2.33 (396 mg, 42 %) as a colorless oil.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.37-7.11 ( 15 H, m, ArH), 5.23 ( 1 H, br s, NH),

5.09 ( 2 H, s, PhCH2O), 4.46-4.40 ( 1 H, m, CHCH2O), 4.38-4.31 ( 1 H, m, CHCH2N),
4.02 ( 1 H, dd, CHCHHO, J = 8.8, 2.1 Hz ), 3.85 ( 1 H, dd, CHCHHO, J = 8.3, 8.3 Hz),
3.58-3.48 ( 2 H, m, CHCH2N), 3.18 ( 1 H, dd, PhCHHCHCH2O, J = 13.4, 3.2 Hz), 2.99 (
1 H, dd, PhCHHCHCH2N, J = 13.4, 8.0 Hz), 2.82 ( 1 H, dd, PhCHHCHCH2N, J = 13.4,
7.3 Hz), 2.64 ( 1 H, dd, PhCHHCHCH2O, J = 13.2, 9.9 Hz).
13

C NMR (126 MHz, CDCl3) δ ppm : 174.2, 156.2, 153.0, 137.8, 136.4, 135.2, 129.3,

128.9, 128.8, 128.4, 128.0, 127.2, 126.6, 66.6, 66.1, 55.4, 45.0, 42.1, 37.7, 36.0
HRMS calcd for C28H29N2O5 (MH+) 473.2076; found 473.2072.
FTIR (KBr, cm-1) 3374, 3030, 2928, 1779, 1705, 1518, 1455, 1390, 1351, 1241, 910, 734,
700.
[α]D = +75.2 (c=1.10 in CHCl3)
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(R)-2-benzyl-3-(benzyloxycarbonylamino)propanoic acid (2.34):

O
OH
NHCbz

A 50% aqueous solution of H2O2 (0.53 mL, 9.2 mmol) was added dropwise to a solution
of 2.33 (433 Mg, 0.92 mmol) in THF/water (4:1, 10 mL) at 0°C. LiOH (H2O) (78 mg, 1.8
mmol) was added portionwise The mixture was warmed to rt, stirred for 3 h, and then
recooled to 0°C. 1.0 M aqueous Na2SO3 solution was added and the mixture was
partitioned between dichloromethane/water. The aqueous phase was acidified to pH 2
with 1 M aqueous HCl and extracted with ethyl acetate three times. The combined ethyl
acetate layers were dried over Na2SO4 and the concentrated in vacuo to give 2.34 (179
mg, 62%) as a colourless oil. 2.34 was used without further purification.
Spectral properties are in agreement with those in the literature.9
1

H NMR (300 MHz, CDCl3) δ ppm : 7.39-7.04 ( 10 H, m, ArH), 6.56 and 5.29 ( 1 H, br s,

NH, due to rotamers9), 5.09 ( 2 H, s, OCH2), 3.51-3.13 ( 2 H, m, CH2N), 3.07-2.65 ( 3 H,
m, PhCH2CH, PhCH2CH).

(R)-benzyl 2-benzyl-3-(2-fluoroethylamino)-3-oxopropylcarbamate (2.15):
O
Ph

N
H

F

CbzHN

The acid 2.34 (179 mg, 0.57 mmol) and 2-fluoroethylamine hydrochloride (63 mg, 0.63
mmol) were coupled in DMF (6 mL) using HATU (239 mg, 0.63 mmol) and DIPEA
(0.40 mL, 2.3 mmol) according to General Procedure B. The crude product was purified
by radial chromatography on silica (0:1→1:20 methanol/dichloromethane) to give 2.15
(140 mg, 69 %) as a white solid. The product was recrystallized using petroleum
ether/ethyl acetate to give crystals suitable for X-ray crystallography.
mp = 127-130 ºC
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H NMR (500 MHz, CDCl3) δ ppm : 7.43-7.13 ( 5 H, m, ArH), 5.60 ( 1 H, br s,

NHCH2CH2F), 5.34-5.25 ( 1 H, m, CHCH2NH), 5.08 ( 2 H, s, OCH2Ph), 4.31 ( 1 H,
dddd, CHHF, J = 47.2, 9.5, 5.9, 3.4 Hz), 4.16 ( 1 H, dddd, CHHF, J = 47.4, 9.8, 6.7, 3.3
Hz), 3.50-3.27 ( 4 H, m, CH2CH2F, CHCH2N), 2.88-2.70 ( 3 H, m, CH, CHCH2Ph).
13

C NMR (75 MHz, CDCl3) δ ppm : 173.5, 156.6, 138.6, 136.4, 128.8, 128.6, 128.5,

128.1, 128.0, 126.7, 82.4 (d, J = 166.7 Hz), 66.7, 49.2, 42.9, 39.6 (d, J = 19.9 Hz), 36.6.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)221.82-(-)222.49 (m)

HRMS calcd for C20H24N2O3F (MH+) 359.1771; found 359.1768.
FTIR (KBr, cm-1) 3287, 3067, 2928, 1686, 1647, 1547, 1271, 1047.
[α]D = -1.4 (c=0.89 in CHCl3).

(R)-2-benzyl-3-(tert-butoxycarbonylamino)-2-fluoropropanoic acid (2.36):
O
BocHN

OH
F

The methyl ester 2.35 (152 mg, 0.49 mmol) was hydrolysed according to General
Procedure A to give the pure product 2.36 (145 mg, quant.) as a colourless oil.
1

H NMR (300 MHz, acetone-d6) δ ppm: 7.30-7.22 ( 5 H, m, ArH), 3.75-3.52 ( 2 H, m,

NCH2), 3.31-3.14 ( 2 H, m, CH2Ph), 1.40 ( 9 H, s, C(CH3)3)
13

C NMR (75 MHz, acetone-d6) δ ppm: 172.0 (d, J = 27.3 Hz), 157.6, 136.7, 132.1,

129.9, 128.7, 98.5 (d, J = 194.6 Hz), 80.2, 47.6 (d, J = 22.8 Hz), 41.9 (d, J = 21.2 Hz),
29.5.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)165.7-(-)166.0 (m).

HRMS calcd for C15H20NO4FNa (MNa+) 320.1274; found 320.1270.
FTIR (KBr, cm-1)3433, 1649, 1521, 1456, 1368, 1252, 1166, 735, 700.
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2-benzyl-2-fluoro-3-(2-fluoroethylamino)-3-oxopropylcarbamate

(2.16):
O
BocHN

N
H

F

F

Ph

The acid 2.36 (21 mg, 0.10 mmol) and 2-fluoroethylamine hydrochloride (12 mg, 0.13
mmol) were coupled in DMF (2 mL) using HATU (44 mg, 0.11 mmol) and DIPEA (0.07
mL, 0.42 mmol) according to General Procedure B. The crude product was purified by
radial chromatography (silica, 2 mm plate, 1:3→1:1→1:0 dichloromethane/petroleum
ether) to give 2.16 (16 mg, 46 %) as a white solid.

mp= 156-157°C
1

H NMR (300 MHz, CDCl3) δ ppm : 7.30-7.18 (5 H, m, ArH), 6.40-6.36 ( 1 H, m,

NHCH2CH2F), 4.91 ( 1 H, br s, NHCH2CF), 4.32 ( 1 H, dddd, CHHF, J = 47.0, 9.4, 5.6,
3.6 Hz), 4.15-4.02 ( 1 H, m, CHHF), 3.67 ( 2 H, dd, NCH2CF, J = 22.2, 6.4 Hz), 3.513.34 ( 2 H, m, CH2CH2F), 3.21 ( 1 H, dd, CHHPh, J = 35.7, 14.3 Hz), 3.09 ( 1 H, dd,
CHHPh, J = 15.3, 15.3 Hz), 1.45 ( 9 H, s, C(CH3)3).
13

C NMR (75 MHz, CDCl3) δ ppm : 169.9 (d, J = 22.0 Hz),155.7, 133.8, 130.2, 128.2,

127.2, 99.3 (d, J = 192.9 Hz), 82.1 (d, J = 167.9 Hz), 79.8, 45.6 (d, J = 24.2 Hz), 40.3
(d, J = 20.4 Hz), 39.3 (d, J = 20.4 Hz), 28.3.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)169.1-(-)169.4 (m), (-)224.2-(-)224.8 (m)

HRMS calcd for C17H25N2O3F2 (MH+) 343.1833; found 343.1840.
FTIR (KBr, cm-1) 3354, 1684, 1660, 1530, 1367, 1250, 1168.
[α]D = -8.9 (c=1.09 in CHCl3).
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Boc-(S)-β3hLeu methyl ester (2.31):
O
BocHN

OMe

The Boc-(S)-Leu-OH (2.37) (3.70 g, 16 mmol) was dissolved in anhydrous
tetrahydrofuran (80 mL) under N2 and the solution was cooled to -30 ºC. Triethylamine
(2.23 mL, 16 mmol) and ethyl chloroformate (1.53 mL, 20 mmol) were added and the
reaction mixture stirred for 15 min at this temperature, before warming on an ice-bath. A
solution of CH2N2† in diethylether ((~0.40 M in diethyl ether, ~100 mL)) was added until
a yellow colour persisted, and stirring continued for a further 3 h at rt. The excess
diazomethane was quenched with acetic acid, diluted with ethyl acetate, washed with
saturated aqueous NH4Cl, NaHCO3 and NaCl and dried (MgSO4). The solvent was
removed in vacuo to give the crude diazoketone. Purification of the crude mixture using
column chromatography (silica; 1:5 ethyl acetate/petroleum ether) gave diazoketone 2.30
as a yellow oil (1.30 g, 32%).
Selected data: 1H NMR (500 MHz, CDCl3) δ ppm : 5.45 (s, 1H, COCHN2)
Boc-Leu-diazoketone (2.30) (1.19g, 4.7 mmol) was dissolved in MeOH (100 mL). Silver
benzoate (43 mg, 0.19 mmol, 4mol%) and silica gel (11.9 g, 1g per 100 mg diazoketone)
were added and the flask was attached to a rotary evaporator and stirred in a water bath at
50°C for 15 min. The mixture was filtered and washed with ethyl acetate, and the filtrate
was concentrated in vacuo. The residue was dissolved in ethyl acetate and washed with
saturated aqueous NaHCO3, NH4Cl and NaCl and dried (MgSO4). Purification of the
crude mixture using column chromatography (silica; 1:4 ethyl acetate/petroleum ether)
gave the product 2.31 as a colourless oil (922 mg, 76%).
Spectral properties are in agreement with those in the literature.6
1

H NMR (500 MHz, CDCl3) δ ppm : 4.85 ( 1 H, br s, NH), 4.02-3.93 ( 1 H, m, NHCH),

3.67 ( 3 H, s, OCH3), 2.54-2.43 ( 2 H, m, CH2CO), 1.67-1.59 ( 1 H, m, CH(CH3)2), 1.47-

†

Highly explosive – avoid contact with ground or unsmooth glass, and keep cold. Prepared according to
Vogel, A.I.;Furniss, B. S., Vogel's Textbook of practical organic chemistry. 5th ed.; Longman Scientific &
Technical London, 1989; p 1514.
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1.37 ( 1 H, m, CHCHHCH), 1.42 ( 9 H, s, C(CH3)3), 1.30-1.22 ( 1 H, m, CHCHHCH),
0.91-0.89 ( 6 H, m, CH(CH3)2).
TFA-(S)-β3hLeu methyl ester (4.40):

O
TFA. H2N

OMe

Boc-(S)-β3hLeu methyl ester 2.31 (307 mg, 1.6 mmol) was deprotected according to
General Procedure C to give 2.32 as a light yellow oil (377 mg, quant.).
Spectral properties are in agreement with those in the literature.10
1

H NMR (500 MHz, CD3OD) δ ppm : 3.61 ( 3 H, s, OCH3), 3.51-3.45 ( 1 H, m, NCH),

2.65 ( 1 H, dd, CHHCO, J = 17.3, 4.4 Hz), 2.49 ( 1 H, dd, CHHCO, J = 17.3, 7.7 Hz),
1.67-1.58 ( 1 H, m, CH(CH3)2), 1.49-1.38 ( 2 H, m, CHCH2CH), 0.90-0.87 ( 6 H, m,
CH(CH3)2).

(R)-methyl 3-((S)-2-fluoropropanamido)-5-methylhexanoate and (R)-methyl 3-((R)2-fluoropropanamido)-5-methylhexanoate (2.17a and 2.17b):

O

F

O

O
N
H

OMe
F

O
N
H

OMe

The amine 2.40 (222 mg, 0.81 mmol) and α-fluoropropionic acid (63 mg, 0.68 mmol)
and were coupled in DMF (7 mL) using HATU (284 mg, 0.75 mmol) and DIPEA (0.50
mL, 2.9 mmol) according to General Procedure B. The crude product was purified by
flash chromatography (silica, 3:7 ethyl acetate /petroleum ether) to give a 1:1 mixture of
2.17a and 2.17b (130 mg, 82 %) as a colourless oil. The purified product was recolumned to separate the two isomers by column chromatography (silica, 3:17 ethyl
acetate /petroleum ether) to give a pure fraction of Isomer 1 (42 mg) and a pure fraction
of Isomer 2 (3 mg), both as colourless oils.
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HRMS calcd for C11H21NO3F (MH+) 234.1505; found 234.1500.
Isomer 1
1

H NMR (500 MHz, CDCl3) δ ppm : 6.67 ( 1 H, br s, NH), 4.95 ( 1 H, qd, CHF, J =

49.5, 6.8 Hz), 4.38-4.30 ( 1 H, m, NCH), 3.67 ( 3 H, s, OCH3), 2.57 ( 1 H, dd, CHHCO, J
= 15.7, 5.2 Hz), 2.49 ( 1 H, dd, CHHCO, J = 15.7, 5.5 Hz), 1.64-1.48 ( 2 H, m,
CHCHHCH, CH(CH3)2), 1.54 ( 3 H, dd, CH3CHF, J = 24.7, 6.8 Hz), 1.33 ( 1 H, ddd,
CHCHHCH, J = 13.8, 8.5, 5.3 Hz), 0.91 ( 3 H, d, CH(CH3)(CH3), J = 6.5 Hz), 0.91 ( 3
H, d, CH(CH3)(CH3), J = 6.6 Hz).
13

C NMR (126 MHz, CDCl3) δ ppm : 171.8, 170.1 (d, J = 18.8 Hz), 88.7 (d, J = 183.1

Hz), 51.7, 43.8, 43.2, 38.9, 24.9, 22.8, 22.0, 18.5 (d, J = 21.6 Hz).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)182.5 (dqd, J = 49.4, 24.7, 4.0 Hz)

FTIR (KBr, cm-1) 3434, 2957, 1739, 1665, 1540, 1439, 1372.

Isomer 2
1

H NMR (500 MHz, CDCl3) δ ppm : 6.75 ( 1 H, br s, NH), 4.96 ( 1 H, qd, CHF, J =

49.4, 6.8 Hz), 4.39-4.31 ( 1 H, m, NCH), 3.70 ( 3 H, s, OCH3), 2.59 ( 1 H, dd, CHHCO, J
= 15.7, 5.2 Hz), 2.52 ( 1 H, dd, CHHCO, J = 15.7, 5.5 Hz), 1.63-1.50 ( 5 H, m, CH3CHF,
CHCHHCH, CH(CH3)2), 1.39-1.30 ( 1 H, m, CHCHHCH), 0.93 ( 6 H, d, CH(CH3)2, J =
6.7 Hz).
13

C NMR (126 MHz, CDCl3) δ ppm : 172.0, 170.0 (d, , J = 18.5 Hz), 88.7 (d, J = 183.3

Hz), 51.7, 43.7, 43.1, 38.8, 25.1, 22.9, 22.1, 18.9 (d, J = 21.6 Hz).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)182.3-(-)182.8 (m)
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(R)-methyl 3-amino-2-benzyl-2-fluoropropanoate trifluoroacetate salt (2.41):
O
TFA .H 2N

OMe
F
Ph

The Boc protected amino acid 2.35 (55 mg, 1.8 mmol) was deprotected according to
General Procedure C to give 2.41 as a light yellow oil (48 mg, quant.).
1

H NMR (500 MHz, CD3OD) δ ppm : 7.31-7.18 ( 5 H, m, ArH), 3.71 ( 3 H, s, OCH3),

3.60 ( 1 H, dd, NCHH, J = 27.5, 14.0 Hz), 3.36 ( 1 H, dd, NCHH, J = 14.0, 9.9 Hz),
3.28-3.27 ( 1 H, m, CHHPh), 3.23-3.21 ( 1 H, m, CHHPh).
13

C NMR (126 MHz, CD3OD) δ ppm : 148.5, 132.9, 130.1, 128.4, 127.7, 94.7 (d, J =

193.2 Hz) 52.4, 43.7 (d, J = 21.6 Hz), 41.0 (d, J = 20.9 Hz).
HRMS calcd for C11H15NO5F (MH+) 212.1087; found 212.1080.
FTIR (KBr, cm-1) 3032, 2901, 1744, 1574, 1512, 1450, 1288, 1227, 1180.

(3R)-3-benzyl-2-propionylcyclopentanone (2.43):
O

O
N

O

EtN3 (4.00 mL, 29 mmol) was added to a solution of propionic acid 2.42 ( 2.00 mL, 27
mmol) in anhydrous THF (8 mL) under N2 and cooled to –78°C. Pivaloyl chloride (3.40
mL, 28 mmol) was added and the solution was stirred for 1 h at 0°C and then recooled to
–78°C. A solution of (4S)-4-benzyl-2-oxazolidinone (4.80 g, 27 mmol), EtN3 (4.16 mL,
30 mmol) and DMAP (160 mg, 1.3 mmol) in anhydrous THF (16 mL) was added. The
resulting solution was allowed to warm to rt and stirred for 18 h.

The solvent was

removed in vacuo and the resultant white oil was dissolved in dichloromethane and
washed with 1 M aqueous NaOH and saturated aqueous NaCl. The organic phase was
dried (NaSO4) and concentrated in vacuo. The crude product was purified by column
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chromatography on silica (1:1 ethyl acetate/petroleum ether) to give 2.43 (4.83 g, 78%) as
a white solid.
mp = 36-37 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.35-7.19 ( 5 H, m, ArH), 4.70-4.64 ( 1 H, m,

NCH), 4.22-4.15 ( 2 H, m, CHCH2O), 3.30 ( 1 H, dd, CHHPh, J = 13.4, 3.2 Hz), 3.032.88 ( 2 H, m, CH3CH2), 2.78 ( 1 H, dd, CHHPh, J = 13.4, 9.6 Hz), 1.20 ( 3 H, dd,
CH3CH2, J = 7.4, 7.4 Hz)
13

C NMR (126 MHz, CDCl3) δ ppm : 174.0, 153.4, 135.3, 129.3, 128.9, 127.2, 66.1, 55.1,

37.8, 29.1, 8.2.
HRMS calcd for C13H16NO3 (MH+) 234.1130; found 234.1130.
FTIR (KBr, cm-1) 3029, 2981, 1780, 1704, 1455, 1391, 1249, 1216, 1079, 704.
[α]D = -82.4 (c=0.91 in methanol)

(S)-4-benzyl-3-((S)-2-fluoropropanoyl)oxazolidin-2-one (2.44):

O

O
N

O

F

n-BuLi (1.56 mL, 2.5 mmol, 1.6 M in hexane) was added to a solution of freshly distilled
i

Pr2NH (0.44 mL, 2.5 mmol) in anhydrous THF (10 mL) at –78°C under N2. The reaction

was stirred at –78°C for 1 h, then a solution of 2.43 (550 mg, 2.4 mmol) in anhydrous
THF (5 mL) under N2 was added. The mixture was stirred for 1 h at –78 °C and then Nfluorobenzenesulfonimide (787 mg, 2.5 mmol) in anhydrous THF (3 mL) under N2 was
added dropwise. The resulting yellow mixture was stirred for 2.5 h at –78°C then for 2 h
at 0°C. Sat. aqueous NH4Cl solution was added to quench the reaction and the aqueous
layer was extracted with Dichloromethane three times. The combined organic phases
were dried over MgSO4 and the solvent removed in vacuo to give an orange oil.
Petroleum ether/ethyl acetate (4:1) was added to give a white precipitate that was
removed by filtration. The filtrate was concentrated in vacuo to give an orange oil that
was purified by radial chromatography(silica, 5 mm plate, 1:4 ethyl acetate/petroleum

Chapter Six

180

ether) to give 2.44 (322 mg, 54%) as a colourless oil with a diastereomeric ratio of
13:1(determined by 1H-NMR).
1

H NMR (500 MHz, CDCl3) δ ppm : 7.38-7.19 ( 1 H, m, ArH), 6.01 ( 1 H, dq, CHF, J =

49.1, 6.6 Hz), 4.71-4.65 ( 1 H, m, NCH), 4.32-4.24 ( 2 H, m, CHCH2O), 3.37 ( 1 H, dd,
CHHPh, J = 13.5, 3.1 Hz), 2.84 ( 1 H, dd, CHHPh, J = 13.3, 9.6 Hz), 1.62 ( 3 H, dd,
CH3CHF, J = 23.9, 6.6 Hz)
13

C NMR (75 MHz, CDCl3) δ ppm: 170.4 (d, J = 23.2 Hz), 152.8, 134.7, 129.4, 129.0,

127.5, 85.8 (d, J = 176.8 Hz), 67.0, 55.2, 37.4, 18.2 (d, J = 23.2 Hz).
19

F NMR (282 MHz, CDCl3): (-)184.80 (m)

HRMS calcd for C13H15NO3F (MH+) 252.1036; found 252.1027.
FTIR (KBr, cm-1) 3448, 1780, 1715, 1454, 1393, 1262, 1215, 1135, 702.
[α]D = -86.8 (c=0.99 in methanol)

(S)-2-fluoropropanoic acid (2.45):
O
OH
F

A 50% aqueous solution of H2O2 (1.20 mL, 21 mmol) was added dropwise to a solution
of 2.44 (522 mg, 2.1 mmol) in THF/water (4:1, 25 mL) at 0°C. LiOH·(H2O) (175 mg, 4.2
mmol) was added portionwise The mixture was warmed to rt, stirred for 4.5 h, and then
recooled to 0°C. 1.0 M aqueous Na2SO3 solution was added and the mixture was
partitioned between Dichloromethane/water. The aqueous phase was acidified to pH 2
with 1 M aqueous HCl and extracted with diethyl ether three times. The combined diethyl
ether layers were dried over Na2SO4 and the solvent was removed under a stream of N2
and dried in a dessicator over P2O5 to give 2.45 (110 mg, 58%) as a colourless oil. 2.45
was used without further purification.
Spectral properties are in agreement with those in the literature.11
1

H NMR (500 MHz, CDCl3) δ ppm : 8.51 ( 1 H, br s, OH), 5.08 ( 1 H, dq, CHF, J = 48.5,

6.9 Hz), 1.64 ( 3 H, dd, CH3CHF, J = 23.5, 7.0 Hz)
13

C NMR (75 MHz, CDCl3) δ ppm: 175.8 (d, J = 24.9 Hz), 85.1 (d, J = 182.4 Hz), 18.1

(d, J = 22.1 Hz).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)184.97- (-)185.67 (m)
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FTIR (KBr, cm-1) 3433, 2947, 1473, 1458, 1234, 1126, 1042.
HRMS could not be obtained as the mass lies outside the range of the mass spectrometer
used.

(R)-methyl 2-benzyl-2-fluoro-3-((R)-2-fluoropropanamido)propanoate (2.18b):
O

F

O
N
H

OMe
F
Ph

The acid 2.45 (14 mg, 0.15 mmol) and the amine 2.41 (41 mg, 0.16 mmol) were
dissolved in anhydrous DMF (7 mL). EDCI (34 mg, 0.18 mmol), HOBt.H2O (242 mg,
0.18 mmol) and DIPEA (0.10 mL, 0.60 mmol) were added and the reaction mixture
stirred at rt for 18 h. The reaction mixture was partitioned between ethyl acetate and 0.5
M aqueous HCl. The organic phase was separated and washed sequentially with 0.5 M
aqueous HCl, and saturated aqueous NaHCO3 and NaCl. The organic phase was dried
over MgSO4, filtered and concentrated in vacuo. The crude product was purified by radial
chromatography (silica, 1 mm plate, 3:7 ethyl acetate /petroleum ether) to give 2.18b (15
mg, 35 %) as a colourless oil.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.32-7.19 ( 5 H, m, ArH), 6.63 ( 1 H, br s, NH),

4.98 ( 1 H, ddq, CHF, J = 49.4, 6.8, 1.5 Hz), 4.05 ( 1 H, ddd, NCHH, J = 22.2, 14.1, 7.4
Hz), 3.69 ( 3 H, d, OCH3, J = 1.8 Hz), 3.59-3.51 ( 1 H, m, NCHH), 3.29-3.12 ( 2 H, m,
CH2Ph), 1.54 ( 3 H, ddd, CH3CHF, J = 24.7, 6.8, 1.7 Hz).
13

C NMR (126 MHz, CDCl3) δ ppm : 171.0 (d, J = 18.6 Hz), 169.3 (d, 26.1 Hz), 133.2,

130.0, 128.5, 127.5, 96.4 (d, J = 190.7 Hz), 88.6 (d, J = 183.3 Hz), 52.6, 43.5 (d, J =
21.4 Hz), 40.6 (d, J = 20.5 Hz), 18.5 (d, J = 21.4 Hz).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)167.5-(-)167.8 (m), (-)182.8-(-)183.2 (m)

HRMS calcd for C14H18NO3F2 (MH+) 286.1255; found 286.1250.
FTIR (KBr, cm-1) 3341, 2955, 1759, 1690, 1535, 1443, 1211, 1095.
[α]D = -37.1 (c=1.08 in CHCl3).
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(R)-2-benzyl-2-fluoro-N-(2-fluoroethyl)-3-((R)-2-fluoropropanamido)-propanamide
(2.19):
O

F

O
N
H

F
Ph

N
H

F

The methyl ester 2.18b (11 mg, 40 µmol) was hydrolysed according to General Procedure
A to give 2.46 as a white solid (11 mg, 99%) that required no further purification.

Selected Data:
1

H NMR (500 MHz, CDCl3) δ ppm : 7.24-7.18 ( 5 H, m, ArH), 6.68 ( 1 H, br s, NH),

4.91 ( 1 H, dq, CHF, J = 20.2, 6.5 Hz), 4.05 ( 1 H, ddd, NCHH, J = 22.6, 13.7, 7.8 Hz),
3.47-3.35 ( 1 H, m, NCHH), 3.31-3.04 ( 2 H, m, CH2Ph), 1.45 ( 3 H, dd, CH3CHF, J =
24.9, 6.8 Hz).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)167.7-(-)168.1 (m), (-)182.5-(-)183.0 (m).

FTIR (KBr, cm-1) 3333, 2939, 1736, 1674, 1551, 1443, 1211, 1095.

The acid 2.46 (11 mg, 39 µmol) and 2-fluoroethylamine hydrochloride (8 mg, 78 µmol)
were dissolved in anhydrous DMF (6 mL). HATU (18 mg, 0.47 mmol) and DIPEA (15
µL, 0.16 mmol) were added and the reaction mixture stirred at rt for 18 h. The reaction
mixture was partitioned between ethyl acetate and 0.5 M aqueous HCl. The organic
phase was separated and washed sequentially with 0.5 M aqueous HCl, and saturated
aqueous NaHCO3 and NaCl. The organic phase was dried over MgSO4, filtered and
concentrated in vacuo. The crude product was purified by radial chromatography (silica, 1
mm plate, 3:17 ethyl acetate /petroleum ether) to give 2.19 (6 mg, 47 %) as a white solid.
The pure compound was recrystallized via slow evaporation in ethyl acetate to give
crystals suitable for X-ray crystallography.

mp=157-159°C
1

H NMR (500 MHz, CDCl3) δ ppm : 7.24-7.12 ( 5 H, m, ArH), 6.62-6.59 ( 1 H, m,

NHCH2CH2F), 6.34-6.29 ( 1 H, m, NHCH2CF), 4.94 ( 1 H, dq, CHF, J = 49.4, 6.8 Hz),
4.26 ( 1 H, ddt, CHHF, J = 14.5, 9.5, 4.9 Hz), 4.12-3.98 ( 1 H, m, CHHF), 3.85-3.74 ( 2
H, m, NCH2CF, ), 3.36 ( 2 H, ddd, CH2CH2F J = 27.1, 10.4, 5.1 Hz), 3.16 ( 1 H, dd,
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CHHPh, J = 35.1, 14.4 Hz), 3.04 ( 1 H, dd, CHHPh, J = 16.9, 14.4 Hz), 1.50 ( 3 H, dd,
CH3, J = 24.8, 6.8 Hz)
13

C NMR (126 MHz, CDCl3) δ ppm : 170.9 (d, J = 19.2 Hz), 169.6 (d, J = 21.4 Hz),

133.4, 130.2, 128.3, 127.4, 98.9 (d, J = 193.6 Hz), 88.8 (d, J = 183.1 Hz), 82.0 (d, J =
168.1 Hz), 43.5 (d, J = 23.6 Hz), 40.5 (d, J = 20.4 Hz), 39.4 (d, J = 20.2 Hz), 18.4 (d, J =
21.5 Hz).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)168.9 (dddd, J = 34.4, 26.2, 17.0, 4.6 Hz),

(-)183.0 (ddt, J = 74.2, 24.8, 4.4 Hz), -224.4--224.9 (m).
HRMS calcd for C15H20N2O2F3 (MH+) 317.1477; found 317.1467.
FTIR (KBr, cm-1) 3317, 1659, 1543, 1443, 1211,1165, 1095.
[α]D = -8.7 (c=1.08 in methanol).

(S)-methyl

2-((R)-2-benzyl-3-(tert-butoxycarbonylamino)-2-fluoropropanamido)-4-

methylpentanoate (2.20):

O
BocHN
F
Ph

N
H

OMe
O

The acid 2.36 (71 mg, 0.24 mmol) and TFA-(S)-Leu methyl ester (75 mg, 0.29 mmol)
were coupled in DMF (3 mL) using HATU (110 mg, 0.29 mmol) and DIPEA (0.17 mL,
0.96 mmol) according to General Procedure B. The crude product was purified by radial
chromatography (silica, 2 mm plate, 1:9 ethyl acetate/petroleum ether) to give 2.20 (79
mg, 78 %) as a colourless oil.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.18-7.12 (5 H, m, ArH), 6.36 ( 1 H, br s, NHCH),

5.14 ( 1 H, br s, NHCH2), 5.32-4.36 ( 1 H, m, NCH), 3.78-3.64 ( 1 H, m, NCHH), 3.67 (
3 H, s, OCH3), 3.55 ( 1 H, ddd, NCHH, J = 25.2, 14.5, 5.2 Hz), 3.19 ( 1 H, dd, CHHPh, J
= 37.7, 14.4 Hz), 3.05 ( 1 H, dd, CHHPh, J = 14.5, 14.5 Hz), 1.43-1.31 ( 1 H, m,
CHCHHCH), 1.41 ( 9 H, s, C(CH3)3), 1.29-1.18 ( 1 H, m, CHCHHCH), 0.94-0.84 ( 1 H,
m, CH(CH3)2), 0.70 ( 3 H, d, CH(CH3)(CH3), J = 6.6 Hz), 0.68 ( 3 H, d, CH(CH3)(CH3),
J = 6.5 Hz).
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13

C NMR (75 MHz, CDCl3) δ ppm : 172.5,169.5 (d, J = 21.7 Hz),155.8, 133.8, 130.2,

128.1, 126.9, 99.2 (d, J = 193.6 Hz), 79.5, 52.3, 50.1, 46.1 (d, J = 22.9 Hz), 40.3, 39.8 (d,
J = 20.0 Hz), 28.2, 24.0, 22.6, 21.3.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)169.7-(-)170.3 (m)

HRMS calcd for C22H34N2O5F (MH+) 425.2452; found 425.2438.
FTIR (KBr, cm-1) 3378, 2958, 1747, 1699, 1661, 1525, 1367, 1268, 1165.
[α]D =-12.2 (c=1.14 in CHCl3).

(S)-methyl 3-((R)-2-benzyl-3-(tert-butoxycarbonylamino)-2-fluoropropanamido)-5methylhexanoate (2.21):
O
BocHN
F
Ph

O
N
H

OMe

The acid 2.36 (54 mg, 0.18 mmol) and TFA-(S)-β3hLeu methyl ester 2.40 (55 mg, 0.20
mmol) were coupled in DMF (2 mL) using HATU (76 mg, 0.20 mmol), and DIPEA (0.13
mL, 0.73 mmol) according to General Procedure B. The crude product was purified by
radial chromatography on silica (1:9 ethyl acetate/petroleum ether) to give 2.21 (57 mg,
72 %) as a colourless oil.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.29-7.18 ( 5 H, m, ArH), 6.27 ( 1 H, br s, NHCH),

5.18 ( 1 H, br s, NHCH2), 4.22-4.11 ( 1 H, m, NCH), 3.73-3.55 ( 2 H, m, NCH2), 3.66 ( 3
H, s, OCH3), 3.22 ( 1 H, dd, CHHPh, J = 37.8, 14.3 Hz), 3.06 ( 1 H, dd, CHHPh, J =
14.5, 14.5 Hz), 2.47 ( 1 H, dd, CHHCO, J = 15.3, 4.8 Hz), 2.31 ( 1 H, dd, CHHCO, J =
15.3, 6.5 Hz), 1.44 ( 9 H, s, C(CH3)3), 1.18-1.11 ( 1 H, m, CHCHHCH), 1.07-1.01 ( 1 H,
m, CHCHHCH), 0.88-0.80 ( 1 H, m, CH(CH3)2), 0.71 ( 3 H, d, CH(CH3)(CH3), J = 6.6
Hz), 0.69 ( 3 H, d, CH(CH3)(CH3), J = 6.7 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm : 171.8, 168.9 (d, J = 21.0 Hz), 155.9, 134.0, 130.3,

128.1, 126.9, 99.2 (d, J = 192.9 Hz), 79.5, 51.8, 46.2 (d, J = 24.6 Hz), 44.0, 43.0, 39.9 (d,
J = 19.9 Hz), 39.5, 28.3, 24.0, 22.9, 21.7.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)169.5- (-)169.9 (m)

HRMS calcd for C23H36N2O5F (MH+) 439.2608; found 439.2591.
FTIR (KBr, cm-1) 3354, 2954, 1739, 1688, 1654, 1528, 1367, 1248, 1168.
[α]D = -24.2 (c=1.10 in CHCl3).
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(S)-4-bromophenyl

3-((R)-2-benzyl-3-(tert-butoxycarbonylamino)-2-

fluoropropanamido)-5-methylhexanoate (2.48):

Br
O
BocHN
F
Ph

O
N
H

O

The methyl ester 2.21 (15 mg, 34 µmol) was hydrolysed according to General Procedure
A to give 2.47 as a white solid (15 mg, quant.) that required no further purification.

The acid 2.47 (15 mg, 35 µmol) and 4-bromophenol (9 mg, 50 µmol) were dissolved in
anhydrous dichloromethane (2 mL). EDCI (10 mg, 50 µmol) and DMAP (catalytic
amount) were added and the reaction mixture stirred at rt for 2 h. The reaction mixture
was concentrated in vacuo and the crude product was purified by radial chromatography
(silica, 1 mm plate, 1:4 ethyl acetate/petroleum ether) to give 2.48 (15 mg, 77 %) as a
white solid. The pure compound was recrystallized via slow evaporation in ethyl acetate
to give crystals suitable for X-ray crystallography.

mp = 179-180ºC
1

H NMR (300 MHz, CDCl3) δ ppm : 7.49 ( 2 H, d, ArH (p-bromophenyl), J = 8.2 Hz),

7.28-7.22 ( 5 H, m, ArH(Ph)), 7.00 ( 2 H, d, ArH (p-bromophenyl),, J = 8.2 Hz), 6.17 ( 1
H, br s, NHCH), 5.05 ( 1 H, br s, NHCH2), 4.35-4.25 ( 1 H, m, NCH), 3.73-3.49 ( 2 H, m,
NCH2), 3.33-3.01 (2 H, m, CH2Ph), 2.69 ( 1 H, dd, CHHCO, J = 14.8, 4.7 Hz), 2.50 ( 1
H, dd, CHHCO, J = 14.9, 7.2 Hz), 1.42 ( 9 H, s, C(CH3)3), 1.27-1.09 ( 2 H, m,
CHCH2CH), 0.95-0.78 ( 1 H, m, CH(CH3)2), 0.72 ( 6 H, d, CH(CH3)2, J = 6.1 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm : 169.5, 169.2 (d, J = 21.1 Hz), 155.9, 149.4, 134.0,

132.5, 130.4, 128.2, 127.0, 123.3, 119.1, 99.3 (d, J = 193.4 Hz), 79.6, 46.1 (d, J = 24.0
Hz), 44.2, 43.2, 40.4, 39.9 (d, J = 20.3 Hz), 28.3, 24.1, 23.0, 21.7.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)169.2-(-)169.6 (m)

HRMS calcd for C28H37N2O5FBr (MH+) 579.1870; found 579.1880.
FTIR (KBr, cm-1) 3356, 3317, 2955, 1759, 1690, 1651, 1481, 1250, 1204, 1165.
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(2R,3R)-3-(tert-butoxycarbonylamino)-2-fluoro-4-phenylbutanoic acid (2.50):
Ph
O
BocHN

OH
F

The methyl ester (2R, 3R)-2.49 (191 mg, 0.61 mmol) was hydrolysed according to
General Procedure A to give the pure product 2.50 (168 mg, 92 %) as a white solid.

mp = 126-127ºC
1

H NMR (300 MHz, acetone-d6) δ ppm : 7.33-7.15 ( 5 H, m, ArH ), 5.09 ( 1 H, dd, CHF,

J = 49.1, 3.2 Hz), 4.46-4.29 ( 1 H, m, NCH), 2.88 ( 2 H, d, CH2Ph, J = 6.5 Hz), 1.30 ( 9
H, s, C(CH3)3).
13

C NMR (75 MHz, acetone-d6) δ ppm : 170.7 (d, J = 27.7 Hz), 157.0, 140.0, 131.0,

130.1, 128.1, 92.2 (d, J = 192.9 Hz),80.1, 55.5 (d, J = 20.6 Hz), 36.2 (d, J = 4.5 Hz),
29.5.
HRMS calcd for C15H21NO4F (MH+) 298.1455; found 298.1462.
FTIR (KBr, cm-1) 2975, 1693, 1523, 1368, 1250, 1170, 1047.

(S)-methyl 3-((2R,3R)-3-(tert-butoxycarbonylamino)-2-fluoro-4-phenylbutanamido)5-methylhexanoate (2.22):

O
BocHN
F

O
N
H

OMe

The acid 2.50 (15 mg, 51 µmol) and amine 2.40 (17 mg, 62 µmol) were coupled in DMF
(2 mL) using HATU (24 mg, 62 µmol), and DIPEA (37 µL, 0.21 mmol) according to
General Procedure B. The crude product was purified by radial chromatography on silica
(1:4 ethyl acetate/petroleum ether) to give 2.22 (17 mg, 76 %) as a white solid. The pure
compound was recrystallized via slow evaporation in dichloromethane to give crystals
suitable for X-ray crystallography.
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mp= 149-151°C
1

H NMR (500 MHz, CDCl3) δ ppm : 7.30-7.20 (5 H, m, ArH), 6.62 ( 1 H, d, NH, J = 5.8

Hz), 5.02-4.91 ( 2 H, m, CHF, NH), 4.56-4.38 ( 2 H, m, CHCHF, CHCH2CH), 3.69 ( 3
H, s, OCH3), 2.96 ( 1 H, dd, CHHPh, J = 13.8, 5.5 Hz), 2.76 ( 1 H, dd, CHHPh, J = 13.0,
9.7 Hz), 2.59 ( 1 H, dd, CHHCO, J = 15.5, 4.7 Hz), 2.45 ( 1 H, dd, CHHCO, J = 15.5,
6.2 Hz), 1.66-1.58 ( 1 H, m, CH(CH3)2), 1.52 ( 1 H, ddd, CHCHHCH, J = 14.7, 9.4, 5.7
Hz), 1.40-1.32 ( 1 H, m, CHCHHCH), 1.34 ( 9 H, s, C(CH3)3), 0.94 ( 3 H, d,
CH(CH3)(CH3), J = 6.3 Hz), 0.93 ( 3 H, d, CH(CH3)(CH3), J = 6.5 Hz).
13

C NMR (126 MHz, CDCl3) δ ppm : 172.0, 166.8 (d, J = 18.4 Hz), 155.2, 136.9, 129.4,

128.4, 126.6, 91.8 (d, J = 191.6 Hz), 79.5, 53.2 (d, J = 19.3 Hz), 51.9, 44.1, 43.3, 39.1,
35.8, 28.2, 24.9, 22.8, 22.0.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)197.2 (dd, J = 48.5, 24.8 Hz).

HRMS calcd for C23H36N2O5F (MH+) 439.2608; found 439.2610.
FTIR (KBr, cm-1) 3351, 2956, 1736, 1698, 1655, 1524, 1250, 1173.
[α]D = +7.9 (c=0.92 in CHCl3).

(R)-methyl

2-benzyl-3-((R)-2-benzyl-3-(tert-butoxycarbonylamino)-2-

fluoropropanamido)-2-fluoropropanoate (2.23):
O
BocHN
F
Ph

O
N
H F

OMe
Ph

The acid 2.36 (16 mg, 54 µmol) and amine 2.41 (21 mg, 64 µmol) were coupled in DMF
(3 mL) using HATU (22 mg, 59 µmol), and DIPEA (37 µL, 0.21 mmol) according to
General Procedure B. The crude product was purified by radial chromatography on silica
(3:7 ethyl acetate/petroleum ether) to give 2.23 (21 mg, 79 %) as a white solid.

mp = 138-140ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.29-7.06 ( 10 H, m, ArH), 6.37 ( 1 H, dd, NH, J =

11.5, 5.7 Hz), 4.98 ( 1 H, br s, NH), 3.86-3.63 ( 2 H, m, NHCHH, NHCHH), 3.64 ( 3 H,
s, OCH3), 3.62-3.51 ( 1 H, m, NHCHH), 3.44-3.34 ( 1 H, m, NHCHH), 3.21 ( 1 H, dd,
CHHPh, J = 36.4, 14.4 Hz), 3.08 ( 1 H, dd, CHHPh, J = 15.0, 15.0 Hz), 2.97 ( 1 H, dd,
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CHHPh, J = 29.2, 14.5 Hz), 2.75 ( 1 H, dd, CHHPh, J = 19.0, 15.0 Hz), 1.40 ( 9 H,s,
C(CH3)3).
13

C NMR (75 MHz, CDCl3) δ ppm : 170.0 (d, J = 21.5 Hz), 169.4 (d, J = 26.0 Hz),

155.8, 133.7, 133.3, 130.3, 130.0, 128.4, 128.3, 127.4, 127.2, 99.4 (d, J = 193.5 Hz), 96.0
(d, J = 191.5 Hz),79.8, 52.6, 45.9 (d, J = 23.1 Hz), 43.7 (d, J = 21.8 Hz), 40.1 (d, J =
21.0 Hz), 40.0 (d, J = 20.1 Hz), 28.3.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)167.2-(-)167.7 (m), (-)169.4-(-)170.5 (m)

HRMS calcd for C26H33N2O5F2 (MH+) 491.2358; found 491.2355.
FTIR (KBr, cm-1) 3372, 1756, 1698, 1655, 1525, 1160.
[α]D = -12.1 (c=1.04 in CHCl3).

(R)-4-bromophenyl

2-benzyl-3-((R)-2-benzyl-3-(tert-butoxycarbonylamino)-2-

fluoropropanamido)-2-fluoropropanoate (2.52):
O
BocHN
F
Ph

Br

O
N
H F

O
Ph

The methyl ester 2.22 (14 mg, 29 µmol) was hydrolysed according to General Procedure
A to give 2.51 as a white solid (13 mg, 88%) that required no further purification. The
acid 2.51 (13 mg, 26 µmol) and 4-bromophenol (7 mg, 39 µmol) were dissolved in
anhydrous dichloromethane (1 mL). EDCI (7 mg, 39 µmol) and DMAP (catalytic
amount) were added and the reaction mixture stirred at rt for 16 h. The reaction mixture
was concentrated in vacuo and the crude product was purified by flash chromatography
(silica, 0:1→1:9 ethyl acetate/dichloromethane) to give 2.52 (7 mg, 43 %) as a white
solid. The pure compound was recrystallized via slow evaporation in ethyl acetate to give
crystals suitable for X-ray crystallography.

mp= 162-164°C
1

H NMR (600 MHz, CDCl3) δ ppm : 7.43 ( 2 H, d, ArH (p-bromophenyl), J = 8.6 Hz),

7.32-7.12 ( 10 H, m, ArH), 6.70 ( 2 H, d, ArH (p-bromophenyl), J = 7.7 Hz), 6.46 ( 1 H,
dd, NH, J = 11.7, 5.8 Hz), 4.87 ( 1 H, br s, NH), 4.07-3.98 ( 1 H, m, NHCHH), 3.73-3.66
( 1 H, m, NHCHH), 3.57-3.49 ( 2 H, m, NHCHH, NHCHH), 3.25 ( 1 H, dd, CHHPh, J =
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37.2, 14.4 Hz), 3.14-3.03 ( 2 H, m, CHHPh, CHHPh), 2.91 ( 1 H, dd, CHHPh, J = 16.5,
16.5 Hz), 1.41 ( 9 H, s, C(CH3)3).
13

C NMR (151 MHz, CDCl3) δ ppm : 170.2 (d, J = 21.3 Hz), 167.1 (d, J = 27.3 Hz),

155.8, 148.8, 133.8, 133.2, 132.6, 130.4, 130.2, 128.5, 128.3, 127.7, 127.3, 123.0, 119.6,
99.5 (d, J = 193.5 Hz), 96.1 (d, J = 192.3 Hz), 79.8, 45.9 (d, J = 23.7 Hz), 43.9 (d, J =
21.5 Hz), 40.3 (d, J = 20.6 Hz), 39.9 (d, J = 20.2 Hz), 28.3.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)165.7-(-)166.1 (m), (-)169.3-(-)169.6 (m)

FTIR (KBr, cm-1) 3368, 1751, 1699, 1666, 1528, 1483, 1200, 1160.
HRMS calcd for C31H33N2O5F2BrNa (MNa+) 653.1439; found 653.1443.
[α]D = -33.4 (c=0.16 in MeOH).

(R)-methyl

2-benzyl-3-((2R,3R)-3-(tert-butoxycarbonylamino)-2-fluoro-4-

phenylbutanamido)-2-fluoropropanoate (2.24):

O
BocHN
F

O
N
H F

OMe
Ph

The acid 2.50 (6 mg, 20 µmol) and amine 2.41 (8 mg, 24 µmol) were coupled in DMF (2
mL) using HATU (8 mg, 24 µmol), and DIPEA (10 µL, 79 µmol) according to General
Procedure B. The crude product was purified by radial chromatography on silica (1:9
ethyl acetate/petroleum ether) to give 2.24 (4 mg, 40 %) as a white solid.

mp= 129-130°C
1

H NMR (500 MHz, CDCl3) δ ppm : 7.33-7.19 (10 H, m, ArH), 6.62 ( 1 H, br s,

NHCH2), 5.00 ( 1 H, dd, CHF, J = 48.7, 2.8 Hz), 4.79 ( 1 H, d, NHCH, J = 8.1 Hz),
4.54-4.44 ( 1 H, m, CHCHF), 4.14 ( 1 H, ddd, CHHCF, J = 27.5, 14.3, 7.9 Hz), 3.69 ( 3
H, s, OCH3), 3.53-3.45 ( 1 H, m, CHHCF), 3.25 ( 1 H, dd, CFCHHPh, J = 27.6, 14.6
Hz), 3.16 ( 1 H, dd, CFCHHPh, J = 21.0, 14.5 Hz), 2.92-2.87 ( 1 H, m, CHCHHPh),
2.74-2.68 ( 1 H, m, CHCHHPh), 1.33 ( 9 H, s, C(CH3)3).
13

C NMR (75 MHz, CDCl3) δ ppm : 169.6 (d, J = 27.1 Hz), 167.7 (d, J = 27.2 Hz),

155.2, 136.8, 133.2, 130.1, 129.3, 128.5, 128.5, 127.6, 126.7, 96.0 (d, J = 191.1 Hz), 92.1
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(d, J = 190.0 Hz), 86.7, 59.7, 52.8, 43.7 (d, J = 21.8 Hz), 40.8 (d, J = 20.6 Hz), 35.5,
28.2,
19

F NMR (282 MHz, CDCl3) δ ppm : (-)166.9-(-)167.3 (m)

HRMS calcd for C26H33N2O5F2 (MH+) 491.2358; found 491.2367.
FTIR (KBr, cm-1) 3356, 2980, 1759, 1696, 1524, 1251, 1171.
[α]D = -5.3 (c=0.26 in CHCl3).
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6.3 Experimental Work Described in Chapter Three
Boc-(R)-β3hPhe methyl ester ((R)-3.28):
Ph
O
BocHN

OMe

To a solution of the β-amino acid (R)-3.27 (125 mg, 0.45 mmol) in anhydrous DMF (2
mL) under N2 were added KHCO3 (90 mg, 0.90 mmol) and MeI (41 µL, 0.67 mmol), and
the mixture was stirred for 12 h at rt. The reacton mixture was diluted with EtOAc and
the organic phase was washed with saturated aqueous NaCl, dried (MgSO4) and
concentrated in vacuo. The crude product was purified by radial chromatography(silica, 5
mm plate, 3:17 ethyl acetate/ petroleum ether) to give (R)-3.28 (132 mg, quant) as a white
solid.
Spectral and physical properties are in agreement with those in the literature.12
mp = 47-48ºC (lit.12 48-50 ºC)
1

H NMR (500 MHz, CDCl3) δ ppm : 7.32-7.17 ( 5 H, m, ArH), 5.07 ( 1 H, br d, NH, J =

6.3 Hz), 4.22-4.10 ( 1 H, m, NCH), 3.68 ( 3 H, s, OCH3), 2.97-2.77 ( 2 H, m,
CH2CO2CH3), 2.51 ( 1 H, dd, CHHPh, J = 15.8, 5.4 Hz), 2.44 ( 1 H, dd, CHHPh, J =
15.9, 5.8 Hz), 1.40 ( 9 H, s, C(CH3)3)
HRMS calcd for C16H24NO4 (MH+) 294.1705; found 294.1716.
[α]D = +11.8 (c=0.25 in CHCl3) (lit.12 [α]D = +11.4 (c=1.34 in Dichloromethane))
Boc-(S)-β3hPhe methyl ester, ((S)-3.28):
Ph
O
BocHN

OMe

To a solution of the β-amino acid (S)-3.27 (500 mg, 1.8 mmol) in anhydrous DMF (4
mL) under N2 were added KHCO3 (359 mg, 3.6 mmol) and MeI (165 µL, 2.7 mmol), and
the mixture was stirred for 12 h at rt. The reacton mixture was diluted with EtOAc and
the organic phase was washed with saturated aqueous NaCl, dried (MgSO4) and
concentrated in vacuo. The crude product was purified by radial chromatography (silica, 5
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mm plate, 3:17 ethyl acetate/ petroleum ether) to give (S)-3.28 (526 mg, quant) as a white
solid.
Spectral and physical properties are in agreement with those in the literature.13
mp =48-50 ºC (lit.13 54.5-55.5 ºC).
1

H NMR (500 MHz, CDCl3) δ ppm : 7.32-7.15 ( 5 H, m, ArH), 5.04 ( 1 H, br d, NH, J =

6.9 Hz), 4.21-4.13 ( 1 H, m, NCH), 3.69 ( 3 H, s, OCH3), 2.97-2.78 ( 2 H, m,
CH2CO2CH3), 2.52 ( 1 H, dd, CHHPh, J = 15.9, 5.5 Hz), 2.44 ( 1 H, dd, CHHPh, J =
15.9, 5.8 Hz), 1.41 ( 9 H, s, C(CH3)3)
HRMS calcd for C16H24NO4 (MH+) 294.1705; found 294.1710.
[α]D = -12.3 (c=0.94 in CHCl3) (lit.13 [α]D = -10.0 (c=0.99 in CHCl3))
Microanalysis cald for C16H24NO4 : C, 65.51; H, 7.90; N, 4.77; found C, 65.24; H, 7.86;
N, 4.81.
(2S,3S)-

and

(2R,3S)-methyl

3-(tert-butoxycarbonylamino)-2-fluoro-4-

phenylbutanoate ((2S,3S)-2.49 and (2R,3S)-2.49):
Ph

Ph
O

O
BocHN

OMe
F

BocHN

OMe
F

Method 1: n-BuLi (0.31 mL, 0.50 mmol, 2.2 equiv, 1.6 M in hexane) was added to a
solution of freshly distilled iPr2NH (70 µL, 0.50 mmol, 2.2 equiv) in anhydrous THF (2
mL) at –78°C under N2. The reaction was stirred at –78°C for 1 h, then a solution of (S)3.28 (66 mg, 0.23 mmol) in anhydrous THF (1 mL) under N2 was added. The mixture
was stirred for 1 h at –78 °C and then N-fluorobenzenesulfonimide (425 mg, 1.3 mmol, 6
equiv) in anhydrous THF (1 mL) under N2 was added dropwise. The resulting yellow
mixture was stirred for 2.5 h at –78°C then for 2 h at 0°C. Sat. aqueous NH4Cl solution
was added to quench the reaction and the aqueous layer was extracted with
dichloromethane three times. The combined organic phases were dried over MgSO4 and
the solvent removed in vacuo to give an orange oil. Petroleum ether/ethyl acetate (4:1)
was added to give a white precipitate that was removed by filtration. The filtrate was
concentrated in vacuo to give an orange oil that was purified by radial
chromatography(silica, 1 mm plate, 1:9 ethyl acetate/petroleum ether) to give a mixture of
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(2S,3S)-2.49 and (2R,3S) -2.49 (51 mg, 73%) as a white solid with a diastereomeric ratio
of 95:5 (determined by 19F-NMR).

Method 2: n-BuLi (0.56 mL, 0.89 mmol, 2.1 equiv, 1.6 M in hexane) was added to a
solution of freshly distilled iPr2NH (120 µL, 0.89 mmol, 2.1 equiv) in anhydrous THF
(2.75 mL) at –78°C under N2. The reaction was stirred at –78°C for 1 h, then a solution of
(S)-3.28 (124 mg, 0.42 mmol) in anhydrous THF (1 mL) under N2 was added. The
mixture was stirred for 1 h at –78 °C and then N-fluorobenzenesulfonimide (333 mg, 1.1
mmol, 2.5 equiv) in anhydrous THF (1 mL) under N2 was added dropwise. The resulting
yellow mixture was stirred for 3.5 h at –78°C then allowed to slowly warm up to -40°C
over 1 h. Sat. aqueous NH4Cl solution was added to quench the reaction and the aqueous
layer was extracted with dichloromethane three times. The combined organic phases were
dried over MgSO4 and the solvent removed in vacuo to give an orange oil. Petroleum
ether/ethyl acetate (4:1) was added to give a white precipitate that was removed by
filtration. The filtrate was concentrated in vacuo to give an orange oil that was purified by
radial chromatography(silica, 1 mm plate, 1:9 ethyl acetate/petroleum ether) to give a
mixture of (2S,3S)-2.49 and (2R,3S) -2.49 (70 mg, 53%,) as a white solid with a
diastereomeric ratio of 95:5 (determined by 19F-NMR).

Method 3: The amino acid (S)-3.28 (525 mg, 1.8 mmol) was treated with n-BuLi (2.45
mL, 3.9 mmol, 1.6 M in hexane),

i

Pr2NH (0.54 mL, 3.9 mmol) and N-

fluorobenzenesulfonimide (2.82 g, 9.0 mmol) according to General Procedure D. The
crude product was purified by radial chromatography(silica, 5 mm plate, 1:9 ethyl
acetate/petroleum ether) to give a mixture of (2S,3S)-2.49 and (2R,3S) -2.49 (339 mg, 62
%) as a white solid with a diastereomeric ratio of 96:4 (determined by

19

F-NMR).

Recrystallisation from ethyl acetate/petroleum ether gave the single diasteroisomer
(2S,3S)-2.49 as white needle-like crystals (265 mg, 78% of total product).

Data for (2S,3S)-2.49 (isolated):
mp =86-87 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.32-7.19 ( 5 H, m, ArH), 5.03 ( 1 H, dd, CHF, J =

48.5, 3.0 Hz), 4.73 ( 1 H, d, NH, J = 8.0 Hz), 4.52-4.41 ( 1 H, m, NCH), 3.65 ( 3 H, s,
OCH3), 2.90-2.81 (2 H, m, CH2Ph), 1.38 (9 H, s, C(CH3)3).
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13

C NMR (126 MHz, CDCl3) δ ppm: 167.9 (d, J = 23.8 Hz), 154.9, 136.1, 129.4, 128.5,

126.8, 89.6 (d, J = 188.9 Hz), 80.0, 52.8 (d, J = 20.2 Hz), 52.4, 35.2, 28.2.
19

F NMR (282 MHz, CDCl3) δ ppm: (-)203.4- (-)203.9 (m, minor rotamer), (-)204.7 (dd,

J = 48.4, 24.9 Hz, major rotamer).
HRMS calcd for C16H22NO4FNa (MNa+) 334.1430; found 334.1425.
FTIR (KBr, cm-1) 3374, 1736, 1682, 1515, 1273, 1161, 1048, 1010, 740.
[α]D (single diastereoisomer) = +13.1 (c=0.82 in CHCl3)
Microanalysis cald for C16H22NO4F : C, 61.72; H, 7.12; N, 4.50; F, 6.10; found C, 61.61;
H, 7.07; N, 4.44; F, 6.01.
Selected data for minor isomer (2S,3R)-2.49 from mixture:
19

F NMR (282 MHz, CDCl3) δ ppm: (-)208.3 (dd, J = 47.3, 28.8 Hz)

(2R,3R)-

and

(2S,3R)-methyl

3-(tert-butoxycarbonylamino)-2-fluoro-4-

phenylbutanoate ((2R,3R)- and (2S,3R)-2.49):

Ph

Ph

O

O
BocHN

OMe
F

BocHN

OMe
F

Method 1: n-BuLi (1.23 mL, 2.0 mmol, 2.2 equiv, 1.6 M in hexane) was added to a
solution of freshly distilled iPr2NH (270 µL, 2.0 mmol, 2.2 equiv) in anhydrous THF (6
mL) at –78°C under N2. The reaction was stirred at –78°C for 1 h, then a solution of (R)3.28 (262 mg, 0.89 mmol) in anhydrous THF (2 mL) under N2 was added. The mixture
was stirred for 1 h at –78 °C and then N-fluorobenzenesulfonimide (4.05 g, 2.2 mmol, 2.5
equiv) in anhydrous THF (2 mL) under N2 was added dropwise. The resulting yellow
mixture was stirred for 2.5 h at –78°C then for 2 h at 0°C. Sat. aqueous NH4Cl solution
was added to quench the reaction and the aqueous layer was extracted with
dichloromethane three times. The combined organic phases were dried over MgSO4 and
the solvent removed in vacuo to give an orange oil. Petroleum ether/ethyl acetate (4:1)
was added to give a white precipitate that was removed by filtration. The filtrate was
concentrated in vacuo to give an orange oil that was purified by radial chromatography
(silica, 1 mm plate, 1:9 ethyl acetate/petroleum ether) to give a mixture of (2R,3R)- and
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(2S,3R)-2.49 (158 mg, 57%) as a white solid with a diastereomeric ratio of 95:5
(determined by 19F-NMR).

Method 2: n-BuLi (0.59 mL, 0.94 mmol, 2.1 equiv, 1.6 M in hexane) was added to a
solution of freshly distilled iPr2NH (130 µL, 0.94 mmol, 2.1 equiv) in anhydrous THF
(2.75 mL) at –78°C under N2. The reaction was stirred at –78°C for 1 h, then a solution of
(R)-3.28 (131 mg, 0.45 mmol) in anhydrous THF (1 mL) under N2 was added. The
mixture was stirred for 1 h at –78 °C and then N-fluorobenzenesulfonimide (155 mg, 0.49
mmol, 2.5 equiv) in anhydrous THF (0.5 mL) under N2 was added dropwise. The
resulting yellow mixture was stirred for 2.5 h at –78°C then allowed to slowly warm up to
-40°C over 1 h. Sat. aqueous NH4Cl solution was added to quench the reaction and the
aqueous layer was extracted with dichloromethane three times. The combined organic
phases were dried over MgSO4 and the solvent removed in vacuo to give an orange oil.
Petroleum ether/ethyl acetate (4:1) was added to give a white precipitate that was
removed by filtration. The filtrate was concentrated in vacuo to give an orange oil that
was purified by radial chromatography (silica, 1 mm plate, 1:9 ethyl acetate/petroleum
ether) to give a mixture of (2R,3R)- and (2S,3R)-2.49 (38 mg, 37%) as a white solid with
a diastereomeric ratio of 97:3 (determined by 19F-NMR).

Method 3: The amino acid (R)-3.28 (520 mg, 1.8 mmol) was treated with n-BuLi (2.44
mL, 3.9 mmol, 1.6 M in hexane),

i

Pr2NH (0.54 mL, 3.9 mmol) and N-

fluorobenzenesulfonimide (2.80 g, 8.9 mmol) according to General Procedure D. The
crude product was purified by radial chromatography(silica, 5 mm plate, 1:9 ethyl
acetate/petroleum ether) to give a mixture of (2R,3R)- and (2S,3R)-2.49 (419 mg, 76 %)
as a white solid with a diastereomeric ratio of 96:4 (determined by

19

F-NMR).

Recrystallisation from ethyl acetate/petroleum ether gave the single diasteroisomer
(2R,3R)- and (2S,3R)-2.49 as white needle-like crystals (355 mg, 85% of total product).

Data for (2R,3R)-2.49 (isolated) :
mp =88-89 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.32-7.20 ( 5 H, m, ArH), 5.04 ( 1 H, dd, CHF, J =

48.4, 2.6 Hz), 4.73 ( 1 H, d, NH, J = 7.7 Hz), 4.52-4.40 ( 1 H, m, NCH), 3.65 ( 3 H, s,
OCH3), 2.88-2.82 ( 2 H, m, CH2Ph), 1.38 (9 H, s, C(CH3)3)
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13

C NMR (126 MHz, CDCl3) δ ppm: 168.0 (d, J = 23.8 Hz), 154.9, 136.2, 129.4, 128.5,

126.9, 89.6 (d, J = 189.1 Hz), 80.1, 52.8 (d, J = 21.0 Hz), 52.4, 35.2, 28.2.
19

F NMR (23°C, 282 MHz, DMSO-d6) δ ppm: -199.9 (dd, J = 48.8, 24.5 Hz, minor

rotamer), -200.9 (dd, J = 48.2, 23.3 Hz, major rotamer).
19

F NMR (23°C, 282 MHz, CDCl3) δ ppm: (-)203.4-(-)203.8 (m, minor rotamer), (-)204.7

(dd, J = 48.5, 24.8 Hz, major rotamer).
19

F NMR (30°C, 282 MHz, CDCl3) δ ppm: (-)203.4-(-)203.8 (m, minor rotamer), (-)204.6

(dd, J = 48.5, 24.6 Hz, major rotamer).
19

F NMR (35°C, 282 MHz, CDCl3) δ ppm: (-)203.2-(-)203.7 (m, minor rotamer), (-)204.5

(dd, J = 48.4, 24.4 Hz, major rotamer).
19

F NMR (40°C, 282 MHz, CDCl3) δ ppm: (-)203.0-(-)203.7 (m, minor rotamer), (-)204.3

(dd, J = 48.2, 24.0 Hz, major rotamer).
19

F NMR (45°C, 282 MHz, CDCl3) δ ppm: (-)202.9-(-)203.7 (m, minor rotamer), (-)204.2

(dd, J = 47.6, 23.9 Hz, major rotamer).
19

F NMR (50°C, 282 MHz, CDCl3) δ ppm: (-)202.8-(-)204.4 (m, major + minor

rotamers).
19

F NMR (55°C, 282 MHz, CDCl3) δ ppm: (-)202.8-(-)204.1 (m, major + minor

rotamers).
HRMS calcd for C16H22NO4FNa (MNa+) 334.1431; found 334.1425.
FTIR (KBr, cm-1) 3380, 1736, 1682, 1515, 1273, 1161, 1048, 1010, 740.
[α]D (single diastereoisomer) = -10.0 (c=1.05 in CHCl3).
Microanalysis cald for C16H22NO4F : C, 61.72; H, 7.12; N, 4.50; F, 6.10; found C, 61.58;
H, 7.39; N, 5.37; F, 5.90.

Selected data for minor isomer (2S,3R)-2.49 from mixture:
19

F NMR (282 MHz, CDCl3) δ ppm: (-)208.3 (dd, J = 47.9, 28.6 Hz)
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(2R,3S)-

methyl

3-(tert-butoxycarbonylamino)-2-fluoro-5-

methylhexanoate (3.32a and 3.32b):

O
BocHN

O
BocHN

OMe

OMe

F

F

3.32a

3.32b

Reaction 1: The amino acid 3.29 (119 mg, 0.46 mmol) was treated with n-BuLi (0.63
mL, 1.0 mmol, 1.6 M in hexane),

i

Pr2NH (0.14 mL, 3.9 mmol) and N-

fluorobenzenesulfonimide (724 mg, 2.3 mmol) according to General Procedure D. The
crude product was purified by column chromatography on silica (0:1→1:9 ethyl
acetate/dichloromethane) to give a mixture of 3.32a and 3.32b (76 mg, 60 %) as a white
solid with a diastereomeric ratio of 93:7 (determined by

19

F-NMR). Recrystallisation

from petroleum ether gave the single diasteroisomer 3.32a as white block crystals.

Reaction 2: The amino acid 3.29 (204 mg, 0.79 mmol) was treated with n-BuLi (1.08
mL, 1.7 mmol, 1.6 M in hexane),

i

Pr2NH (0.24 mL, 1.7 mmol) and N-

fluorobenzenesulfonimide (1.24 g, 3.9 mmol) according to General Procedure D. The
crude product was purified by column chromatography on silica (0:1→1:9 ethyl
acetate/dichloromethane) to give a mixture of 3.32a and 3.32b (112 mg, 52 %) as a white
solid with a diastereomeric ratio of 93:7 (determined by 19F-NMR).

Data for 3.32a (isolated):
mp = 65-66 ºC
1

H NMR (300 MHz, CDCl3) δ ppm: 5.04 ( 1 H, dd, CHF, J = 49.2, 2.7 Hz), 4.63 ( 1 H, d,

NH, J = 8.8 Hz), 4.28-4.08 ( 1 H, m, NCH), 3.81 ( 3 H, s, OCH3), 1.73-1.59 ( 1 H, m,
CH(CH3)2 ), 1.50-1.43 ( 1 H, m, CHCHH), 1.45 ( 9 H, s, C(CH3)3) 1.18-1.07 ( 1 H, m,
CHCHH ), 0.93 ( 3 H, d, CH(CH3)(CH3), J = 6.7 Hz), 0.90 ( 3 H, d, CH(CH3)(CH3), J =
6.5 Hz)
13

C NMR (126 MHz, CDCl3) δ ppm: 168.2 (d, J = 24.2 Hz), 155.2, 90.8 (d, J = 187.5

Hz), 80.0, 52.4, 50.3 (d, J = 20.0 Hz), 37.6, 28.3, 24.5, 23.4, 21.3.
19

F NMR (282 MHz, CDCl3) δ ppm: (-)204.8- (-)205.2 (m, minor rotamer), (-)206.6 ( dd,

J = 49.2, 27.0 Hz, major rotamer)
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HRMS calcd for C13H25NO4F (MH+) 278.1768; found 278.1761.
FTIR (KBr, cm-1) 3473, 3411, 1762 1679, 1639, 1618, 1532, 1251, 1174, 1073.
[α]D (single diastereoisomer) = -15.6 (c=0.22 in CHCl3)
Microanalysis cald for C13H24NO4F : C, 56.30; H, 8.72; N, 5.05; F, 6.85; found C, 56.11;
H, 8.83; N, 4.98; F, 6.65.
Selected data for minor diastereoisomer 3.32b from mixture:
19

F NMR (282 MHz, CDCl3) δ ppm: (-)206.2 (dd, J = 48.1, 27.0 Hz).

(2S,3S)-and

(2R,3S)-methyl

3-(tert-butoxycarbonylamino)-2-fluoro-4-

methylpentanoate (3.33a and 3.33b):

O
BocHN

O

OMe

BocHN

OMe

F

F

3.33a

3.33b

Reaction 1: The amino acid 3.30 (193 mg, 0.79 mmol) was treated with n-BuLi (1.08
mL, 1.7 mmol, 1.6 M in hexane),

i

Pr2NH (0.24 mL, 1.7 mmol) and N-

fluorobenzenesulfonimide (1.24 g, 3.9 mmol) according to General Procedure D. The
crude product was purified by column chromatography on silica (0:1→1:9 ethyl
acetate/dichloromethane) to give a mixture of 3.33a and 3.33b (81 mg, 40 %) as a
colourless oil with a diastereomeric ratio of 88:12 (determined by 19F-NMR).

Reaction 2: The amino acid 3.30 (235 mg, 0.96 mmol) was treated with n-BuLi (1.32
mL, 2.1 mmol, 1.6 M in hexane),

i

Pr2NH (0.29 mL, 2.1 mmol) and N-

fluorobenzenesulfonimide (1.51 g, 4.8 mmol) according to General Procedure D. The
crude product was purified by column chromatography on silica (0:1→1:19 ethyl
acetate/dichloromethane) to give a mixture of 3.33a and 3.33b (144 mg, 57 %) as a
colourless oil with a diastereomeric ratio of 96:4 (determined by 19F-NMR).

Reaction 3: The amino acid 3.30 (348 mg, 1.4 mmol) was treated with n-BuLi (1.95 mL,
3.1

mmol,

1.6

M

in

hexane),

i

Pr2NH

(0.44

mL,

3.1

mmol)

and

N-

fluorobenzenesulfonimide (2.24 g, 7.1 mmol) according to General Procedure D. The
crude product was purified by column chromatography on silica (0:1→1:9 ethyl
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acetate/dichloromethane) to give a mixture of 3.33a and 3.33b (142 mg, 38 %) as a
colourless oil with a diastereomeric ratio of 94:6 (determined by 19F-NMR).

Data for 3.33a from mixture:
1

H NMR (500 MHz, CDCl3) δ ppm: 4.95 ( 1 H, dd, CHF, J = 48.4, 2.6 Hz), 4.75 ( 1 H, d,

NH, J = 9.2 Hz), 4.08-3.97 ( 1 H, m, NCH), 3.81 ( 3 H, s, OCH3 ), 1.97-1.89 ( 1 H, m,
CH(CH3)2 ), 1.46 ( 9 H, s, C(CH3)3), 0.99-0.94 ( 6 H, m, CH(CH3)2)
13

C NMR (126 MHz, CDCl3) δ ppm: 168.6 (d, J = 23.5 Hz), 155.5, 90.0 (d, J = 189.3

Hz), 79.9, 56.0 (d, J = 20.5 Hz), 52.5, 28.6, 28.3, 20.1, 17.5,
19

F NMR (282 MHz, CDCl3) δ ppm: (-)199.4 (dd, J = 48.6, 22.0 Hz, minor rotamer), (-

)201.0 (dd, J = 48.4, 23.5 Hz, major rotamer).
HRMS calcd for C12H22NO4F (MNa+) 286.1431; found 286.1437.
FTIR (KBr, cm-1) 3352, 2967, 1764, 1713, 1514, 1367, 1240, 1171.
[α]D (mixture) = -7.6 (c=0.97 in CHCl3)
Selected data for minor diastereoisomer 3.33b from mixture:
19

F NMR (282 MHz, CDCl3) δ ppm: (-)206.8 ( dd, J = 48.2, 30.9 Hz).

Boc-(S)-β3hAla methyl ester (3.31):
O
BocHN

OMe

To a solution of the Boc-(S)-β3hAla-OH (358 mg, 1.8 mmol) in anhydrous DMF (4 mL)
under N2 were added KHCO3 (351 mg, 3.5 mmol) and MeI (160 µL, 2.6 mmol), and the
mixture was stirred for 12 h at rt. The reacton mixture was diluted with EtOAc and the
organic phase was washed with saturated aqueous NaCl, dried (MgSO4) and concentrated
in vacuo. The crude product was purified by radial chromatography(silica, 5 mm plate,
3:17 ethyl acetate/ petroleum ether) to give 3.31 (362 mg, 95%) as a white solid.
Spectral and physical properties are in agreement with those in the literature.14
mp = 37-38ºC (lit.14 39.4-40 ºC).
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H NMR (500 MHz, CDCl3) δ ppm : 4.91 ( 1 H, br s, NH), 4.08-4.00 ( 1 H, m, NCH),

3.68 ( 3 H, s, OCH3) 2.57-2.44 ( 2 H, m, CHCH2), 1.44 ( 9 H, s, C(CH3)3), 1.21 ( 3 H, d,
CHCH3, J = 6.7 Hz).
HRMS calcd for C10H20NO4 (MH+) 218.1392; found 218.1402.
[α]D = -19.2 (c=0.95 in CHCl3) (lit.15 [α]D = -22.1 (c=0.6 in CHCl3))

(2S,3S)- and (2R,3S)-methyl 3-(tert-butoxycarbonylamino)-2-fluorobutanoate (3.34a
and 3.34b):
O

O
BocHN

BocHN

OMe

OMe
F

F
3.34a

3.34b

Reaction 1: The amino acid 3.31 (154 mg, 0.71 mmol) was treated with n-BuLi (0.97
mL, 1.6 mmol, 1.6 M in hexane),

i

Pr2NH (0.22 mL, 1.6 mmol) and N-

fluorobenzenesulfonimide (1.12 g, 3.6 mmol) according to General Procedure D. The
crude product was purified by column chromatography on silica (0:1→1:19 ethyl
acetate/dichloromethane) to give a mixture of 3.34a and 3.34b (75 mg, 45 %) as a
colourless oil with a diastereomeric ratio of 96:4 (determined by 19F-NMR).

Reaction 2: The amino acid 3.31 (302 mg, 1.4 mmol) was treated with n-BuLi (1.88 mL,
3.0

mmol,

1.6

M

in

hexane),

i

Pr2NH

(0.52

mL,

3.0

mmol)

and

N-

fluorobenzenesulfonimide (2.19 g, 7.0 mmol) according to General Procedure D. The
crude product was purified by column chromatography on silica (0:1→1:19 ethyl
acetate/dichloromethane) to give a mixture of 3.34a and 3.34b (134 mg, 41 %) as a
colourless oil with a diastereomeric ratio of 96:4 (determined by 19F-NMR).

mp = 59-60 ºC
Data for 3.34a from mixture:
1

H NMR (300 MHz, CDCl3) δ ppm: 5.03 (1 H, dd, CHF, J = 49.4, 2.0 Hz), 4.74 ( 1 H, d,

NH, J = 5.4 Hz), 4.33-4.10 ( 1 H, m, NCH), 3.80 ( 3 H, s, OCH3), 1.44 ( 9 H, s, C(CH3)3
), 1.14 ( 1 H, d, CHCH3, J = 7.0 Hz)
13

C NMR (126 MHz, CDCl3) δ ppm: 168.2 (d, J = 23.9 Hz), 154.8, 90.2 (d, J = 188.1

Hz), 80.0, 52.5, 47.8 (d, J = 20.5 Hz), 28.3, 14.2.
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F NMR (282 MHz, CDCl3) δ ppm: (-)207.3-(-)207.9 (m, minor rotamer), (-)208.2 ( dd,

J = 49.3, 26.9 Hz, major rotamer).
HRMS calcd for C10H19NO4F (MH+) 236.1298; found 236.1298.
FTIR (KBr, cm-1) 3370, 2981, 1766, 1713, 1519, 1367, 1247, 1168, 1061.
[α]D (mixture) = -1.4 (c=0.91 in CHCl3)
Microanalysis cald for C10H18NO4F : C, 51.05; H, 7.71; N, 5.95; F, 8.08; found C, 51.11;
H, 7.71; N, 5.86; F, 7.96.
Selected data for minor diastereoisomer 3.34b from mixture:
19

F NMR (282 MHz, CDCl3) δ ppm: (-)205.9 (dd, J = 48.0, 27.0 Hz)

(R)-methyl 3-amino-3-phenylpropanoate hydrochloride (3.38):

O
HCl .H 2N

OMe

(R)-3-amino-3-phenylpropanoic acid 3.37 (350 mg, 2.1 mmol) was esterified using
General Procedure E to afford 3.38 as a white solid (458 mg, quant).
Spectral properties are in agreement with those in the literature.16
mp = 176-178 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.53-7.33 ( 5 H, m, ArH), 4.69 ( 1 H, dd, NCH, J =

6.9, 6.9 Hz), 3.61 ( 3 H, s, OCH3), 3.25 ( 1 H, dd, CHH, J = 16.7, 6.7 Hz), 3.01 ( 1 H, dd,
CHH, J = 16.7, 7.2 Hz).

(R)-methyl 3-benzamido-3-phenylpropanoate (3.24):

O
BzHN

OMe

Et3N (0.39 mL, 2.8 mmol) was added dropwise to a solution of 3.38 (201 mg, 0.93 mmol)
in anhydrous dichloromethane (8 mL) under N2 and cooled to 0°C. Benzoyl chloride (220
µL, 1.9 mmol) was added dropwise and the resulting solution was stirred at 0°C for 1h
and at rt for 18h. The reaction was quenched by addition of 1 M aqueous HCl. The
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organic phase was separated and washed with saturated aqueous NaHCO3 and NaCl,
dried (MgSO4) and concentrated in vacuo. The crude product was purified by radial
chromatography(silica, 5 mm plate, 1:9 ethyl acetate/dichloromethane) to give 3.24 (225
mg, 85%) as a white solid.
Spectral properties are in agreement with those in the literature.17
mp = 117-119ºC (lit.17 120-121 ºC).
1

H NMR (500 MHz, CDCl3) δ ppm : 7.83 ( 2 H, d, ArH, o-H Bz), J = 7.1 Hz), 7.62 ( 1

H, d, NH, J = 8.2 Hz), 7.49 ( 1 H, t, ArH, p-H Bz), J = 7.4 Hz), 7.42 ( 2 H, t, ArH, m-H
Bz, J = 7.6 Hz), 7.37-7.24 ( 5 H, m, ArH(Ph) ), 5.66-5.61 ( 1 H, m, NCH), 3.63 ( 3 H, s,
OCH3), 3.04 ( 1 H, dd, CHH, J = 15.8, 5.7 Hz), 2.94 ( 1 H, dd, CHH, J = 15.8, 5.8 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm: 172.0, 166.5, 140.5, 134.1, 131.5, 128.7, 128.5,

127.6, 127.0, 126.2, 51.8, 49.7, 39.6.
HRMS calcd for C17H18NO3 (MH+) 284.1287; found 284.1292.
[α]D = -23.9(c=0.98 in CHCl3) (lit.17 [α]D = -20.6 (c=0.85 in CHCl3))

(R)-methyl 3-(benzyloxycarbonylamino)-3-phenylpropanoate (3.39)

O
CbzHN

OMe

Benzyl chloroformate (330 µL, 2.4 mmol) was added dropwise to a solution of 3.38 (250
mg, 1.2 mmol) in dichloromethane (8 mL) and saturated aqueous NaHCO3 (8 mL) at 0°C.
The mixture was warmed to rt and stirred vigorously for 3h. The solution was extracted
with ethyl acetate, dried (MgSO4), and concentrated in vacuo. The crude product was
purified by radial chromatography(silica, 5 mm plate, 1:4 ethyl acetate/ petroleum ether)
to give 3.39 (259 mg, 71%) as a white solid.
Spectral properties are in agreement with those in the literature.18
mp = 59-60ºC (lit.18 65-66 ºC).
1

H NMR (500 MHz, CDCl3) δ ppm : 7.37-7.25 ( 10 H, m, ArH), 5.75 ( 1 H, br s, NH),

5.22-5.14 ( 1 H, m, NCH), 5.12 ( 1 H, d, PhCHHO, J = 12.3 Hz), 5.08 ( 1 H, d,
PhCHHO, J = 12.3 Hz), 3.60 ( 3 H, s, OCH3), 2.96-2.81 ( 2 H, m, CHCH2).
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HRMS calcd for C14H21N2O6 (MH+) 314.1387; found 314.1399.
[α]D = +20.8(c=1.11 in CHCl3) (lit.18 [α]D = +17.1 (c=1.0 in CHCl3))

(R)-methyl 3-(tert-butoxycarbonylamino)-3-phenylpropanoate (3.40):

O
BocHN

OMe

The β-amino acid derivative 3.38 (250 mg, 1.2 mmol) was dissolved in a 1:1 biphasic
mixture of water and 1,4-dioxane (7 mL). To this was added triethylamine (0.46 mL, 3.3
mmol) and di-tert-butyl dicarbonate (304 mg, 1.4 mmol). The reaction mixture was
stirred at rt for 18 h then concentrated in vacuo. The residue was partitioned between
ethyl acetate and 10% (w/w) aqueous citric acid. The organic phase was separated and
the aqueous phase was extracted twice more with ethyl acetate. The combined organic
phases were washed with saturate aqueous NaCl, dried over MgSO4, filtered and
concentrated in vacuo. The crude product was purified by radial chromatography(silica, 5
mm plate, 1:4 ethyl acetate/petroleum ether) to give 3.40 (289 mg, 89%) as a white solid.
Spectral properties are in agreement with those in the literature.19
mp = 88-90ºC
1

H NMR (300 MHz, CDCl3) δ ppm : 7.38-7.25 ( 5 H, m, ArH), 5.45 ( 1 H, br s, NH),

5.18-5.02 ( 1 H, m, NCH), 3.62 ( 3 H, s, OCH3), 2.90-2.81 ( 2 H, m, CHCH2), 1.42 ( 9 H,
s, C(CH3)3).
13

C NMR (75 MHz, CDCl3) δ ppm: 171.4, 155.0, 141.2, 128.6, 127.5, 126.1, 79.7, 51.8,

51.2, 40.8, 28.3.
HRMS calcd for C15H22NO4 (MH+) 280.1549; found 280.1557.
[α]D = +36.0 (c=0.98 in CHCl3)
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(R)-methyl 3-acetamido-3-phenylpropanoate (3.41)

O
AcHN

OMe

Et3N (0.49 mL, 3.5 mmol) was added dropwise to a solution of 3.38 (302 mg, 1.4 mmol)
in anhydrous dichloromethane (5 mL) under N2 and cooled to 0°C. Acetyl chloride (150
µL, 1.7 mmol) was added dropwise and the resulting solution was stirred at 0°C for 1h.
The reaction was quenched by addition of water and the organic phase was separated,
dried (MgSO4) and concentrated in vacuo. The crude product was purified by radial
chromatography(silica, 5 mm plate, 4:1 ethyl acetate/petroleum ether) to give 3.41 (228
mg, 74%) as a white solid.
Spectral properties are in agreement with those in the literature.20
mp = 94-95ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.36-7.25 ( 5 H, m, ArH), 6.53 ( 1 H, d, NH, J =

6.2 Hz), 5.46-5.41 ( 1 H, m, NCH), 3.62 ( 3 H, s, OCH3), 2.95 ( 1 H, dd, CHH, J = 15.8,
5.8 Hz), 2.85 ( 1 H, dd, CHH, J = 15.8, 6.0 Hz), 1.58 ( 3 H, s, OCCH3)
13

C NMR (75 MHz, CDCl3) δ ppm: 171.8, 169.3, 140.4, 128.7, 127.7, 126.2, 51.8, 49.4,

39.6, 23.5.
HRMS calcd for C12H16NO3 (MH+) 222.1130; found 222.1123.
[α]D = +60.1(c=0.90 in CHCl3)
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(2S,3S)- and (2R,3S)-methyl 3-benzamido-2-fluoro-3-phenylpropanoate (3.26a and
3.26b):

O
BzHN

O
OMe

BzHN

F
3.26a

OMe
F
3.26b

The ester 3.24 (196 mg, 0.69 mmol) was treated with n-BuLi (0.96 mL, 1.5 mmol, 1.6 M
in hexane), iPr2NH (0.21 mL, 1.5 mmol) and N-fluorobenzenesulfonimide (1.09 g, 3.5
mmol) according to General Procedure D. The crude product was a 83:17 mixture of
3.26a and 3.26b (by 19F-NMR) and was purified by radial chromatography (silica, 5 mm
plate, 0:1→1:9 ethyl acetate/dichloromethane) to give a fraction containing a mixture of
3.26a and 3.26b (112 mg, 54 %) and a pure fraction of 3.26a (34 mg, 16%). Both
fractions were an off-white solid and gave a total yield of 70%.

Data for 3.36a (isolated):
mp = 133-135ºC (lit.21 138-140 ºC).
1

H NMR (300 MHz, CDCl3) δ ppm : 7.84-7.78 ( 2 H, m, ArH), 7.58-7.33 ( 8 H, m,

ArH), 6.86 ( 1 H, d, NH, J = 8.0 Hz), 5.75 ( 1 H, ddd, NCH, J = 26.7, 8.0, 3.7 Hz), 5.47 (
1 H, dd, CHF, J = 48.8, 3.6 Hz), 3.67 ( 3 H, s, OCH3).
13

C NMR (75 MHz, CDCl3) δ ppm: 167.4 (d, J = 23.6 Hz), 166.8, 135.2, 133.7, 132.0,

129.0, 128.8, 128.7, 127.8, 127.1, 89.6 (d, J = 191.4 Hz), 54.9 (d, J = 18.6 Hz), 52.5.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)202.45 (dd, J = 48.8, 26.8 Hz)

HRMS calcd for C17H17NO3F (MH+) 302.1192; found 302.1180.
FTIR (KBr, cm-1) 3412, 1764, 1713, 1521, 1456, 1289, 1231, 1107, 1048, 700.
[α]D = -3.3 (c=1.14 in CHCl3)
Selected Data for minor diastereoisomer 3.26b from mixture:
1

H NMR (300 MHz, CDCl3) δ ppm : 6.95 ( 1 H, d, NH, J = 10.2 Hz), 5.94-5.87 ( 1 H, m,

NCH), 5.32 ( 1 H, dd, CHF, J = 47.4, 1.8 Hz), 3.82 ( 3 H, s, OCH3).
13

C NMR (75 MHz, CDCl3) δ ppm: 168.0 (d, J = 25.1 Hz), 166.8, 90.0 (d, J = 191.0 Hz),

54.0 (d, J = 19.3 Hz), 52.7.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)202.8 (dd, J = 47.2, 27.8 Hz).
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(2R,3S)-

methyl

3-(benzyloxycarbonylamino)-2-fluoro-3-

phenylpropanoate (3.42a and 3.42b):

O

O
CbzHN

OMe
F
3.42a

CbzHN

OMe
F
3.42b

The ester 3.39 (226 mg, 0.72 mmol) was treated with n-BuLi (1.00 mL, 1.6 mmol, 1.6 M
in hexane), iPr2NH (0.22 mL, 1.6 mmol) and N-fluorobenzenesulfonimide (1.14 g, 3.6
mmol) according to General Procedure D. The crude product was purified by radial
chromatography (silica, 5 mm plate, 0:1→1:9 ethyl acetate/dichloromethane) to give a
79:21 mixture (by 19F-NMR) of 3.42a and 3.42b (150 mg, 63 %) as an off-white solid.

Data from mixture of 3.42a and 3.42b:
mp = 53-55 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.47-7.20 ( 20 H, m, ArH, major + minor), 5.68-

5.55 ( 2 H, m, NH, major + minor), 5.44-5.06 (8 H, m, CHF, NCH, PhCH2O, major +
minor), 3.78 ( 3 H, s, OCH3, minor diastereoisomer ), 3.64 ( 3 H, s, OCH3, major
diastereoisomer).
13

C NMR (126 MHz, CDCl3) δ ppm: 167.7 (d, J = 25.0 Hz, minor), 167.1 (d, J = 23.4

Hz, major), 155.5 (minor), 155.3 (major), 137.0 (minor), 135.9 (minor), 135.9 (major),
135.2 (major), 128.6, 128.6, 128.5,128.3, 128.3, 128.1, 128.1, 128.0, 127.9, 127.5, 126.8,
126.6, 90.2 (d, J = 191.4 Hz, minor), 89.7 (d, J = 192.1 Hz, major), 67.0 (major), 67.0
(minor), 56.1 (d, J = 18.8 Hz, major), 55.7 (d, J = 19.3 Hz, minor), 52.5 (minor), 52.1
(major).
19

F NMR (282 MHz, CDCl3) δ ppm: (-)203.2 (dd, J = 48.5, 27.4 Hz, major

diastereoisomer), (-)203.5 ( dd, J = 47.4, 27.8 Hz, minor diastereoisomer).
HRMS calcd for C18H19NO4F (MH+) 332.1298; found 332.1284.
FTIR (KBr, cm-1) 3412, 1764, 1712, 1521, 1456, 1289, 1231,1107, 1048, 700
[α]D (mixture) = +19.5 (c=1.04 in CHCl3)
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and

(2R,3S)-

methyl

3-(tert-butoxycarbonylamino)-2-fluoro-3-

phenylpropanoate (3.43a and 3.43b):

O

O
BocHN

OMe

BocHN

F
3.43a

OMe
F
3.43b

The ester 3.40 (214 mg, 0.77 mmol) was treated with n-BuLi (1.06 mL, 1.7 mmol, 1.6 M
in hexane), iPr2NH (0.24 mL, 1.7 mmol) and N-fluorobenzenesulfonimide (1.20 g, 3.8
mmol) according to General Procedure D. The crude product was a 78:22 mixture of
3.43a and 3.43b (by 19F-NMR) and was purified by radial chromatography (silica, 5 mm
plate, 0:1→1:9 ethyl acetate/dichloromethane) to give a fraction containing a mixture of
3.43a and 3.43b (157 mg, 68 %) and a pure fraction of 3.43a (13 mg, 6%). Both fractions
were an off-white solid and gave a total yield of 74%.

Data for 3.43a (isolated):
mp = 82-84ºC
1

H NMR (300 MHz, CDCl3) δ ppm : 7.38-7.27 ( 5 H, m, ArH), 5.43-5.13 ( 3 H, m, NH,

CHF, NCH), 3.65 ( 3 H, s, OCH3), 1.44 ( 9 H, s, C(CH3)3)
13

C NMR (75 MHz, CDCl3) δ ppm : 167.4 (d, J = 23.5 Hz), 154.7, 135.6, 128.8, 128.6,

127.6, 90.0 (d, J = 192.0 Hz), 80.4, 55.9 (d, J = 18.0 Hz), 52.3, 28.3.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)203.5 (dd, J = 49.1, 26.4 Hz)

HRMS calcd for C15H21NO4F (MH+) 298.1455; found 298.1443.
FTIR (KBr, cm-1) 3389, 2978, 1767, 1712, 1497, 1368, 1293, 1250, 1167, 702.
[α]D = +32.4(c=0.89 in CHCl3)
Data for the minor diastereoisomer 3.43b from mixture:
1

H NMR (300 MHz, CDCl3) δ ppm : 7.52-7.17 ( 5 H, m, ArH), 5.49-5.05 ( 3 H, m, NH,

CHF, NCH), 3.81 ( 3 H, s, OCH3), 1.43 ( 9 H, s, C(CH3)3)
13

C NMR (75 MHz, CDCl3) δ ppm : 167.9 (d, J = 25.1 Hz), 154.8, 137.4, 128.7, 128.1,

126.6, 90.4 (d, J = 190.8 Hz), 80.2, 55.3 (d, J = 18.3 Hz), 52.6, 28.1.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)204.0 (dd, J = 47.3, 27.8 Hz).
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(2S,3S)- and (2R,3S)-methyl 3-acetamido-2-fluoro-3-phenylpropanoate (3.44a and
3.44b):

O

O
AcHN

OMe
F
3.44a

AcHN

OMe
F
3.44b

The ester 3.41 (200 mg, 0.90 mmol) was treated with n-BuLi (1.24 mL, 2.0 mmol, 1.6 M
in hexane), iPr2NH (0.28 mL, 2.0 mmol) and N-fluorobenzenesulfonimide (1.43 g, 4.5
mmol) according to General Procedure D. The crude product was purified by radial
chromatography (silica, 5 mm plate, 0:1→1:9 ethyl acetate/dichloromethane) to give a
63:37 mixture (by 19F-NMR) of 3.44a and 3.44b (111 mg, 51 %) as a colourless oil.

Data from mixture of 3.44a and 3.44b:
1

H NMR (500 MHz, CDCl3) δ ppm : 7.54 ( 1 H, d, NH, major, J = 8.3 Hz), 7.47 ( 1 H, d,

NH, minor, J = 9.3 Hz), 7.38-7.25 ( 10 H, m, ArH), 5.64 ( 1 H, ddd, NCH, minor, J =
28.9, 9.3, 2.1 Hz), 5.51 ( 1 H, ddd, NCH, major, J = 28.1, 8.3, 3.7 Hz), 5.21 ( 1 H, dd,
CHF, major, J = 48.9, 3.7 Hz), 5.16 ( 1 H, dd, CHF, minor, J = 47.4, 2.3 Hz), 3.72 ( 3 H,
s, OCH3, minor), 3.59 ( 3 H, s, OCH3, major), 2.02 (3H, s, CCH3, minor), 2.00 (3H, s,
CCH3, major).
13

C NMR (126 MHz, CDCl3) δ ppm : 170.1 (major + minor), 167.7 (d, J = 25.3 Hz,

minor), 167.2 (d, J = 23.7 Hz, major), 136.8, 135.0, 128.4,128.3, 128.1, 127.8, 127.6,
126.6, 90.0 (d, J = 190.3 Hz, minor), 89.4 (d, J = 191.4 Hz, major), 54.1 (d, J = 18.9 Hz,
major), 53.5 (d, J = 19.0 Hz, minor), 52.3 (minor), 52.0 (major), 22.4 (major), 22.3
(minor).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)203.0 (dd, J = 47.4, 29.1 Hz, minor), (-)203.1

(dd, J = 48.9, 28.1 Hz, major).
HRMS calcd for C12H15NO3F (MH+) 240.1036; found 240.1027.
FTIR (KBr, cm-1) 3289, 3065, 2957, 1763, 1659, 1536, 1295, 1222, 1101, 732, 711.
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(R)-4-benzyl-3-(3-phenylpropanoyl)oxazolidin-2-one (3.51):
O

O
N

O

Oxalylchloride (6.28 mL, 73 mmol) was added dropwise to a solution of 3Phenylpropanoic acid 3.49 (10.0 g, 67 mmol) in anhydrous dichloromethane (100 mL)
under N2 at 0°C. A catalytic amount of DMF was added and the mixture was warmed to
room temperature and stirred for 18 hours. The solvent was removed by rotary
evaporation to give crude 3-phenylpropionyl chloride 3.51 (11.30 g, quant.) as a light
yellow oil.

n-BuLi (40 mL, 25 mmol, 1.6 M in hexane) was added dropwise to a solution of (4S)-4benzyl-2-oxazolidinone (4.25 g, 24 mmol) in anhydrous THF (70 mL) at –78°C under N2.
After 1 h, a solution of 3-phenylpropionyl chloride 3.51 (see above) (5.38 g, 27 mmol) in
anhydrous THF (25 mL) under N2 was added dropwise at –78°C. The reaction mixture
was then allowed to warm to rt and stirred 18 h. The reaction mixture was quenched by
the addition of saturated aqueous NaCl and the resulting mixture was concentrated invacuo. The residue was partitioned between dichloromethane and water and the aqueous
layer extracted three times with dichloromethane. The combined organic layers were
dried (MgSO4), filtered and concentrated in-vacuo. Recrystallization from hot pet
ether/ethyl acetate (4:1) gave the product 3.51 as white needles (5.35 g, 96%).

mp = 100-101 ºC
1

H NMR (300 MHz, CDCl3) δ ppm : 7.40-7.10 (10H, m, ArH), 4.70-463 (1H, m, NCH),

4.25-4.06 (2H, m, CHCH2O), 3.39-3.18 (3H, m, PhCH2CH2, CHCHHPh), 3.10-2.94
(2H, m, PhCH2CH2 ), 2.75 (1H, dd, CHCHHPh, J = 13.4, 9.5 Hz,)
13

C NMR (75 MHz, CDCl3) δ: 172.4, 153.4, 140.4, 135.2, 129.4, 128.9, 128.6, 128.5,

127.3, 126.3, 66.2, 55.1, 37.8, 37.1, 30.2.
HRMS calcd for C19H20NO3 (MH+) 310.1443; found 310.1450.
FTIR (KBr, cm-1) 3032, 1780, 1697, 1389, 1211, 702
[α]D = -51.2 (c=0.95 in CHCl3)
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(R)-4-benzyl-3-((R)-2-fluoro-3-phenylpropanoyl)oxazolidin-2-one (3.52):
O

O
N

O

F

n-BuLi (21.0 mL, 34 mmol, 1.6 M in hexane) was added to a solution of freshly distilled
i

Pr2NH (4.71 mL, 34 mmol) in anhydrous THF (80 mL) at –78°C under N2. The reaction

was stirred at –78°C for 1 h, then a solution of 3.51 (10.0 g, 32 mmol) in anhydrous THF
(50 mL) under N2 was added. The mixture was stirred for 1 h at –78 °C and then Nfluorobenzenesulfonimide (10.6 g, 34 mmol) in anhydrous THF (30 mL) under N2 was
added dropwise. The resulting yellow mixture was stirred for 2.5 h at –78°C then for 2 h
at 0°C. Sat. aqueous NH4Cl solution was added to quench the reaction and the aqueous
layer was extracted with Dichloromethane three times. The combined organic phases
were dried over MgSO4 and the solvent removed in vacuo to give an orange oil.
Petroleum ether/ethyl acetate (4:1) was added to give a white precipitate that was
removed by filtration. The filtrate was concentrated in vacuo to give an orange oil that
was purified by flash chromatography on silica (4:1 petroleum ether/ethyl acetate) to give
3.52 (7.98 g, 76%) as an off-white solid with a diastereomeric ratio of 23:1 (determined
by 19F-NMR) as an off-white solid.
mp = 98-99 ºC
1
H NMR (500 MHz, CDCl3) δ ppm : 7.36-7.19 ( 10 H, m, ArH), 6.12 ( 1 H, ddd, CHF J
= 49.53, 8.61, 3.50 Hz), 4.64-4.57 ( 1 H, m, NCH), 4.26-2.17 ( 2 H, m, CHCH2O), 3.35 (
1 H, dd, CHCHHPh, J = 13.5, 3.2 Hz), 3.29-3.06 ( 2 H, m, PhCH2CH2), 2.83 ( 1 H, dd,
CHCHHPh, J = 13.5, 9.6 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm: 168.9 (d, J = 22.9 Hz),152.8, 135.1, 134.6, 129.3,

129.2, 128.8, 128.3, 127.3, 127.0, 89.3 (d, J = 182.0 Hz), 66.9, 55.0, 38.5 (d, J = 22.2
Hz), 37.1
19

F NMR (282 MHz, CDCl3) δ ppm : (-)190.76 (ddd, J = 49.7, 34.1, 19.7 Hz), (-)191.40 (

ddd, J = 49.7, 35.3, 20.8 Hz)
HRMS calcd for C19H19NO3F (MH+) 328.1349; found 328.1351.
FTIR (KBr, cm-1) 3030, 2924, 1783, 1718, 1392, 1213, 700.
[α]D = -71.2 (c=0.85 in CHCl3)
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(R)-4-benzyl-3-((R)-2-benzyl-3-(benzyloxy)-2-fluoropropanoyl)oxazolidin-2-one
(3.53):
O
F

O
N

O

O

TiCl4 (2.25 mL, 21 mmol) was added to a solution of 3.52 (5.63 g, 17 mmol) in
anhydrous dichloromethane (75 mL) at rt under N2. The mixture was stirred for 5 min,
cooled to 0°C, and stirring continued for 10 min at 0°C. Diisopropylethylamine (3.30 mL,
19 mmol) was added and the mixture stirred for 1 h at 0°C. Benzyl chloromethyl ether
(8.55 mL, 61 mmol) was added and stirring was continued for 1 h at 0°C, followed by 3 h
at rt. Sat aqueous NH4Cl solution was added to quench the reaction and the aqueous layer
was extracted with dichloromethane three times and once with diethyl ether . The
combined organic phases were dried over MgSO4 and the concentrated in vacuo to give a
dark red oil that was purified by flash chromatography on silica (gradient of 9:1→7:3
petroleum ether/ethyl acetate). The pure product 3.53 was isolated as a white solid (4.00
g, 52%), >95% de by 19F and 1H-NMR.

mp = 67-69 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.34-7.06 ( 15 H, m, ArH), 4.62-4.57 ( 1 H, m,

NCH), 4.57 ( 1 H, dd, OCHHPh, J = 11.8 Hz), 4.44 ( 1 H, dd, OCHHPh, J = 11.8 Hz),
4.37 ( 1 H, dd, CFCHHO, J = 33.4, 11.2 Hz), 3.99 ( 1 H, dd, CHCHHO, J = 9.0, 2.6
Hz), 3.92 ( 1 H, dd, CHCHHO, J = 8.2, 8.2 Hz), 3.75 ( 1 H, dd, CFCHHO, J = 17.4, 11.2
Hz), 3.62 ( 1 H, dd, PhCHHCF, J = 30.2, 14.6 Hz), 3.36 ( 1 H, dd, PhCHHCF, J = 24.8,
14.6 Hz), 2.84 ( 1 H, dd, CHCHHPh, J = 13.4, 2.9 Hz), 2.36 ( 1 H, dd, CHCHHPh, J =
13.3, 10.3 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm: ppm 168.4 (d, J = 27.0 Hz), 152.2, 137.5, 135.3,

134.0, 130.3, 129.3, 128.9, 128.4, 128.4, 127.8, 127.8, 127.4, 127.3, 100.9 (d, J = 190.5
Hz), 73.8, 72.4 (d, J = 22.9 Hz), 66.6, 56.9, 39.0 (d, J = 21.5 Hz), 37.6.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)150.7-(-)152.4 (m)

HRMS calcd for C27H27NO4F (MH+) 448.1924; found 448.1927.
FTIR (KBr, cm-1) 3426, 3030, 2922, 1782, 1709, 1352, 1210, 1117, 736, 700.
[α]D = -62 (c=1.13 in CHCl3)
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(R)-2-benzyl-3-(benzyloxy)-2-fluoropropanoic acid 3.54:
O
OH
F
O

A 50% aqueous solution of H2O2 (6.47 mL, 112 mmol) was added dropwise to a solution
of 3.53 (5.0 g, 11 mmol) in THF/water (4:1, 150 mL) at 0°C. LiOH (H2O) (940 mg, 22
mmol) was added portionwise. The mixture was warmed to rt, stirred for 3 h, and then
recooled to 0°C. 1.0 M aqueous Na2SO3solution was added and the mixture was
partitioned between dichloromethane/water. The aqueous phase was acidified to pH 2
with 1 N aqueous HCl and extracted with ethyl acetate three times. The combined ethyl
acetate layers were dried over Na2SO4, and then concentrated in vacuo to give 3.54 (2.86
g, 87%) as a white solid. 3.54 was used without further purification.

mp= 59-60°C
1

H NMR (500 MHz, CDCl3) δ ppm : 8.00 (1 H, br s, OH), 7.36-7.18 ( 10 H, m, ArH),

4.63 ( 1 H, d, OCHHPh, J = 12.2 Hz), 4.55 ( 1 H, d, OCHHPh, J = 12.2 Hz), 3.88 ( 1 H,
dd, CFCHHO, J = 28.1, 11.0 Hz), 3.68 ( 1 H, dd, CFCHHO, J = 15.1, 11.1 Hz), 3.213.12 ( 2 H, m, PhCH2CF).
13

C NMR (75 MHz, CDCl3) δ ppm : 173.7 (d, J = 27.2 Hz), 137.1, 133.2, 130.1, 130.0,

128.4, 127.9, 127.7, 127.4, 97.2 (d, J = 192.9 Hz), 73.8, 72.2 (, d, J = 21.5 Hz), 39.5 (d,
J = 21.0 Hz)
19

F NMR (282 MHz, CDCl3) δ ppm : (-)167.7- (-)168.2 (m)

HRMS calcd for C17H17O3F (MNa+) 311.1059; found 311.1073.
FTIR (KBr, cm-1) , 3031, 2928, 2584, 1737, 1454, 1099, 739, 700.
[α]D = +2.2 (c=0.91 in CHCl3)
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(R)-methyl 2-benzyl-3-(benzyloxy)-2-fluoropropanoate (3.55):
O
OMe
F
O

The acid 3.54 (912 mg, 3.1 mmol) was esterified using General Procedure E . The crude
product was purified by flash chromatography on silica (3:7 ethyl acetate/ petroleum
ether) to give 3.55 (929 mg, 97%) as a colourless oil.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.37-7.15 ( 10 H, m, ArH), 4.64 ( 1 H, d, OCHHPh,

J = 12.2 Hz), 4.55 ( 1 H, d, OCHHPh, J = 12.2 Hz), 3.86 ( 1 H, dd, CFCHHO, J = 27.0,
11.0 Hz), 3.74-3.64 ( 1 H, m, CFCHHO), 3.70 ( 3 H, d, OCH3, J = 1.7 Hz)
3.15 (2 H, d, PhCH2CF, J = 22.9 Hz).
13

C NMR (75 MHz, CDCl3) δ ppm : 169.9 (d, J = 24.7 Hz), 137.5, 133.7, 130.0, 128.4,

128.6, 127.8, 127.7, 127.3, 97.6 (d, J = 194.2 Hz), 73.7, 72.4 (d, J = 21.6 Hz), 52.5, 39.9
(d, J = 21.3 Hz)
19

F NMR (282 MHz, CDCl3) δ ppm : (-)168.5-(-)168.8 (m)

HRMS calcd for C18H20O3F (MH+) 303.1396; found 303.1385.
FTIR (KBr, cm-1) 3407, 3032, 2954, 1767, 1740, 1455, 1204, 1097, 745, 700.
[α]D = +2.0 (c=1.0 in CHCl3)

(R)-methyl 2-benzyl-2-fluoro-3-hydroxypropanoate (3.56):
O
OMe
F
OH

A catalytic amount of Pd/C was added to a solution of 3.55 (1.49 g, 4.9 mmol) in
methanol (20mL) at rt. The apparatus was evacuated and flushed three times with H2 and
stirred at rt for 8 h under a H2 atmosphere (hydrogen balloon). The Pd/C catalyst was
removed by filtration through celite and the filtrate concentrated in vacuo to give 3.56 as
a colourless oil (1.00 g, 95%). Purification was not necessary.
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H NMR (300 MHz, CDCl3) δ ppm : 7.39-7.21 ( 5 H, m, ArH), 4.09-3.82 ( 2 H, m,

CH2OH), 3.76 ( 3 H, d, OCH3, J = 2.5 Hz), 3.27-3.15 ( 2 H, m, PhCH2), 2.46 ( 1 H, br s,
OH).
13

C NMR (75 MHz, CDCl3) δ ppm : 170.1 (d, J = 25.7 Hz),133.5, 130.0, 128. 4, 127.3,

97.9 (d, J = 190.6 Hz), 65.8 (d, J = 23.5 Hz), 52.5, 39.5 (d, J = 21.2 Hz).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)171.8- (-)172.1 (m)

HRMS calcd for C11H14O3F (MH+) 213.0927; found 213.0919.
FTIR (KBr, cm-1) 3425, 3032, 2932, 1747, 1636, 1497, 1439, 1205, 1094, 1042, 745, 702.
[α]D = -11.5 (c=1.17 in CHCl3)
(R)-methyl 2-benzyl-2-fluoro-3-(tosyloxy)propanoate (3.57):
O
OMe
F
OTs

Triethylamine (0.95 mL, 6.8 mmol), 4-(dimethylamino)pyridine (cat. amount) and
tosylchloride (652 mg, 3.4 mmol), were dissolved in a minimum amount of anhydrous
dichloromethane under N2 and added dropwise to a solution of 3.56 (660 mg, 3.1 mmol)
in anhydrous dichloromethane (50 mL), at 0°C, under N2. The mixture was warmed to rt,
stirred for 10 h, and then re-cooled to 0°C. Water was added to quench the reaction and
the aqueous layer extracted with dichloromethane three times. The combined organic
phases were extracted with 5% aqueous hydrochloric acid and water and dried over
Na2SO4 and concentrated in vacuo to give the crude product as a pale yellow solid.
Recrystallisation from a minimal amount of 4:1 petroleum ether/ethyl acetate gave 3.57
as a fluffy white solid (700 mg, 79%).

mp = 94-96 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.77 ( 2 H, d, ArH (OTs), J = 8.3 Hz), 7.35 ( 2 H,

d, ArH (OTs), J = 8.5 Hz), 7.29-7.25 ( 4 H, m, ArH (Ph)), 7.14-7.10 ( 1 H, m, ArH (Ph)),
4.37 ( 1 H, dd, CHHOTs, J = 23.4, 11.0 Hz), 4.23 ( 1 H, dd, CHHOTs, J = 16.3, 11.0
Hz), 3.65 (3 H, s, OCH3), 3.14 ( 2 H, d, PhCH2, J = 22.1 Hz), 2.46 (3 H, s, CCH3).
13

C NMR (126 MHz, CDCl3) δ ppm : 168.1 (d, J = 25.1 Hz), 145.2, 132.5, 132.3, 129.9,

129.9, 128.6, 128.0, 127.7, 94.9 (d, J = 197.2 Hz), 70.3 (d, J = 23.3 Hz), 52.8, 39.6 (d, J
= 21.4 Hz), 21.7.
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F NMR (282 MHz, CDCl3) δ ppm : (-)168.4- (-)168.7 (m)

HRMS calcd for C18H20O5FS (MH+) 367.1015; found 367.1015.
FTIR (KBr, cm-1) 1771, 1744, 1367, 1192, 1178, 995, 553.
[α]D = -7.9 (c=1.11 in CHCl3)

(R)-methyl 3-azido-2-benzyl-2-fluoropropanoate (3.58):
O
OMe
F
N3

Sodium azide (1.58 g, 24 mmol) was added to a solution of 3.57 (1.78 g, 4.9 mmol) in
anhydrous DMF (40 mL) at rt. The mixture was heated to 80°C and stirred for 36 h under
N2and then cooled to rt. Ethyl acetate (50 mL) and water (25 mL) were added, the organic
layer separated and extracted with water three times and once with saturated aqueous
NaCl and dried over MgSO4. The organic layer was concentrated in vacuo and the crude
product was purified by radial chromatography (silica, 5 mm plate, 3:17 ethyl acetate/
petroleum ether) to give 3.58 (511 mg, 45 %) as a colourless oil.

1H NMR (300 MHz, CDCl3) δ ppm : 7.35-7.15 ( 5 H, m, ArH), 3.73 ( 3 H, d, OCH3, J =
2.4 Hz), 3.71-3.49 ( 2 H, m, CH2N3), 3.23-3.13 ( 2 H, m, PhCH2)
13

C NMR (75 MHz, CDCl3) δ ppm : 169.3 (d, J = 25.4 Hz),133.0, 130.0, 128.5, 127.6,

97.0 (d, J = 195.6 Hz), 55.3 (d, J = 22.1 Hz), 52.8, 40.7 (d, J = 21.0 Hz).
19

F NMR (282 MHz, CDCl3) δ ppm : (-)166.8- (-)167.1(m)

HRMS calcd for C11H13N3O2F (MH+) 238.0992; found 238.0982.
FTIR (KBr, cm-1) 3033, 2955, 2108, 1767, 1742, 1441, 1277, 1223, 1096, 702.
[α]D = +50.9 (c=1.18 in CHCl3)
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(R)-methyl 2-benzyl-3-(tert-butoxycarbonylamino)-2-fluoropropanoate (2.35):

O
OMe
F
NHBoc

A catalytic amount of Pd/C and (Boc)2O (306 mg, 1.4 mmol) were added to a solution of
azide 3.58 (276 mg, 1.2 mmol) in anhydrous methanol (25 mL) at rt. The apparatus was
evacuated and flushed three times with H2 and stirred at rt for 18 h under a H2 atmosphere
(hydrogen ballon). The Pd/C catalyst was removed by filtration through celite. The
filtrate was concentrated in vacuo and the resulting oil purified by radial chromatography
( silica, 5 mm plate, 3:17 ethyl acetate/ petroleum ether) to give 2.35 (273 mg, 76%) as a
white solid.

mp = 41-42 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.36-7.07 ( 5 H, m, ArH), 4.85 ( 1 H, br s, NH),

3.86-3.74 ( 1 H, m, CHHN), 3.69 ( 3 H, s, OCH3), 3.52-3.43 ( 1 H, m, CHHN), 3.30-3.06
( 2 H, m, PhCH2), 1.44 ( 9 H, s, C(CH3)3).
13

C NMR (151 MHz, CDCl3) δ ppm : 169.7 (d, J = 26.4 Hz),155.6, 133.6, 130.1, 128.4,

127.3, 97.0 (d, J = 190.4 Hz), 79.9, 52.5, 45.9 (d, J = 21.9 Hz), 40.5 (d, J = 22.0 Hz),
28.2.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)167.8 - (-)168.2 (m)

HRMS calcd for C16H23NO4F (MH+) 312.1611; found 312.1623.
FTIR (KBr, cm-1) 3392, 2979, 1763, 1717, 1516, 1367, 1250, 1169, 701.
[α]D = -24.7 (c=0.91 in CHCl3)
Microanalysis cald for C16H23NO4F: C, 61.72; H, 7.12; N, 4.50; found C, 61.56; H, 7.14;
N, 4.44.

Chapter Six

217

6.4 Experimental Work Described in Chapter Four
6.4.1 General methods and materials
Spectrophotometric assays bovine α-chymotrypsin were done with a Varian Cary 5000
UV-VIS-NIR spectrometer equipped with a thermostated multicell holder. Crystalline
bovine pancreatic α-chymotrypsin, type II (EC 3.4.21.1, 96 units/mg, bCT) was obtained
from Sigma (Sydney, Australia) and used without further purification. The substrates Nsuccinyl-alanyl-alanyl-prolyl-phenylalanyl-p-nitroanilide

(Suc-Ala-Ala-Pro-Phe-pNA),

N-succinyl-phenylalanyl-p-nitroanilide (Suc-Phe-pNA) and anhydrous DMSO were
purchased from Sigma and Fluka (Sydney, Australia), respectively.

Assay of bovine α-Chymotrypsin
Bovine α-chymotrypsin was assayed spectrometrically at 405 nm at 25 ± 0.1 °C. The
assay buffer was 77 mM Tris HCl, 20 mM CaCl2, pH 7.8. Stock solutions (2-100 mM) of
the proposed substrates and inhibitors were prepared daily in DMSO and stored at room
temperature. An enzyme stock solution of 874 µM/mL in 1mM HCl was prepared and
stored at 0°C. Stock solutions of 100 mM Suc-Phe-pNA and 2, 10, 20 mM Suc-Ala-AlaPro-Phe-pNA were freshly prepared in DMSO and stored at room temperature.

6.4.2 Determination of Km for Suc-Phe-pNA
For the determination of the Km for Suc-Phe-pNA the final concentrations of enzyme and
DMSO were 43.7 µg/mL and 6%, respectively. Measurements at nine concentrations
between 0.5-6.0 mM of Suc-Phe-pNA were used. Into a cuvette containing 890 µL buffer,
0-55 µL of DMSO and 5-60 µL of 100 mM Suc-Phe-pNA were added. After the solution
was thoroughly mixed, the enzymatic reaction was initiated by addition of 50 µL of 874
mg/mL enzyme solution to give a final volume of 1 mL. Progress curves were monitored
over 10 minutes and characterized by a linear steady-state turnover of the substrate. Km
values were determined by both non-linear and linear graphical analysis using mean
values obtained in three or four separate experiments. Non-enzymatic hydrolysis of SucPhe-pNA, analyzed by adding 1 mM aqueous HCl instead of enzyme solution, was found
to be negligible.
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6.4.3 Determination of Km for Suc-Ala-Ala-Pro-Phe-pNA
For the determination of the Km for Suc-Ala-Ala-Pro-Phe-pNA the final concentrations of
enzyme and DMSO were 11 ng/mL and 6% respectively. A solution of bCT (21.9 µg/ml)
in 1 mM aqueous HCl was prepared daily by an 1:40 dilution of a stock (874 µg/mL) in 1
mM aqueous HCl and was kept at 0 °C. A 1:100 dilution in ice-cold 1 mM aqueous HCl
to give a 219 ng/mL enzyme solution was prepared immediately before starting each
measurement. Measurements at ten concentrations between 40-700 µM of Suc-Ala-AlaPro-Phe-pNA were used. Into a cuvette containing 890 µL buffer, 10-50 µL of DMSO
and 10-35 µL of 20 mM or 20-50 µL of 2 mM Suc-Ala-Ala-Pro-Phe-pNA were added.
After the solution was thoroughly mixed, the reaction was initiated by addition of 50 µL
of 219 ng/mL enzyme solution to give a final volume of 1 mL. Progress curves were
monitored over 6 minutes and characterized by a linear steady-state turnover of the
substrate. Km values were determined by both non-linear and linear graphical analysis
using mean values obtained in three or four separate experiments. Non-enzymatic
hydrolysis of Suc-Ala-Ala-Pro-Phe-pNA, analyzed by adding 1 mM aqueous HCl instead
of enzyme solution, was found to be negligible.

6.4.4 Inhibititon studies

A solution of bCT (21.9 µg/ml) in 1 mM aqueous HCl was prepared daily by an 1:40
dilution of a stock (874 µg/mL) in 1 mM aqueous HCl and was kept at 0 °C. A 1:100
dilution in ice-cold 1 mM aqueous HCl to give a 219 ng/mL was prepared immediately
before starting each measurement. All compounds were analyzed at five different
inhibitor concentrations, [I]. Progress curves were monitored at 405 nm over 6 min and
characterized by a linear steady-state turnover of the substrate.

Inhibition studies were performed in the presence of 6% v/v DMSO in a volume of 1 mL
containing 0.011 µg/mL bCT, different concentrations of Suc-Ala-Ala-Pro-Phe-pNA (10100 µM) and inhibitor. Into a cuvette containing 890 µl assay buffer, 10 µl of substrate
solution (1-10 mM), inhibitor stock, and DMSO were added to give a total volume of 950
µl. After thoroughly mixing the content of the cuvette, the enzymatic reaction was
initiated by adding 50 µl of bCT solution. Uninhibited enzyme activity was determined
by adding DMSO instead of inhibitor solution. The rate of enzyme-catalyzed hydrolysis
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of 100 µM substrate was determined without inhibitor in each experiment and was set to
100%.

Ki values of all inhibitors (except for 3.43a) were determined graphically

according to Dixon22 using mean values of percentage rates obtained in three or four
separate experiments at two different substrate concentrations, [S]. For compound 3.43a
an IC50 value was obtained from triplicate experiments at a single substrate concentration
(50 µM) using the equation v = v0/(1 + [I]/IC50), were v0 and v are the rates in the absence
and presence of inhibitor. The Ki value of compound 3.43a was calculated according to
Cheng & Prusoff23 and Chou24 using the equation Ki = IC50/(1 + [S]/Km), where [S] and
Km are the substrate concentration and the Michaelis constant, respectively.
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6.5 Experimental Work Described in Chapter Five
(R)-4-benzyl-3-((S)-2-benzyl-3-(benzyloxy)propanoyl)oxazolidin-2-one (5.20):
O

O
N

O

O

TiCl4 (1.24 mL, 11 mmol) was added to a solution of 3.51 (2.92 g, 9.4 mmol) in
anhydrous dichloromethane (40 mL) at rt under N2. The mixture was stirred for 5 min,
cooled to 0°C, and stirring continued for 10 min at 0°C. Diisopropylethylamine (1.45 mL,
10 mmol) was added and the mixture stirred for 1 h at 0°C. Benzyl chloromethyl ether
(4.70 mL, 38 mmol) was added and stirring was continued for 1 h at 0°C, followed by 3 h
at rt. Sat aqueous NH4Cl solution was added to quench the reaction and the aqueous layer
was extracted with Dichloromethane three times and once with diethyl ether . The
combined organic phases were dried over MgSO4 and the concentrated in vacuo to give
an orange oil that was purified by flash chromatography on silica (7:3 petroleum
ether/ethyl acetate). The pure product 5.20 was isolated as a colourless oil (3.96 g, 98%),
>95% de by 1H-NMR.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.45-7.07 ( 15 H, m, ArH), 4.60-4.50 ( 4 H, m,

NCH, CHCO, OCH2Ph), 4.02 ( 1 H, ddd, NCHCHHO, J = 8.9, 2.7, 1.3 Hz), 3.94-3.81 (
2 H, m, NCHCHHO, CHHOCH2Ph), 3.66 ( 1 H, ddd, CHHOCH2Ph, J = 9.3, 4.8, 1.2
Hz), 3.18 ( 1 H, dd, NCHCHHPh, J = 13.6, 3.2 Hz), 2.97 ( 1 H, dd, PhCHHCHCO, J =
13.0, 8.5 Hz), 2.88 ( 1 H, dd, PhCHHCHCO, J = 13.3, 7.2 Hz), 2.68 ( 1 H, dd,
NCHCHHPh, J = 13.4, 9.5 Hz)
13

C NMR (75 MHz, CDCl3) δ ppm : 174.1, 153.0, 138.4, 138.0, 135.2, 129.4, 129.0,

128.8, 128.3, 128.3, 127.6, 127.5, 127.1, 126.4, 73.1, 70.5, 65.8, 55.2, 45.1, 37.7, 35.1.
HRMS calcd for C27H28NO4 (MH+) 430.2018; found 430.2022.
FTIR (KBr, cm-1) 3379, 3032, 2923, 1782, 1697, 1389, 1211, 1103, 1049, 741, 702.
[α]D = -73.0 (c=1.19 in CHCl3)
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(S)-2-benzyl-3-(benzyloxy)propanoic acid (5.21):
O
OH
O

A 50% aqueous solution of H2O2 (5.30 mL, 92 mmol) was added dropwise to a solution
of 5.20 (3.94 g, 9.2 mmol) in THF/water (4:1, 150 mL) at 0°C. LiOH (H2O) (769 mg, 18
mmol) was added portionwise The mixture was warmed to rt, stirred for 3 h, and then
recooled to 0°C. 1.0 M aqueous Na2SO3 solution was added and the mixture was
partitioned between dichloromethane/water. The aqueous phase was acidified to pH 2
with 1 N aqueous HCl and extracted with ethyl acetate three times. The combined ethyl
acetate layers were dried over Na2SO4 and the concentrated in vacuo to give 5.21 (2.16 g,
87%) as a colourless oil. 5.21 was usedwithout further purification.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.41-7.09 ( 10 H, m, ArH), 4.53 ( 1 H, d, OCHHPh,

J = 12.1 Hz ), 5.38 ( 1 H, d, OCHHPh, J = 12.1 Hz), 3.64-3.57 ( 2 H, m, CHCH2O),
3.06-2.95 ( 2 H, m, PhCHHCH, PhCH2CH ), 2.88 ( 1 H, m, PhCHHCH, J = 12.8, 6.7
Hz).
13

C NMR (126 MHz, CDCl3) δ ppm : 179.0, 138.4, 137.7, 128.9, 128.5, 128.4, 127.7,

127.7, 126.5, 73.2, 69.3, 47.4, 34.2.
HRMS calcd for C17H19O3 (MH+) 271.1334; found 271.1328.
FTIR (KBr, cm-1) 3030, 2928, 1713, 1455, 1273, 1116, 740, 699.
[α]D = -9.0 (c=1.03 in CHCl3)
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(S)-methyl 2-benzyl-3-(benzyloxy)propanoate (5.22):
O
OMe
O

Thionyl chloride (10% v/v) was dropwise to a solution of 5.21 ( 1.82 g, 6.4 mmol) in ice
cold methanol. The solution was stirred at 0° for one hour and then at room temperature
for 18 h. The solution was then concentrated in vacuo and purified by flash
chromatography on silica (3:7 ethyl acetate/petroleum ether) to give 5.22 (1.53 g, 84%)
as a colourless oil.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.36-7.12 ( 10 H, m, ArH), 4.51 ( 1 H, d, OCHHPh,

J = 12.5 Hz), 5.37 ( 1 H, d OCHHPh, J = 12.4 Hz), 3.66-3.62 ( 1 H, m, CHCHHO), 3.63
(3 H, s, OCH3), 3.56 ( 1 H, dd, CHCHHO, J = 9.2, 5.0 Hz), 3.01-2.94 ( 2 H, m,
PhCHHCH, PhCH2CH), 2.90-2.83 ( 1 H, m, PhCHHCH)
13

C NMR (126 MHz, CDCl3) δ ppm : 174.1, 138.7, 138.0, 128.9, 128.4, 128.3, 127.6,

127.6, 126.4, 73.1, 69.9, 51.7, 47.7, 34.6.
HRMS calcd for C18H2O3 (MH+) 285.1491; found 285.1494.
FTIR (KBr, cm-1) 3375, 3029, 2951, 1736, 1454, 1205, 1168, 1092, 746, 699.
[α]D = +2.2 (c=1.18 in CHCl3)

(S)-methyl 2-benzyl-3-hydroxypropanoate (5.23):
O
OMe
OH

A catalytic amount of Pd/C was added to a solution of 5.22 (1.40 g, 4.9 mmol) in
methanol (20mL) at rt. The apparatus was evacuated and flushed three times with H2 and
stirred at rt for 8 h under a H2 atmosphere (hydrogen balloon). The Pd/C catalyst was
removed by filtration through celite and the filtrate concentrated in vacuo to give 5.23 as
a colourless oil (943 mg, 98%). Purification was not necessary.
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H NMR (500 MHz, CDCl3) δ ppm : 7.31-7.16 ( 5 H, m, ArH), 3.77-3.67 ( 2 H, m,

CH2OH), 3.69 ( 3 H, s, OCH3), 3.02 ( 1 H, dd, PhCHHCH, J = 16.8, 9.9 Hz), 2.89-2.83 (
2 H, m, PhCHHCH, PhCH2CH), 2.17 ( 1 H, br s, OH)
13

C NMR (126 MHz, CDCl3) δ ppm : 175.1, 138.5, 128.9, 128.5, 126.5, 62.2, 51.9, 49.0,

34.4.
HRMS calcd for C11H15O3 (MH+) 195.1021; found 195.1020.
FTIR (KBr, cm-1) 3460, 3054, 1734,1265, 738, 704.
[α]D = -28.4 (c=1.18 in CHCl3) (lit.25 [α]D = - 25.1 (c 0.56, CHCl3))

(S)-methyl 2-benzyl-3-(tosyloxy)propanoate (5.25):
O
OMe
OTs

Triethylamine (1.29 mL, 9.3 mmol), 4-(dimethylamino)pyridine (cat. amount) and
tosylchloride (973 mg, 5.1 mmol), were dissolved in a minimum amount of anhydrous
dichloromethane under N2 and added dropwise to a solution of 5.23 (901 mg, 4.6 mmol)
in dry dichloromethane (60 mL), at 0°C, under N2. The mixture was warmed to rt, stirred
for 10 h, and then re-cooled to 0°C. Water was added to quench the reaction and the
aqueous layer extracted with dichloromethane three times. The combined organic phases
were extracted with 5% aqueous hydrochloric acid and water and dried over Na2SO4 and
concentrated in vacuo to give the crude product as a pale yellow solid. The crude product
was purified by flash chromatography on silica (1:4 ethyl acetate/petroleum ether) to give
5.25 (1.60 g, 99%) as a white solid.

mp = 33-35 ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 7.75 ( 2 H, d, ArH (OTs), J = 8.3 Hz), 7.34 ( 2 H, d,

ArH (OTs), J = 8.5 Hz), 7.27-7.18 ( 3 H, m, ArH (Ph)), 7.05 ( 2 H, d o-ArH (Ph), J = 6.8
Hz), 4.16-4.08 ( 2 H, m, CH2OTs), 3.59 ( 3 H, s, OCH3), 3.02-2.93 ( 2 H, m, PhCHHCH,
PhCH2CH ), 2.85-2.78 ( 1 H, m, PhCHHCH), 2.45 ( 3 H, s, CCH3)
13

C NMR (126 MHz, CDCl3) δ ppm : 172.0, 144.9, 137.1, 132.6, 129.8, 128.8, 128.6,

127.8, 126.8, 68.6, 52.0, 46.4, 34.0, 21.6.
HRMS calcd for C18H21O5S (MH+) 349.1110; found 349.1116.
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FTIR (KBr, cm-1) 2955, 1744, 1366, 1180, 980, 818, 556.
[α]D = +4.9 (c=1.12 in CHCl3)

(S)-methyl 3-azido-2-benzylpropanoate (5.26):
O
OMe
N3

Method 1: Compound 5.25 (152 mg, 7.8 mmol) and triphenyl phosphine (82 mg, 3.1
mmol) were dissolved in anhdrous THF under N2 and cooled to 0°. Diethyl
azodicarboxylate (DEAD) (0.49 mL, 3.1 mmol) and Diphenyl phosphoryl azide ( DPPA)
(0.67 mL, 3.1 mmol) were added dropwise and the resulting solution was stirred at room
temperature for 2 h. Sat. Aqueous NH4Cl was added and the solution stirred for 5
minutes. The aqueous layer was extracted there times with diethyl ether and the combined
organic layers were washed with water and saturated aqueous NaCl and dried over
Na2SO4. The solution was concentrated in vacuo to give a colourless oil. NMR analysis
of the crude product showed that the main component was the side product 5.26.
Therefore, no purification was attempted.

Method 2: Sodium azide (1.45 g, 22 mmol) was added to a solution of 5.25 (1.55 g, 4.4
mmol) in anhydrous DMF (35 mL) at rt. The mixture was heated to 80°C and stirred for
36 h under N2 and then cooled to rt. Ethyl acetate (50 mL) and water (25 mL) were added,
the organic layer separated and extracted with water three times and once with saturated
aqueous NaCl and dried over MgSO4. The organic layer was concentrated in vacuo and
the crude product was purified by radial chromatography( silica, 5 mm plate, gradient
1:9→1:4 ethyl acetate/ petroleum ether) to give 5.26(248 mg, 26 %) as a colorless oil.

Method 3: Sodium azide (1.06 mg, 17 mmol) was added to a solution of 5.25 (1.14 g, 3.3
mmol) in anhydrous DMF (25 mL) at rt. The mixture was stirred for 6 h under nitrogen at
rt. Ethyl acetate and water were added, the organic layer separated and extracted with
water three times and once with saturated aqueous NaCl and dried over NaSO4. The
organic layer was concentrated in vacuo and the crude product was purified The solvent
was removed under reduced pressure and the crude product purified by radial
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chromatography( silica, 5 mm plate, 1:9 ethyl acetate/ petroleum ether) to give 5.26 (454
mg, 64 %) as a colorless oil.

1H NMR (500 MHz, CDCl3) δ ppm : 7.33-7.13 ( 5 H, m, ArH), 3.70 ( 3 H, s, OCH3),
3.50 ( 1 H, dd, CHHN3, J = 12.2, 7.3 Hz), 3.44 ( 1 H, dd, CHHN3, J = 12.3, 4.8 Hz),
3.03 ( 1 H, dd, PhCHHCH, J = 12.7, 5.9 Hz), 2.91-2.81 ( 2 H, m, PhCHHCH,
PhCH2CH)
13

C NMR (126 MHz, CDCl3) δ ppm : 173.3, 137.7, 128.9, 128.6, 126.8, 52.0, 51.4, 46.9,

35.3
HRMS calcd for C11H13N3O2Na (MNa+) 242.0905; found 242.0908.
FTIR (KBr, cm-1) 2955, 2106, 1736, 1450, 1196, 748, 702.
[α]D = +11.2 (c=1.05 in CHCl3)

(S)-methyl 2-benzyl-3-(tert-butoxycarbonylamino)propanoate (5.27):
O
OMe
NHBoc

A catalytic amount of Pd/C and (Boc)2O (515 mg, 2.4 mmol) were added to a solution of
azide 5.26 (430 mg, 2.0 mmol) in anhydrous methanol (15 mL) at rt. The apparatus was
evacuated and flushed three times with H2 and stirred at rt for 18 h under a H2 atmosphere
(hydrogen ballon). The Pd/C catalyst was removed by filtration through celite. The
filtrate was concentrated in vacuo

and the resulting oil purified by radial

chromatography( silica, 5 mm plate, 1:9→1:4 ethyl acetate/ petroleum ether) to give 5.27
(492 mg, 86%) as a colourless oil.
1

H NMR (500 MHz, CDCl3) δ ppm : 7.30-7.13 (5 H, m, ArH), 5.01 (1 H, br s, NH), 3.61

(3 H, s, OCH3), 3.41-3.21 (2 H, m, NHCH2), 2.97-2.89 ( 2 H, m, PhCHHCH, PhCH2CH),
2.85-2.76 ( 1 H, m, PhCHHCH), 1.42 ( 9 H, s, C(CH3)3).
13

C NMR (126 MHz, CDCl3) δ ppm : 174.6, 155.7, 138.2, 128.8, 128.5, 126.5, 79.3, 51.7,

47.3, 41.5, 35.8, 28.3.
HRMS calcd for C16H24NO4 (MH+) 294.1705; found 294.1702.
FTIR (KBr, cm-1) 3379, 2978, 1720, 1512, 1450, 1366, 1250, 1165.
[α]D = -1 (c=1.09 in CHCl3) (lit.26 for R isomer [α]D = 0.9 (c=1.11 in CHCl3))
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(S)-2-benzyl-3-(tert-butoxycarbonylamino)propanoic acid (5.19):
O
OH
NHBoc

The methyl ester 5.27 (250mg, 0.85 mmol) was hydrolysed according to General
Procedure A to give the product 5.19 (238 mg, quant) as a colourless oil.
1

H NMR (500 MHz, CD3OD) δ ppm : 7.45-7.07 (5 H, m, ArH), 3.28-3.19 (2 H, m,

NHCH2), 2.93-2.77 ( 3 H, m, PhCH2CH, PhCH2CH), 1.43 ( 9 H, s, C(CH3)3).
13

C NMR (75 MHz, CD3OD) δ ppm : 176.4, 157.2, 139.1, 128.8, 128.7, 128.3, 126.3,

79.0, 41.9, 35.7, 27.6.
HRMS calcd for C15H22NO4 (MH+) 280.1549; found 280.1553.
FTIR (KBr, cm-1) 1706, 1511, 1451, 1366, 1251, 1165.

(S)-tert-butyl 4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-ylcarbamate (5.29):
Ph

NO2

O
BocHN

N
H

The acid (S)-3.27 (150 mg, 0.54 mmol) and p-nitroaniline (111 mg, 0.81 mmol) were
dissolved in anhydrous pyridine (2.5 mL) under N2 and the solution was cooled to -15°C.
Phosphorous oxychloride (64 µL, 0.70 mmol) was added dropwise with vigorous stirring.
The suspension was stirred at -15°C for 30 minutes and then at room temperature for 6 h.
The mixture was diluted with ethyl acetate, ice was added, and the organic phase was
extracted with 0.5 M aqueous HCl, and saturated aqueous NaHCO3 and NaCl. The
organic phase was dried over Na2SO4, filtered and concentrated in vacuo. The crude
product was purified by radial chromatography (silica, 2 mm plate, 1:9 ethyl
acetate/dichloromethane) to give 5.29 (90 mg, 42 %) as a white solid.

mp = 190-191ºC (decomp)
1

H NMR (500 MHz, CD3OD) δ ppm : 8.20 ( 2 H, d, ArH (p-NA), J = 9.2 Hz), 7.79 ( 2

H, d, ArH (p-NA), J = 9.1 Hz), 7.31-7.16 ( 5 H, m, ArH (Ph)), 4.27-4.19 ( 1 H, m,
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NHCH), 2.91-2.81 ( 2 H, m, CH2Ph), 2.61 ( 1 H, dd, CHHCO, J = 14.7, 5.8 Hz), 2.54 ( 1
H, dd, CHHCO, J = 14.7, 7.8 Hz), 1.33 ( 9 H, s, C(CH3)3).
13

C NMR (75 MHz, CD3OD) δ ppm : 172.2, 157.7, 146.2, 144.6, 139.7, 130.5, 129.4,

127.5, 125.7, 120.4, 80.1, 51.1, 43.1, 41.9, 28.7.
HRMS calcd for C21H26N3O5 (MH+) 400.1872; found 400.1867.
FTIR (KBr, cm-1) 1682, 1504, 1342.

(R)-tert-butyl 4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-ylcarbamate (5.30):

Ph

NO 2

O
BocHN

N
H

The acid (R)-3.27 (256 mg, 0.92 mmol) and p-nitroaniline (664 mg, 4.6 mmol) were
coupled in dichloromethane (2 mL) using HATU (696 mg, 1.8 mmol), HOAt (249 mg,
1.8 mmol) andEtN3 (0.51 mL, 3.7 mmol) according to General Procedure F. The crude
product was recrystallized from isopropanol, filtered and washed with ice cold
isopropanol until the washings ran clear to give the pure product 5.30 as a cream solid
(223 mg, 61%).

mp = 192-193ºC
1

H NMR (500 MHz, CDCl3) δ ppm : 8.72 ( 1 H, s, NHCOCH2), 8.20 ( 2 H, d, ArH (p-

NA), J = 9.2 Hz), 7.74 ( 2 H, d, ArH (p-NA), J = 9.1 Hz), 7.36-7.20 ( 5 H, m, ArH (Ph)),
4.95 ( 1 H, d, NHCH, J = 8.3 Hz), 4.27-4.18 ( 1 H, m, NHCH), 2.97 ( 1 H, dd, CHHPh, J
= 13.8, 7.3 Hz), 2.90 ( 1 H, dd, CHHPh,, J = 13.8, 7.2 Hz), 2.72 ( 1 H, dd, CHHCO, J =
15.7, 4.7 Hz), 2.64 ( 1 H, dd, CHHCO, J = 15.8, 7.7 Hz), 1.39 ( 9 H, s, C(CH3)3)
13

C NMR (151 MHz, CDCl3) δ ppm : 169.5, 156.4, 143.9, 143.5, 137.0, 129.2, 128.8,

127.0, 125.0, 119.1, 80.5, 49.3, 42.7, 41.1, 28.3.
HRMS calcd for C21H26N3O5 (MH+) 400.1872; found 400.1863.
FTIR (KBr, cm-1) 1683, 1506, 1336.
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Succinic Acid Mono-tert-butyl Ester (5.32):
O
OH

O
O

To a mixture of succinic anhydride (3.00 g, 30 mmol), N-hydroxysuccinimide (1.04 g, 9.0
mmol) and DMAP (370 mg, 3.0 mmol) in anhydrous toluene (15 mL) were added tertbutyl alcohol (3.73 mL, 39 mmol), and Et3N (1.25 mL, 9.0 mmol). The suspension was
refluxed for 24 h. The solution was cooled and diluted with ethyl acetate. The reaction
mixture was washed with 10 % citric acid and saturated aqueous sodium chloride, dried
(NaSO4) and concentrated in vacuo. The crude product was purified by column
chromatography on silica (3:7→4:6 ethyl acetate, petroleum ether) to give 5.32 (703 mg,
14%) as an off-white solid.
Spectral properties are in agreement with those in the literature.27
1

H NMR (500 MHz, CDCl3) δ ppm: 2.65-2.50 (4 H, m, (CH2)2), 1.43 ( 9 H, s, C(CH3)3)

mp = 40-41ºC (lit.27 44-45 ºC).

(R)-3-amino-N-(4-nitrophenyl)-4-phenylbutanamide trifluoroacetate salt (5.33):
Ph

NO2

O
TFA .H 2N

N
H

The N-Boc protected compound 5.30 (175 mg, 0.44 mmol) was deprotected using
General Procedure C to afford 5.33 as a yellow solid (180 mg, quant). Purification was
not necessary.
Spectral properties are in agreement with those in the literature.28
1

H NMR (500 MHz, CD3OD) δ ppm : 8.20 ( 2 H, d, ArH (p-NA), J = 9.1 Hz), 7.79 ( 2

H, d, ArH (p-NA), J = 9.1 Hz), 7.40-7.27 ( 5 H, m, ArH (Ph)), 3.96-3.90 ( 1 H, m,
NHCH), 3.12 ( 1 H, dd, CHHPh, J = 13.7, 6.2 Hz), 2.96 ( 1 H, dd, CHHPh, J = 13.7, 8.8
Hz), 2.82 ( 1 H, dd, CHHCO, J = 17.1, 4.0 Hz), 2.69 ( 1 H, dd, CHHCO, J = 17.0, 8.3
Hz).
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13

C NMR (75 MHz, CDCl3) δ ppm : 170.8, 145.6, 144.8, 136.7, 130.5, 130.2, 128.7,

125.8, 120.5, 51.0, 39.7, 38.0.
HRMS calcd for C16H18N3O3 (MH+) 300.1348; found 300.1345.
FTIR (KBr, cm-1)1682, 1621, 1504, 1341, 1196.
mp = 186-188ºC (lit.28 187-189 ºC).

(R)-tert-butyl

4-(4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-ylamino)-4-

oxobutanoate (5.34):
Ph
O
O
O

NO2

O
N
H

N
H

The amine 5.33 (159 mg, 0.40 mmol) and succinic acid mono-tert-butyl ester (84 mg,
0.48 mmol) were coupled in dichloromethane (4 mL) using EDCI (92 mg, 0.48 mmol),
HOAt (66 mg, 0.48 mmol) and EtN3 (0.22 mL, 1.6 mmol) according to General
Procedure F. The crude product was purified by radial chromatography (silica, 2 mm
plate, 1:9→1:4 ethyl acetate/dichloromethane) to give 5.34 (127 mg, 69 %) as an offwhite solid.

mp = 152ºC (decomp).
1

H NMR (500 MHz, CDCl3) δ ppm : 9.25 ( 1 H, br s, NHAr), 8.14 ( 2 H, d, ArH (p-NA),

J = 6.2 Hz), 7.78 ( 2 H, d, ArH (p-NA), J = 6.2 Hz), 7.33-7.17 ( 5 H, m, ArH (Ph)), 6.48
( 1 H, d, NHCH, J = 6.7 Hz), 4.54-4.44 ( 1 H, m, NHCH), 2.96 ( 2 H, d, CH2Ph, J = 4.9
Hz), 2.76-2.32 ( 6 H, m, CHCH2CO, (CH2)2), 1.39 ( 9 H, s, C(CH3)3)).
13

C NMR (126 MHz, CDCl3) δ ppm : 172.6, 172.5, 169.8, 144.2, 143.2, 137.1, 129.1,

128.7, 126.9, 124.9, 119.2, 81.2, 48.3, 41.9, 39.9, 31.1, 30.6, 28.0.
HRMS calcd for C24H30N3O6 (MH+) 456.2135; found 456.2115.
FTIR (KBr, cm-1) 3088, 2979, 1653, 1558, 1512, 1337, 1152, 911, 732.
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(R)-4-(4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-ylamino)-4-oxobutanoic acid
(5.8)
Ph
O
HO
O

NO2

O
N
H

N
H

The tert-butyl ester 5.34 (115 mg, 0.25 mmol) was deprotected using General Procedure
H. The product was sonicated in diethyl ether and filtered to give 5.8 as an off-white solid
(99 mg, 98 %).

mp = 158ºC (decomp).
1

H NMR (500 MHz, CD3OD) δ ppm : 8.19 ( 2 H, d, ArH (p-NA), J = 9.3 Hz), 7.79 ( 2 H,

d, ArH (p-NA), J = 9.2 Hz), 7.30-7.16 ( 5 H, m, ArH (Ph)), 4.56-5.38 ( 1 H, m, NHCH),
2.94 ( 1 H, CHHPh, dd, J = 13.7, 6.3 Hz), 2.87 ( 1 H, dd, CHHPh, J = 13.7, 7.9 Hz), 2.66
( 1 H, dd, CHCHHCO, J = 14.9, 5.9 Hz), 2.58 ( 1 H, dd, CHCHHCO J = 14.9, 7.3 Hz),
2.52-2.46 ( 2 H, m, CH2CH2), 2.41-2.34 ( 2 H, m, CH2CH2).
13

C NMR (75 MHz, CD3OD) δ ppm : 176.6, 174.2, 171.9, 146.1, 144.5, 139.5, 130.5,

129.5, 127.6, 125.7, 120.5, 49.7, 42.4, 41.2, 31.8, 30.6.
HRMS calcd for C20H22N3O6 (MH+) 400.1509; found 400.1509.
FTIR (KBr, cm-1) 1638, 1501, 1443, 1399, 1339.

(2S,3S)-3-(tert-butoxycarbonylamino)-2-fluoro-4-phenylbutanoic acid (5.35):
Ph
O
BocHN

OH
F

The methyl ester (2S,3S)-2.49 (197 mg, 0.63 mmol) was hydrolysed according to General
Procedure A to give the product 5.35 (169 mg, 90 %) as a white solid. No futher
purification was necessary.

mp = 124-125ºC
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H NMR (300 MHz, acetone-d6) δ ppm : 7.35-7.17 ( 5 H, m, ArH ), 5.10 ( 1 H, dd, CHF,

J = 49.0, 3.2 Hz), 4.46-4.28 ( 1 H, m, NCH), 2.87 ( 2 H, d, CH2Ph, J = 7.3 Hz), 1.30 ( 9
H, s, C(CH3)3).
13

C NMR (75 MHz, acetone-d6) δ ppm : 170.5 (d, J = 28.6 Hz), 157.0, 139.9, 131.0,

130.1, 128.2, 92.1 (d, J = 191.9 Hz), 55.5 (d, J = 20.4 Hz), 36.2 (d, J = 4.4 Hz), 29.5.
19

F NMR (282 MHz, acetone-d6) δ ppm : (-)24.6-(-)24.9 (m, minor rotamer), (-)26.1 (dd,

J = 48.8, 25.1 Hz, major rotamer)
HRMS calcd for C15H21NO4F (MH+) 298.1455; found 298.1446.
FTIR (KBr, cm-1) 2979, 1718, 1498, 1369, 1251, 1165, 1046.

(S)-tert-butyl

4-(4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-ylamino)-4-

oxobutanoate (5.38a):
Ph
O
O
O

NO2

O
N
H

N
H

The acid (S)-3.27 (252 mg, 0.90 mmol) and p-nitroaniline (642 mg, 4.5 mmol) were
coupled in dichloromethane (2 mL) using HATU (688 mg, 1.8 mmol), HOAt (246 mg,
1.8 mmol) and EtN3 (0.51 mL, 3.6 mmol) according to General Procedure F to give 5.36a
as a yellow solid. 5.36a was used without further purification.

Selected data:
HRMS calcd for C21H26N3O5 (MH+) 400.1872; found 400.1862.
1

H NMR (500 MHz, CD3OD) δ ppm : 8.20 ( 2 H, d, ArH (p-NA), J = 9.2 Hz), 7.79 ( 2

H, d, ArH (p-NA), J = 9.1 Hz), 7.31-7.16 ( 5 H, m, ArH (Ph)), 4.27-4.19 ( 1 H, m,
NHCH), 2.91-2.81 ( 1 H, m, ), 2.61 ( 1 H, dd, J = 14.7, 5.8 Hz), 2.54 ( 1 H, dd, J = 14.7,
7.8 Hz), 1.33 ( 9 H, s, C(CH3)3)
13

C NMR (75 MHz, CDCl3) δ ppm : 169.5, 143.9, 143.4, 137.0, 129.2, 128.8, 127.0,

125.0, 119.1, 80.5, 49.4, 42.7, 41.0, 28.3.

The N-Boc group of compound 5.36a was then cleaved using General Procedure C to
afford 5.37a as a yellow solid and was used without purification.
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Selected data: HRMS calcd for C16H18N3O3 (MH+) 300.1348; found 300.1337.
The amine 5.37a and succinic acid mono-tert-butyl ester 5.32(71 mg, 0.41 mmol) were
coupled in dichloromethane (4 mL) using EDCI (79 mg, 0.41 mmol), HOAt (56 mg, 0.41
mmol) and EtN3 (0.19 mL, 1.3 mmol) according to General Procedure G. The crude
product was purified by radial chromatography (silica, 2 mm plate, 1:9→1:4 ethyl
acetate/dichloromethane) to give 5.38a (62 mg, overall 19 %) as a white solid.

mp = 155ºC (decomp).
1

H NMR (500 MHz, CDCl3) δ ppm : 9.16 ( 1 H, br s, NHAr), 8.17 ( 2 H, d, ArH (p-NA),

J = 9.1 Hz), 7.79 ( 2 H, d, ArH (p-NA), J = 9.1 Hz), 7.33-7.19 ( 5 H, m, ArH (Ph)), 6.37
( 1 H, d, NHCH, J = 8.1 Hz), 4.55-4.45 ( 1 H, m, NHCH), 2.97 ( 2 H, d, CH2Ph, J = 7.1
Hz), 2.74 ( 1 H, dd, CHCHHCO, J = 15.1, 4.0 Hz), 2.68-2.55 ( 2 H, m, CHCHHCO,
CHHCH2), 2.50-2.42 ( 1 H, m, CHHCH2), 2.40-2.33 ( 2 H, m, CH2CH2), 1.40 ( 9 H, s,
C(CH3)3)
13

C NMR (126 MHz, CDCl3) δ ppm : 172.7, 172.6, 169.7, 144.2, 143.3, 137.1, 129.1,

128.8, 127.0, 124.9, 119.3, 81.3, 48.3, 42.1, 40.0, 31.2, 30.6, 28.0.
HRMS calcd for C24H30N3O6 (MH+) 456.2135; found 456.2122.
FTIR (KBr, cm-1) 3312, 2979, 1653, 1557, 1511, 1342, 1152, 909, 733.

tert-butyl

4-((2R,3R)-3-fluoro-4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-

ylamino)-4-oxobutanoate (5.38b):
Ph
O
O
O

NO2

O
N
H

F

N
H

The acid 2.50 (155 mg, 0.52 mmol) and p-nitroaniline (362 mg, 2.6 mmol) were coupled
in dichloromethane (2 mL) using HATU (399 mg, 1.1 mmol), HOAt (143 mg, 1.1 mmol)
and EtN3 (0.29 mL, 2.1 mmol) according to General Procedure F to give 5.36b as a
yellow solid. 5.36b was used without further purification.

Selected data: HRMS calcd for C21H25N3O5F (MH+) 418.1778; found 418.1786.
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The N-Boc group of compound 5.36b was then cleaved using General Procedure C to
afford 5.37b as a yellow solid and was used without purification.

Selected data: HRMS calcd for C16H17N3O3F (MH+) 318.1254; found 318.1249.
The amine 5.37b and succinic acid mono-tert-butyl ester 5.32(109 mg, 0.62 mmol) were
coupled in dichloromethane (4 mL) using EDCI (120 mg, 0.62 mmol), HOAt (85 mg,
0.62 mmol) and EtN3 (0.29 mL, 2.1 mmol) according to General Procedure G. The crude
product was purified by radial chromatography (silica, 2 mm plate, 1:9→1:4 ethyl
acetate/dichloromethane) to give 5.38b (34 mg, overall 14 %) as a white solid.

mp = 145ºC (decomp).
1

H NMR (500 MHz, CDCl3) δ ppm : 8.78-8.73 ( 1 H, m, CFCONH), 8.27-8.08 ( 2 H, m,

ArH (p-NA)), 7.81-7.77 ( 2 H, m, ArH (p-NA)), 7.30-7.13 ( 5 H, m, ArH (Ph)), 6.11 ( 1
H, d, NHCH, J = 9.0 Hz), 5.12 ( 1 H, dd, CHF, J = 48.2, 3.1 Hz), 5.02-4.89 ( 1 H, m,
NHCH), 3.05 ( 1 H, dd, CHHPh, J = 14.2, 6.6 Hz), 2.89 ( 1 H, dd, CHHPh, J = 14.1, 8.8
Hz), 2.70-2.59 ( 1 H, m, CHHCH2), 2.50-2.23 ( 3 H, m, CHHCH2, CH2CH2), 1.43 ( 9 H,
s, C(CH3)3 )
13

C NMR (126 MHz, CDCl3) δ ppm : 172.7, 172.0, 166.1 (d, J = 20.0 Hz), 144.0, 142.5,

136.1, 129.1, 128.6, 127.0, 125.0, 119.7, 91.9 (d, J = 193.5 Hz), 81.2, 51.6 (d, J = 20.5
Hz), 35.3 (d, J = 5.6 Hz), 31.2, 30.7, 28.0.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)195.3 (dd, J = 48.1, 22.5 Hz)

HRMS calcd for C24H29N3O6F (MH+) 474.2040; found 474.2029.
FTIR (KBr, cm-1) 3320, 2982, 2254, 1724, 1681, 1652, 1539, 1512, 1345, 1154, 909, 733.
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4-((2S,3S)-3-fluoro-4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-

ylamino)-4-oxobutanoate (5.38c):
Ph
O
O
O

NO2

O
N
H

F

N
H

The acid 5.35 (170 mg, 0.57 mmol) and p-nitroaniline (394 mg, 2.9 mmol) were coupled
in dichloromethane (2 mL) using HATU (434 mg, 1.2 mmol), HOAt (155 mg, 1.2 mmol)
and EtN3 (0.32 mL, 2.3 mmol) according to General Procedure F to give 5.36c as a
yellow solid. 5.36c was used without further purification.

Selected data: HRMS calcd for C21H25N3O5F (MH+) 418.1778; found 418.1761.
The N-Boc group of compound 5.36c was then cleaved using General Procedure C to
afford 5.37c as a yellow solid, and was used without purification.

Selected data: HRMS calcd for C16H17N3O3F (MH+) 318.1254; found 318.1243.
The amine 5.37c and succinic acid mono-tert-butyl ester (119 mg, 0.68 mmol) were
coupled in dichloromethane (4 mL) using EDCI (131 mg, 0.68 mmol), HOAt (93 mg,
0.68 mmol) and EtN3 (0.32 mL, 2.3 mmol) according to General Procedure G. The crude
product was purified by by radial chromatography (silica, 2 mm plate, 1:9→1:4 ethyl
acetate/dichloromethane) to give 5.38c (62 mg, overall 23 %) as a white solid.

mp = 142ºC (decomp).
1

H NMR (500 MHz, CDCl3) δ ppm : 8.96-8.83 ( 1 H, m, CFCONH), 8.19-8.14 ( 2 H, m,

ArH (p-NA)), 7.82-7.77 ( 2 H, m, ArH (p-NA)),), 7.28-7.16 ( 5 H, m, ArH (Ph)), 6.29 ( 1
H, d, NHCH, J = 8.7 Hz), 5.11 ( 1 H, dd, CHF, J = 48.2, 2.8 Hz), 5.00-4.88 ( 1 H, m,
NHCH), 3.05 ( 1 H, dd, CHHPh, J = 14.3, 5.5 Hz), 2.89 ( 1 H, dd, CHHPh, J = 14.1, 9.2
Hz), 2.67-2.50 ( 1 H, m, CHHCH2), 2.45-2.28 ( 3 H, m, CHHCH2, CH2CH2), 1.43 ( 9 H,
s, C(CH3)3 ).
13

C NMR (126 MHz, CDCl3) δ ppm : 172.6, 172.2, 166.1 (d, J = 20.0 Hz), 143.9, 142.6,

136.1, 129.1, 128.6, 127.0, 124.9, 119.7, 91.8 (d, J = 193.1 Hz), 81.2, 51.7 (d, J = 20.5
Hz), 35.2 (d, J = 5.6 Hz), 31.1, 30.6, 28.0.
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F NMR (282 MHz, CDCl3) δ ppm : (-)195.5 (dd, J = 48.1, 22.5 Hz)

HRMS calcd for C24H29N3O6F (MH+) 474.2040; found 474.2039.
FTIR (KBr, cm-1) 3318, 2981, 2254, 1723, 1680, 1657, 1544, 1513, 1344, 1154, 909, 733.

(R)-tert-butyl

4-(2-benzyl-2-fluoro-3-(4-nitrophenylamino)-3-oxopropylamino)-4-

oxobutanoate (5.38d):

O
O
O

O
N
H

NO 2

N
F H

The acid 2.36 (137 mg, 0.46 mmol) and p-nitroaniline (318 mg, 2.3 mmol) were coupled
in dichloromethane (2 mL) using HATU (349 mg, 0.92 mmol), HOAt (125 mg, 0.92
mmol) and EtN3 (0.26 mL, 1.8 mmol) according to General Procedure F to give 5.36d as
a yellow solid. 5.36d was used without further purification.

Selected data:
HRMS calcd for C21H25N3O5F (MH+) 418.1778; found 418.1766.
1

H NMR (500 MHz, CDCl3) δ ppm : 8.17 ( 2 H, d, ArH (p-NA), J = 8.6 Hz), 7.91-7.82 (

1 H, m, CFCONH), 7.54 ( 2 H, d, ArH (p-NA), J = 8.2 Hz), 7.29-7.15 ( 5 H, m, ArH
(Ph)), 4.90 ( 1 H, br s, NHCH2), 3.95-3.59 ( 2 H, m, NCH2), 3.41-3.10 ( 2 H, m, CH2Ph),
1.41 ( 9 H, s, C(CH3)3).
The N-Boc group of compound 5.36d was then cleaved using General Procedure B to
afford 5.37d as a yellow solid and was used without purification.
Selected data: 1H NMR (500 MHz, CD3CN) δ ppm : 9.70-9.43 ( 1 H, m, CFCONH), 8.18
( 2 H, d, ArH (p-NA), J = 9.2 Hz), 7.78 ( 2 H, d, ArH (p-NA), J = 9.2 Hz), 7.34-7.23 ( 5
H, m, ArH (Ph)), 3.68 ( 1 H, dd, NCHH, J = 28.1, 13.9 Hz), 3.45-3.22 ( 3 H, m, NCHH,
CH2Ph).
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The amine 5.37d and succinic acid mono-tert-butyl ester 5.32(54 mg, 0.26 mmol) were
coupled in dichloromethane (4 mL) using EDCI (60 mg, 0.31 mmol), HOAt (43 mg, 0.31
mmol) and EtN3 (0.15 mL, 1.0 mmol) according to General Procedure G. The crude
product was purified by by radial chromatography (silica, 2 mm plate, 1:9→1:4 ethyl
acetate/dichloromethane) to give 5.38d (62 mg, overall 28 %) as a white solid.

mp = 169ºC (decomp).
1

H NMR (500 MHz, CDCl3) δ ppm : 8.24-8.02 ( 1 H, m, CFCONH), 8.15 ( 1 H, d, ArH

(p-NA), J = 9.1 Hz), 7.58 ( 1 H, d, ArH (p-NA), J = 9.1 Hz), 7.28-7.18 ( 1 H, m, ArH
(Ph)), 6.28 ( 1 H , dd, NHCH2, J = 6.3, 6.3 Hz), 3.99-3.91 ( 1 H, m, NCHH), 3.84 ( 1 H,
ddd, NCHH, J = 25.3, 14.6, 6.1 Hz), 3.32 ( 1 H, dd, CHHPh, J = 35.1, 14.5 Hz), 3.19 ( 1
H, dd, CHHPh, J = 15.2, 15.2 Hz), 2.68-2.50 ( 3 H, m, CH2CH2, CH2CHH), 2.45-2.40 (
1 H, m, CH2CHH), 1.40 ( 1 H, s, C(CH3)3)
13

C NMR (126 MHz, CDCl3) δ ppm : 172.4, 172.3, 168.6 (d, J = 21.1 Hz), 144.1, 142.1,

133.3, 130.1, 128.4, 127.4, 124.8, 119.8, 99.4 (d, J = 195.1 Hz), 81.0, 44.1 (d, J = 23.0
Hz), 40.5 (d, J = 20.5 Hz), 31.2, 30.6, 28.0.
19

F NMR (282 MHz, CDCl3) δ ppm : (-)167.1 (dddd, J = 32.3, 23.5, 16.0, 7.1 Hz)

HRMS calcd for C24H29N3O6F (MH+) 474.2040; found 474.2059.
FTIR (KBr, cm-1) 3338, 2984, 1730, 1682, 1651, 1540, 1511, 1347, 1154, 733.

(S)-tert-butyl

4-(2-benzyl-3-(4-nitrophenylamino)-3-oxopropylamino)-4-

oxobutanoate (5.38e):
O
O
O

NO 2

O
N
H

N
H
Ph

The acid 5.19 (167 mg, 0.60 mmol) and p-nitroaniline (829 mg, 3.0 mmol) were coupled
in dichloromethane (2 mL) using HATU (456 mg, 1.2 mmol), HOAt (163 mg, 1.2 mmol)
and EtN3 (0.42 mL, 2.4 mmol) according to General Procedure F to give 5.36e as a
yellow solid. 5.36e was used without further purification.

Selected data: HRMS calcd for C21H26N3O5 (MH+) 400.1872; found 400.1855.
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The N-Boc group of compound 5.36e was then cleaved using General Procedure C to
afford 5.37e as a yellow solid and was used without purification.

Selected data: HRMS calcd for C16H18N3O3 (MH+) 300.1348; found 300.1363.
The amine 5.37e and succinic acid mono-tert-butyl ester 5.32 (125 mg, 0.72 mmol) were
coupled in dichloromethane (6 mL) using EDCI (137 mg, 0.72 mmol), HOAt (98 mg,
0.72 mmol) and EtN3 (0.43 mL, 2.4 mmol) according to General Procedure G. The crude
product

was

purified

by

flash

chromatography

on

silica

(1:9→1:4

ethyl

acetate/dichloromethane) to give 5.38e (52 mg, overall 19 %) as a pale yellow oil.
1

H NMR (500 MHz, CDCl3) δ ppm : 8.64 ( 1 H, br s, CHCONH), 8.13 ( 2 H, d, ArH (p-

NA), J = 9.0 Hz), 7.65 ( 2 H, d, ArH (p-NA), J = 9.1 Hz), 7.31-7.17 ( 5 H, m, ArH (Ph)),
6.31-6.25 ( 1 H, m, NHCH2), 3.63 ( 1 H, ddd, NCHH, J = 9.3, 6.5, 3.3 Hz), 3.36 ( 1 H,
ddd, NCHH, J = 13.9, 8.1, 5.8 Hz), 3.09-2.96 ( 2 H, m, PhCHH, CH), 2.92-2.80 ( 1 H, m,
PhCHH), 2.73-2.59 ( 1 H, m, CHHCH2), 2.60-2.46 ( 2 H, m, CHHCH2, CH2CHH), 2.412.30 ( 1 H, m, CH2CHH), 1.42 ( 9 H, s, C(CH3)3).
13

C NMR (126 MHz, CDCl3) δ ppm : 173.1, 172.9, 172.7, 143.9, 143.3, 138.5, 128.8,

128.7, 126.7, 124.8, 119.3, 81.3, 49.8, 42.1, 36.4, 30.9, 30.6, 28.0.
HRMS calcd for C24H30N3O6 (MH+) 456.2135; found 456.2115.
FTIR (KBr, cm-1) 3086, 2979, 2932, 1704, 1652, 1596, 1506, 1512, 1342, 1154.

(S)-4-(4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-ylamino)-4-oxobutanoic

acid

(5.9):
Ph
O
HO
O

NO 2

O
N
H

N
H

The tert-butyl ester 5.38a (33 mg, 73 µmol) was deprotected using General Procedure H.
The product was sonicated in diethyl ether and filtered to give 5.9 as an off-white solid
(27 mg, 91 %).

mp = 155ºC (decomp).
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H NMR (300 MHz, CD3OD) δ ppm : 8.14 ( 2 H, d, ArH (p-NA), J = 9.1 Hz), 7.74 ( 2 H,

d, ArH (p-NA), J = 9.1 Hz), 7.27-7.11 ( 5 H, m, ArH (Ph)), 4.53-5.32 ( 1 H, m, NHCH),
2.95-2.76 ( 2 H, m, CH2Ph), 2.65-2.30 ( 6 H, m, CHCH2CO, (CH2)2)
13

C NMR (151 MHz, CD3OD) δ ppm : 176.5, 174.2, 171.9, 146.1, 144.6, 139.5, 130.5,

129.5, 127.6, 125.7, 120.5, 49.8, 42.5, 41.2, 31.9, 30.6.
HRMS calcd for C20H22N3O6 (MH+) 400.1509; found 400.1525.
FTIR (KBr, cm-1) 1646, 1553,1506, 1407, 1333.

4-((2R,3R)-3-fluoro-4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-ylamino)-4oxobutanoic acid (5.10):
Ph
O
HO
O

NO 2

O
N
H

F

N
H

The tert-butyl ester 5.38b ( 20 mg, 73 µmol) was deprotected using General Procedure H.
The product was sonicated in diethyl ether and filtered to give 5.10 as an off-white solid
(16 mg, 91 %).

mp = 127ºC (decomp).
1

H NMR (300 MHz, acetone-d6) δ ppm : 9.91 ( 1 H, br s, CFCONH), 8.25 ( 2 H, d, ArH

(p-NA), J = 9.2 Hz), 8.03 ( 2 H, d, ArH (p-NA), J = 9.2 Hz), 7.55 ( 1 H, d, NHCH, J =
8.9 Hz), 7.31-7.11 ( 5 H, m, ArH (Ph)), 5.20 ( 1 H, dd, CHF, J = 48.6, 3.2 Hz), 4.97-4.76
( 1 H, m, NCH), 3.01 ( 1 H, dd, CHHPh, J = 14.3, 4.6 Hz), 2.88 ( 1 H, dd, CHHPh, J =
14.3, 9.8 Hz), 2.60-2.28 ( 4 H, m, (CH2)2).
13

C NMR (75 MHz, acetone-d6) δ ppm : 175.0, 173.1, 168.5 (d, J = 20.1 Hz), 145.8,

145.5, 139.6, 131.0, 130.1, 128.3, 126.4, 121.8, 94.3 (d, J = 192.2 Hz), 53.8 (d, J = 20.0
Hz), 36.4, 36.3.
19

F NMR (75 MHz, acetone-d6) δ ppm : (-)22.5 (dd, J = 48.3, 25.3 Hz)

HRMS calcd for C20H21N3O6F (MH+) 418.1414; found 418.1410.
FTIR (KBr, cm-1) 1674, 1640, 1513, 1351.
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4-((2S,3S)-3-fluoro-4-(4-nitrophenylamino)-4-oxo-1-phenylbutan-2-ylamino)-4oxobutanoic acid (5.11):
Ph
O
HO
O

NO 2

O
N
H

F

N
H

The tert-butyl ester 5.38c (31 mg, 73 µmol) was deprotected using General Procedure H.
The product was sonicated in diethyl ether and filtered to give 5.11 as an off-white solid
(20 mg, 74 %).

mp = 125ºC (decomp).
1

H NMR (300 MHz, acetone-d6) δ ppm : 9.92 ( 1 H, br s, CFCONH), 8.25 ( 2 H, d, ArH

(p-NA), J = 9.4 Hz), 8.03 ( 1 H, d, NHCH, J = 9.2 Hz), 7.56 ( 2 H, d, ArH (p-NA), J =
9.1 Hz), 7.33-7.11 ( 5 H, m, ArH (Ph)), 5.20 ( 1 H, dd, CHF, J = 48.6, 3.2 Hz), 4.97-4.75
( 1 H, m, NCH), 3.01 ( 1 H, dd, CHHPh, J = 14.1, 5.0 Hz), 2.88 ( 1 H, dd, CHHPh, J =
14.2, 10.1 Hz), 2.59-2.28 ( 4 H, m, (CH2)2).
13

C NMR (75 MHz, acetone-d6) δ ppm : 175.0, 173.1, 168.6 (d, J = 20.2 Hz), 145.8,

145.5, 139.6, 131.0, 130.1, 128.3, 126.4, 121.8, 94.3 (d, J = 191.2 Hz), 53.8 (d, J = 19.9
Hz), 36.4, 36.3.
19

F NMR (75 MHz, acetone-d6) δ ppm : (-)22.5 (dd, J = 48.3, 25.3 Hz)

HRMS calcd for C20H21N3O6F (MH+) 418.1414; found 418.1417.
FTIR (KBr, cm-1) 1691, 1641, 1596, 1555, 1508, 1337.
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(R)-4-(2-benzyl-2-fluoro-3-(4-nitrophenylamino)-3-oxopropylamino)-4-oxobutanoic
acid (5.12):
O
HO
O

O
N
H

NO 2

N
F H

The tert-butyl ester 5.38d (28 mg, 58 µmol) was deprotected using General Procedure H.
The product was sonicated in diethyl ether and filtered to give 5.12 as an off-white solid
(17 mg, 71 %).

mp = 210ºC (decomp).
1

H NMR (600 MHz, DMSO-d6) δ ppm : 10.29 ( 1 H, br s, NHAr), 8.32 ( 1 H, br s,

NHCH2), 8.18 ( 2 H, d, ArH (p-NA), J = 9.1 Hz), 7.87 ( 2 H, d, ArH (p-NA), J = 9.1
Hz), 7.26-7.18 ( 5 H, m, ArH (Ph)), 3.81-3.73 ( 1 H, m, NCHH), 3.59 ( 1 H, ddd, NCHH,
J = 23.1, 14.4, 5.5 Hz), 3.29-3.13 ( 2 H, m, CH2Ph), 2.39-2.31 ( 4 H, m, (CH2)2).
13

C NMR (151 MHz, DMSO-d6) δ ppm : 173.9, 171.9,168.8 (d, J = 22.7 Hz), 143.9,

142.8, 134.3, 130.0, 128.0, 126.8, 124.3, 120.4, 98.7 (d, J = 196.1 Hz), 43.6, 43.5 (d, J =
21.9 Hz), 40.0, 30.3, 29.7.
19

F NMR (282 MHz, DMSO-d6) δ ppm : (-)166.2- (-)166.6 (m)

HRMS calcd for C20H21N3O6F (MH+) 418.1414; found 418.1405.
FTIR (KBr, cm-1) 1673, 1658, 1641, 1510, 1408, 1351, 1110, 1022.

Chapter Six

241

(S)-4-(2-benzyl-3-(4-nitrophenylamino)-3-oxopropylamino)-4-oxobutanoic

acid

(4.28):
O
HO
O

NO 2

O
N
H

N
H
Ph

The tert-butyl ester 5.38e (17 mg, 0.25 mmol) was deprotected using General Procedure
H. The product was sonicated in diethyl ether and filtered to give 4.28 as an off-white
solid (13 mg, 88 %).

mp = 150ºC (decomp).
1

H NMR (600 MHz, acetone-d6) δ ppm : 8.16 ( 2 H, d, ArH (p-NA), J = 9.2 Hz), 7.87 ( 2

H, d, ArH (p-NA), J = 9.2 Hz), 7.26-7.12 ( 5 H, m, ArH (Ph)), 3.51 ( 1 H, dd, NCHH, J
= 13.4, 5.1 Hz), 3.38 ( 1 H, dd, NCHH, J = 13.6, 8.3 Hz), 3.09-3.04 ( 1 H, m, CH), 3.00 (
1 H, dd, PhCHH, J = 13.4, 9.0 Hz), 2.84 ( 1 H, dd, PhCHH, J = 13.4, 5.4 Hz), 2.56 ( 1 H,
t, CH2CH2, J = 6.8 Hz), 2.44 ( 1 H, t, CH2CH2, J = 6.7 Hz).
13

C NMR (151 MHz, CDCl3) δ ppm : 175.4, 174.8, 173.7, 147.0, 144.8, 141.2, 130.8,

130.1, 128.1, 126.4, 120.9, 51.5, 43.3, 38.0, 32.1, 31.3.
HRMS calcd for C20H22N3O6 (MH+) 400.1509; found 400.1511.
FTIR (KBr, cm-1) 1651, 1556, 1505, 1443, 1342, 1258, 1174.

α-Chymotrypsin Assay of Compounds 5.8-5.13
Refer to Section 6.4.1 for general methods and materials for the α-chymotrypsin assay.

For the assaying of compounds 5.8-5.13 as substrates for α-chymotrypsin the final
concentrations of enzyme and DMSO were 43.7 µg/mL and 6% respectively. Into a
cuvette containing 445 µL buffer, 30-x µL of DMSO and x µL of a possible substrate
solution were added. After the solution was thoroughly mixed, the reaction was initiated
by addition of 25 µL of 1 mg/mL enzyme solution to give a final volume of 500 µL.
Progress curves were monitored over 10 minutes and measurements were repeated in
duplicate.
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The value of x varied, depending on the solubility of the compound. The measurement
was taken at the highest concentration of the compound that could be used without
precipitation occurring. For compounds 5.8, 5.9 and 5.12 this was 1 mM. For compounds
5.10, 5.11 and 5.13 the highest concentration that could be used without precipitation was
300 µM. For each set of measurements a cuvette containing 445 µL of buffer, 25 µL of
DMSO and 5 µL of 100 mM Suc-Phe-pNA in DMSO was also included as a reference.

The inhibition studies of compounds 5.8-5.13 were performed as described in Section
6.4.4. Compound 5.13 was analyzed at a single concentration (200 µM); for all other
compounds five different inhibitor concentrations, [I], were used.

Ki values of all

inhibitors (except 5.13) were determined graphically according to Dixon22 using mean
values of percentage rates obtained in three or four separate experiments at two different
substrate concentrations, [S]. For compound 5.13, an IC50 value was obtained from
triplicate experiments at a single substrate concentration (50 µM) using the equation v =
v0/(1 + [I]/IC50), were v0 and v are the rates in the absence and presence of inhibitor. The
Ki value of compound 5.13 was calculated according to Cheng & Prusoff23 and Chou24
using the equation Ki = IC50/(1 + [S]/Km), where [S] and Km are the substrate
concentration and the Michaelis constant, respectively.
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Appendix: Crystallographic Data
A.1 Crystal data and structure refinement for 2.13b
Empirical formula

C14 H27 F N2 O3

Formula weight

290.38

Temperature

133(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

C2

Unit cell dimensions

a = 23.647(19) Å

α= 90°.

b = 15.056(12) Å

β= 103.647(10)°.

c = 14.321(12) Å

γ = 90°.

Å3

Volume

4955(7)

Z

12

Density (calculated)

1.168 Mg/m3

Absorption coefficient

0.089 mm-1

F(000)

1896

Crystal size

1.300 x 0.250 x 0.120 mm3

Theta range for data collection

1.62 to 24.71°.

Index ranges

-27<=h<=27, -8<=k<=17, -16<=l<=15

Reflections collected

11783

Independent reflections

4389 [R(int) = 0.0867]

Completeness to theta = 24.71°

99.6 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.7456 and 0.4084

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4389 / 310 / 647

Goodness-of-fit on F2

1.015

Final R indices [I>2sigma(I)]

R1 = 0.1125, wR2 = 0.3054

R indices (all data)

R1 = 0.2164, wR2 = 0.3941

Absolute structure parameter

-1(4)

Largest diff. peak and hole

0.688 and -0.615 e.Å-3
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A.2 Crystal data and structure refinement for 2.14a
Empirical formula

C13 H25 F N2 O3

Formula weight

276.35

Temperature

98(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

C2

Unit cell dimensions

a = 21.349(5) Å

α= 90°.

b = 5.0311(8) Å

β= 109.19(2)°.

c = 15.514(3) Å

γ = 90°.

Å3

Volume

1573.7(5)

Z

4

Density (calculated)

1.166 Mg/m3

Absorption coefficient

0.090 mm-1

F(000)

600

Crystal size

0.80 x 0.78 x 0.02 mm3

Theta range for data collection

2.78 to 25.24°.

Index ranges

-25<=h<=25, -5<=k<=5, -18<=l<=18

Reflections collected

9940

Independent reflections

1584 [R(int) = 0.2118]

Completeness to theta = 25.00°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9982 and 0.9316

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1584 / 115 / 177

Goodness-of-fit on F2

0.931

Final R indices [I>2sigma(I)]

R1 = 0.0628, wR2 = 0.1453

R indices (all data)

R1 = 0.1507, wR2 = 0.1775

Absolute structure parameter

3(3)

Largest diff. peak and hole

0.294 and -0.324 e.Å-3
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A.3 Crystal data and structure refinement for 2.15
Empirical formula

C20 H23 F N2 O3

Formula weight

358.40

Temperature

133(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

P2(1)2(1)2(1)

Unit cell dimensions

a = 4.9335(19) Å

α= 90°.

b = 10.106(7) Å

β= 90°.

c = 37.26(2) Å

γ = 90°.

Å3

Volume

1857.6(18)

Z

4

Density (calculated)

1.282 Mg/m3

Absorption coefficient

0.093 mm-1

F(000)

760

Crystal size

0.75 x 0.25 x 0.08 mm3

Theta range for data collection

2.19 to 24.99°.

Index ranges

-2<=h<=5, -5<=k<=11, -19<=l<=44

Reflections collected

3164

Independent reflections

1894 [R(int) = 0.0840]

Completeness to theta = 24.99°

96.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

1 and 0.018256

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1894 / 0 / 235

Goodness-of-fit on F2

1.009

Final R indices [I>2sigma(I)]

R1 = 0.0741, wR2 = 0.1763

R indices (all data)

R1 = 0.1565, wR2 = 0.2204

Absolute structure parameter

3(4)

Largest diff. peak and hole

0.325 and -0.348 e.Å-3
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A.4 Crystal data and structure refinement for 2.19
Empirical formula

C15 H19 F3 N2 O2

Formula weight

316.32

Temperature

135(2) K

Wavelength

0.71073 Å

Crystal system

Monoclinic

Space group

P2(1)

Unit cell dimensions

a = 10.946(3) Å

α= 90°.

b = 5.1174(12) Å

β= 108.611(15)°.

c = 15.378(4) Å

γ = 90°.

Å3

Volume

769.1(3)

Z

2

Density (calculated)

1.366 Mg/m3

Absorption coefficient

0.115 mm-1

F(000)

332

Crystal size

0.57 x 0.10 x 0.03 mm3

Theta range for data collection

2.97 to 25.00°.

Index ranges

-13<=h<=13, -6<=k<=5, -17<=l<=17

Reflections collected

8096

Independent reflections

1506 [R(int) = 0.0835]

Completeness to theta = 25.00°

99.7 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9966 and 0.9372

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

1506 / 20 / 221

Goodness-of-fit on F2

0.929

Final R indices [I>2sigma(I)]

R1 = 0.0564, wR2 = 0.1310

R indices (all data)

R1 = 0.1005, wR2 = 0.1567

Absolute structure parameter

0(2)

Largest diff. peak and hole

0.349 and -0.281 e.Å-3
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A.5 Crystal data and structure refinement for 2.48
Empirical formula

C28 H36 Br F N2 O5

Formula weight

579.50

Temperature

173(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

P2(1)2(1)2(1)

Unit cell dimensions

a = 10.170(2) Å

α= 90°.

b = 20.340(4) Å

β= 90°.

c = 27.270(6) Å

γ = 90°.

Å3

Volume

5641(2)

Z

8

Density (calculated)

1.365 Mg/m3

Absorption coefficient

1.503 mm-1

F(000)

2416

Theta range for data collection

1.80 to 24.35°.

Index ranges

-11<=h<=11, -23<=k<=23, -31<=l<=27

Reflections collected

25528

Independent reflections

9126 [R(int) = 0.1024]

Completeness to theta = 24.35°

99.4 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

9126 / 0 / 633

Goodness-of-fit on

F2

1.057

Final R indices [I>2sigma(I)]

R1 = 0.0612, wR2 = 0.1403

R indices (all data)

R1 = 0.1062, wR2 = 0.1632

Absolute structure parameter

-0.025(12)

Extinction coefficient

0.0020(3)

Largest diff. peak and hole

0.821 and -0.618 e.Å-3
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A.6 Crystal data and structure refinement for 2.22
Empirical formula

C23 H35 F N2 O5

Formula weight

438.53

Temperature

125(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P1

Unit cell dimensions

a = 5.149 Å

α= 96.33°.

b = 10.322 Å

β= 92.16°.

c = 22.863 Å

γ = 90.06°.

Å3

Volume

1206.8

Z

2

Density (calculated)

1.207 Mg/m3

Absorption coefficient

0.089 mm-1

F(000)

472

Crystal size

0.510 x 0.090 x 0.010 mm3

Theta range for data collection

0.90 to 23.25°.

Index ranges

-5<=h<=5, -11<=k<=11, -25<=l<=25

Reflections collected

18132

Independent reflections

3478 [R(int) = 0.0954]

Completeness to theta = 23.25°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.7456 and 0.5909

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3478 / 3 / 571

Goodness-of-fit on F2

1.110

Final R indices [I>2sigma(I)]

R1 = 0.0936, wR2 = 0.2198

R indices (all data)

R1 = 0.1376, wR2 = 0.2589

Absolute structure parameter

1(3)

Largest diff. peak and hole

0.801 and -0.443 e.Å-3
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A.7 Crystal data and structure refinement for 2.52
Empirical formula

C31 H33 Br F2 N2 O5

Formula weight

631.50

Temperature

125(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

P2(1)2(1)2

Unit cell dimensions

a = 10.5501(6) Å

α= 90°.

b = 53.765(3) Å

β= 90°.

c = 5.1663(3) Å

γ = 90°.

Å3

Volume

2930.5(3)

Z

4

Density (calculated)

1.431 Mg/m3

Absorption coefficient

1.458 mm-1

F(000)

1304

Crystal size

0.78 x 0.07 x 0.05 mm3

Theta range for data collection

0.76 to 25.10°.

Index ranges

-12<=h<=12, -64<=k<=64, -6<=l<=6

Reflections collected

36999

Independent reflections

5186 [R(int) = 0.1282]

Completeness to theta = 25.00°

99.8 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.7460 and 0.2715

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

5186 / 54 / 369

Goodness-of-fit on F2

1.169

Final R indices [I>2sigma(I)]

R1 = 0.1101, wR2 = 0.2732

R indices (all data)

R1 = 0.1300, wR2 = 0.2912

Absolute structure parameter

0.11(3)

Largest diff. peak and hole

0.759 and -1.889 e.Å-3
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A.8 Crystal data and structure refinement for (2R,3R)-2.49
Empirical formula

C16 H22 F N O4

Formula weight

311.35

Temperature

135(2) K

Wavelength

0.71073 Å

Crystal system

Orthorhombic

Space group

P2(1)2(1)2(1)

Unit cell dimensions

a = 5.2431(2) Å

a= 90°.

b = 9.1728(3) Å

b= 90°.

c = 33.9923(13) Å

g = 90°.

Å3

Volume

1634.82(10)

Z

4

Density (calculated)

1.265 Mg/m3

Absorption coefficient

0.098 mm-1

F(000)

664

Crystal size

0.50 x 0.35 x 0.25 mm3

Theta range for data collection

1.20 to 30.21°.

Index ranges

-7<=h<=7, -12<=k<=12, -47<=l<=47

Reflections collected

38535

Independent reflections

4823 [R(int) = 0.0386]

Completeness to theta = 25.00°

99.9 %

Absorption correction

Semi-empirical from equivalents

Max. and min. transmission

0.9760 and 0.9528

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

4823 / 0 / 203

Goodness-of-fit on F2

1.099

Final R indices [I>2sigma(I)]

R1 = 0.0382, wR2 = 0.0979

R indices (all data)

R1 = 0.0482, wR2 = 0.1096

Absolute structure parameter

0.3(7)

Largest diff. peak and hole

0.341 and -0.196 e.Å-3

