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ABSTRACT

The application of a series of & -aminoalkanoic acids to the
synthesis of a novel phospholipase A, analogue and a new class
of very hydrophobic LHRH peptides is described.

The racemic CJ(--1:aminodecanoi.c “-{aminotetradecanoic and -
aminoeicosanoic acids were synthesised and resolved with the
chiral ketol (-)-(1S,2S,5S)-2-hydroxypinan-3-one as the methyl
ester hydrochlorides. In addition, the two lower homologues
were enzymatically resolved with renal acylase 1 and leucine
aminopeptidase respectively.

These enzymes could not resolve the higher homologue.

Designation of the absolute configuration of the resolved amino
acid derivatives was made with CD spectroscopy by comparison
with enzymatically resolved amino acid.

Both N and C protected DL- X -aminoalkanoic acids were used to
synthesise phospholipids in an attempt to obtain non-
hydrolysable substrate analogues of phospholipase A, for active
site protection. The design of the synthesis permitted the
resolution of phosphorylated intermediates with the chiral
ketol.

Several very hydrophobic LHRH analogues were also synthesised
incorporating the very hydrophobic X-aminoalkanoic acids.

These peptides were synthesised as part of our studies in

peptide drug delivery of analogues with enhanced membrane



adhesion and permeability.

These properties could ultimately determine

analogues for oral administration.

the

design

of
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SUMMARY

This thesis is composed of three interrelated chapters in which
the synthesis, resolution and subsequent applications of three
non-protein hydrophobic & -aminoalkanoic acids are described.

The amino acids ©O¢taminodecanoic O¢taminotetradecanoic and O€ -
aminoeicosanoic acids were synthesised and resolved by both
enzymatic and chemical methods, in the latter case using chiral
ketols.

The absolute configuration of each optical isomer was assigned
by circular dichroism spectroscopy by comparison with
enzymatically resolved amino acids (for which the configuration
was known from the resolution procedure itself).

Chapter Onme includes in addition, the synthesis and resolution
of two very hydrophobic esters of the higher homologue. In the
second part of this chapter the synthesis and reactions of 2-
phenyl-4-alkyl-5(4H) oxazolones are presented. This activated
form of the amino acid X -aminoeicosanoic acid was prepared as
an alternative intermediate to the synthesis and resolution of
the}CZO fatty amino acid.

Sevéral nucleophilic reactions of the saturated and unsaturated
oxazolones were investigated, such as their reactions with
methyl esters of amino acids to give protected dipeptides.
Chapter Two deals with the application of the DL- X -
aminoalkanoic acids to the design and synthesis of phospholipids

as potential phospholipase Ay substrate analogues, penetration
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enhancers for use in pharmaceutical formulations of peptide and
protein drugs and as synthetic, non-hydrolysable micelle-forming
phospholipids for drug delivery systems such as liposomes with
increased stability in plasma.

Both N and C protected amino acids were used in the syntheses.
Practically all reactions proceeded quantitatively with the
exception of the phophorylation step which proved to be most
demanding. Cyclic oxaphospholanes and phosphoryl chloride were
troublesome. In the former case the rather hindered nature of
the preconstructed heterocycle often led to incomplete reactions
the work up to which was complicated and did not readily allow
the isolation and therefore characterisation of the
intermediates.

Esterification of the phosphatidic acids was readily achieved
using trichloroacetonitrile in anhydrous pyridine with anhydrous
choline tosylate. The phosphatidyl choline was readily isolated
with column chromatography on silica in moderate to good yield.
Phosphorylated intermediates were resolved using the chiral
ketol method established in Chapter One.

Several very hydrophobic LHRH analogues were synthesised in
which the Lﬁ(%f amino acid was incorporated at position 10 and
the q—cw at positions 1 and 6. In addition racemic DL—!\CM‘ was
used.

Peptides were cleaved and deprotected from the resin using the

'low-high' HF method, the formylated peptide was the main

impurity in most of the peptides, however in one of the peptides
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both the Ser O-benzyl and the Arg-Tos groups were incompletely
cleaved by the HF method as established by mass spectroscopy and
extensive chromatographic purification 1led to lower overall
yield for the peptide .

All peptides were synthesised in an attempt to confer upon them
greater lipophilicity, this is considered a fundamental property
necessary for peptide transport across biological membranes. In

addition it 1is hoped that some stability to enzymatic action

will be conferred.



ADDENDUM:

1. The notation, C10* C14 and Cyg refers to the & —aminoalkanoic
acids:
X -aminodecanoic, & -aminododecanoic and & -aminoeicosanoic

respectively.

2. The notation, L- or DC;y OMe HCI,
L- or DCy, OMe HC1,
L- or DCZO OMe HC1
refers to the methyl ester hydrochloride salt of the

X -aminoalkanoic acids.

3. The notation, Boc-DL-C; g-C00-Cg,

Boc-DL-Clg-COO-Clz

Boc-DL-Clg-COO—CIB
refers to the esters of the N-butyloxycarbonyl (Boc) protected
racemic O -aminoeicosanoic acid. Where the Boc group has been
removed following treatment with anhydrous hydrogen chloride, HC1
replaces Boc- in the above ﬂotations.
Where the use of the DL convension in a notation is omitted, the

compound is racemic.
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1.3.1 Peptide transport across the gut

1.3.2 Peptide transport across the kidney tubule

1.3.3 Pathways for CNS stimulation for peripherally administered
CNS peptides

1.3.3.1 Blood-brain-barrier transport

1.3.3.2 Blood-CSF transport

1.3.4 Chemical modifications to modulate proteolysis

CHAPTER ONE:

Part A: Synthesis and resolution of & -Aminocalkanoic acids and

derivatives
1. Introduction
1.1 Experimental

1.2 DL- ¥ - aminodecanoic 'acid (C10)

1.2.1 DL-O{aminodecanoic acid methyl ester (HC1)
1.2.2 DL-™—chloroacetylaminodecanoic acid

1.2.3 Enzymatic resolution of DL- X-aminodecanoicacid
1.3 DL-CfdaminotetradecanoiCaciq(014)

1.3.1 DpL-Odaminodecanoicacid methyl ester (HC1)
1.3.2 DL-O-aminotetradecanoic amino acid HC1

1.3.3 Enzymatic resolution of DL-X{aminotetradecanoicacid
1.4 DL-X~aminoeicosanoic acidﬁczo)

1.4.1 DL-X-aminoeicosanoic acid methyl ester (HC1)
1.4.2 N-t-Boc~-DL-eicosanoic acid

1.5 Chiral ketols as resolving agents for aminoalkanmoic acids
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1.5.1 Synthesis of (~)-(1S,2S5,5S)-2~hydroxypinan-3-one

1.5.2 Resolution of DL-X-aminoalkanoic acid methyl esters
1.5.2.1 DL-Ol-aminoeicosanoic acid methyl ester

1.5.2.2 DL-Qttaminodecanoic acid methyl ester

1.5.2.3 DL- Ot/aminotetradecanoic acid methyl ester

1.5.3 Synthesis of hydrophobic esters of DL-QX-aminoeicosanoic
acid

1.5.4 Synthesis of hydrophobic esters of N ' Boc-DL-eicosanoic
acid

1.5.4.1 Carbodiimide coupling

1.5.4.2 Base~catalysed transesterification of active esters
1.5.4.3 Synthesis of N-t-Boc-DL-eicosanoic acid N-
hydroxysuccinimide ester

1.5.5 Synthesis of hydrophobic esters of N-t-Boc~DL-eicosanoic
acid with Crown compounds

1.5.5.1 Esterification with l-bromooctane

1.5.5.2 Esterification with l-bromododecane

1.5.5.3 Esterification with l-bromooctadecane

1.5.6 Resolution of hydrophobic esters of DL-X~aminoeicosanoic
acid with (-)-(1s,2S,5S)~2-hydroxypinan—~3-one

1.5.6.1 DL-octadecyl- X-aminoeicosanocate

1.5.6.2 DL-octyl- X~aminoeicosanoate



Part B:

1.6

1.6.1
1.6.2
1.6.3
1.6.4

1.6.5
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Oxazolones of X -aminoalkanoic acids in peptide synthesis

Introduction

Experimental

Synthesis of n-octadecanal

Synthesis of 2-phenyl-4-octadecalidene oxazol-5-one
Synthesis of 2-phenyl-4-octadecyl-5(4H)-oxazolone

Reactions of 2-phenyl-4-octadecalidene oxazol-5-one

1.6.6 il—methzl-zjbengggido eicosanoate (6):

1.6.7
1.6.8

1.6.9

Action of 1-(-)-X-methylbenzylamine
Action of L-phenylalanine methyl ester

Discussion

CHAPTER TWO

The design and synthesis of Phospholipase A, substrate

analoguesbased on DL-O(-aminoalkanoic acids

2.1
2.1.2
2.1.2.1
2.1.3
2.1.3.1
2.2
2.2.1

2.2.1.1

Introduction

Phospholipids

Chemical and biological significance

Biological membranes and the role of phospholipids
Synthesis of phospholipids

Phospholipase A, substrate analogues

Phospholipase A

General characteristics of phospholipase Ay

Mode of action
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2.2.1.2 Molecular properties

2.2.1.3 Sequence

2.2.1.4 Three dimensional structure

2.2.2 Mechanism of catalysis

2.2.3 Minimal substrate requirements of phospholipase A,

2.3 Experimental

2.3.1 Synthesis of phospholipase A, substrate analogues based on
N-protected (l-aminoalkanoic acids

2.3.2 Synthesis of phospholipase A, substrate analogues based on
C-protected X -aminoalkanoic acids

2.3.3 Phosphorylation of hydrophobic acylamido alcohols with 2-

chloro-2-oxo0-1,3,2~-dioxaphospholane

2.3.4 Phosphorylation with dimethylphosphoryl chloride

2.3.5 Discussion

CHAPTER THREE:

Synthesis of very hydrophobic LHRH analogues incorporating X-

aminoalkanoic acids

3. Introduction

3.1 Actions on the pituitary

3.2 Administration of LHRH

3.3 Biosynthesis, degradation, control of secretion and mechanism

of action
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3.4 Development of agonistic LHRH analogues

3.5 Structure-activity relationships

3.6 Receptor binding and metabolism

3.7 Hydrophobic agonists

3.8 Hydrophobic antagonists

3.9 Experimental

4.0 pGlu-DPhe-Trp-Ser—-Tyr-DCl10-Leu-Arg-Pro-L-C14-0H

4.1 H2N-DC10-DPhe~-Trp-Ser-Tyr-Pro-Leu-Arg—~Ala-L-C14-OH

4.2 pGlu-His-Trp-Ser-Tyr-DLC10-Leu-Arg-Pro-Gly-NH2

4.3 H2N-DC10-His-Trp-Ser-Tyr-DLC10-Leu-Arg-Pro-Gly-NH2

4.4 H2N-DC10-DLC10-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2
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4.6 Discussion
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Appendix 2
Appendix 3
Appendix 4
Appendix 5
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MATERIALS AND METHODS

1. Melting points were measured on an Electrothermal melting point
apparatus and are uncorrected. Melting point ranges are quoted in
degrees Celcius (°C) and the abbreviation "dec" refers to

decomposition at the melting point.

2. Infrared spectra (IR) were recorded from potassium bromide
disks (KBr) unless otherwise stated on a Perkin-Elmer 298 infrared
spectrophotometer.

Absorption maxima ( V ) are quoted in em L.

3. Proton (1H) nuclear magnetic resonance (nmr) spectra were
recorded on an WPB0SY Bruker FTNMR spectrometer and on an Varian
XL-300 spectrometer. TMS was the internal standard and signals are
reported as follows:

s=singlet, d=doublet, t=triplet, gq=quartet, m=multiplet, b=broad,
dist. t=distorted triplet, dd=doublet of doublets.

Chemical shifts ( 8' ) are quoted in parts per million (ppm).

4. Mass spectra were recorded on a ZAB-1F (VG Analytical Ltd) mass
spectrometer with a 70eV Electron impact (EI) source. Fast atomic
bombardment (FAB) mass spectra were recorded from methanolic
solution in thioglycerol/glycerol matrix on a ZAB-SE high
resolution spectrometer with an 8KeV Xe source.

LHRH analogues were recorded from methanol-acetic acid.
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In certain cases Nal was added and the spectra recorded from 3-

nitrobenzyl alcohol.

5. Elemental analyses were performed on a Carlo Erba 1106

elemental analyser.

6. Analytical thin layer chromatography (tlc) was carried out on
0.25mm x 5mm x 20mm glass plates coated with kieselgel GF254
(Fluka) and preparative separations were performed on 0.75mm x
20mm x 20mm glass plates coated with the same silica gel.
Compounds were visualised with UV light, 50% sulphuric acid
containing 5% ceric ammonium sulphate and iodine vapour.

Amino acids and peptides were visualised with a 0.25% w/v
ninhydrin solution in acetone. t-Butyloxycarbonyl groups in
peptides were cleaved by exposing the plates to HCl fumes for 5
min prior to spraying the plates with ninhydrin.

Phosphorus containing compounds were visualised with the spray of
Vaskovsky and Kostetsky (J. Lipid Res. 9, 396, 1968) which

appeared as grey-blue spots under UV light.

Tlc solvent systems:

a) Chapter One:

Solvent A: Hexane:diethyl ether, 30:70%
B: Hexane:Ethyl acetate, 60:40%

C: Ethyl acetate:methanol, 100:0.2%
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D: Ethyl acetate:methanol, conc. NH3 90:10:17%
E: Methanol:chloroform, 10:90%

F: Chloroform, 100%

G: Methanol:Chloroform, 1:100%

H: Hexane:diethyl ether, 70:307%

I: Methanol:chloroform, 5:95%

J: Ethyl acetate: petroleum ether 60-80, 20:80%
K: Methanol:ethyl acetate:conc. NH3, 1:100:1%
L: Chloroform:methanol:conc.NH3, 60:40:0.5%

M: Chloroform:hexane, 50:50%

b) Chapters Two and Three:

Solvent A: Ethyl acetate:petroleum ether 60-80, 50:50%
B: Chloroform:methanol:25% aq. NH3, 65:25:5%
C: Chloroform:methanol:conc. NH3, 65:35:5%
D: Diethyl ether:hexane, 20:80%
E: Methanol:chloroform, 5:95%
F: Chloroform:methanol:H20, 70:30:3%
G: Chloroform:methanol, 98:2%
H: Acetonitrile:TFA:H20

I: Methanol:TFA:H20

7. Liquid chromatographyic separations on a preparative scale were
performed using a 5cm x 50cm glass column with a sintered glass
disk using silica gel (70-210 mesh, Merck plec) with a silica gel

to compound ratio of 40:1.
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High pressure liquid chromatography (HPLC) was carried out on a
Gilson 303 HPLC instrument interfaced with an Apple 1la computer
for generating gradients,

The two peptides synthesised with the Synthor 2000 instrument were
purified by reverse phase HPLC using a Whatman Partisil 10, ODS-2
semipreparative column using a linear gradient with solvent system
I as follows:

Buffer A: 0.1% aqueous TFA

Buffer B: 0.1% aqueous TFA, 60% aqueous methanol

5-100% B in 45 minutes

Flow rate: 0.8-1.5 ml/min depending on peptide

AUFS: 0.2-0.01

Analytical hplc of the peptides was carried out on a Whatman
Partisil 5 ODS-2 analytical column with the same gradients and
solvent system H; here acetonitrile replaced methanol as the
organic solvent. It was used in the purification of the peptides
synthesised with the Applied Biosystems instrument for both the

semipreparative and analytical work.

8. Circular dichroism (CD) spectra were recorded on a JASCO- J

spectrophotometer in methanol with a pathlength of 0.05cm.

9. Amino acid derivatives were synthesised where required by
standard literature methodology or purchased from Bachem Ltd,and

Peninsula Inc., They were used without further purification.
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10. Solid phase peptide syntheses (SPPS) were performed on a
Synthor 2000 automated synthesizer interfaced with an Olivetti M-
24 computer, 0.5g chloromethylated resin was used (Bio-Beads SX-1,
200-400 mesh, 0.6mEq/g).
An Applied Biosystems 430A synthesiser was also used with 0.410g
of p~MBHA resin (1.22mEq/g HC1.H2N).
Peptidyl resins were treated with the 'low-high' HF method. After
the HF procedure the crude peptides were extracted from the resin
with 10-20% aqueous acetic acid and freeze dried.
To check the deformylation of the Trp-containing peptides, UV
spectra were recorded from 0.2mg/ml methanol solution of the
peptides before and after HF treatment, a Hitachi Perkin-Elmer 124
double beam spectrophotometer was used. Spectra from 180nm to

400nm were recorded.

11. Commercial reagent-grade solvents were used (unless otherwise
stated).

Methanol and ethanol were dried by distillation from activated Mg
turnings and stored over clean 4A molecular sieves.

Toluene, benzene and diethyl ether were dried by standing over
sodium wire for 3 days.

Tetrahydrofuran was distilled from CaH2 prior to use and was
stored in the dark under nitrogen. Chloroform was distilled from
P205 immediately prior to use to remove ethanol and was stored in
the dark.

Dichloromethane and dimethylformamide used in peptide syntheses
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were purchased from Applied Biosystems Inc. as were

diisopropylethylamine, TFA and ethanolamine.

12, Acylase I (EC 3.5.1.14, A2156) was purchased from Sigma

Chemical Co Ltd,

Leucine aminopeptidase (amidase, E.C.3.4.11.1, Type III-CP from
porcine kidney, 150-300 U/mg protein) was purchased from Sigma

Chemical Co Ltd.

13. Amino acid analyses were carried out on a hydrolysed aliquot
of the peptides (6N aq. HC1 + phenol at 110 C x 24 hr) using an
LKB 4140 alpha amino acid analyser with an Ultropac-l1 catiomn

exchange (Na form) resin.

14. Quantitative ninhydrin test was carried out according to the

method of Sarin et al., (1981), see Appendix 1.
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GENERAL INTRODUCTION

Presently, a wide variety of routes of administration and
delivery systems exists for drug substances, but by far the most
popular approach is oral delivery where the drug is intended to
be absorbed from the gastrointestinal tract. Injectable systems
(that include implants), suppositories and transdermal devices
have a more limited place in current therapy.

Some of these administration systems can be employed directly
for the delivery of peptides and proteins, however, others
cannot be used in their present form and will require extensive
modification. In particular the delivery of peptides and
proteins via the gastrointestinal tract will be especially
difficult because of the inherent instability of such materials
and the poor permeability of the intestinal mucosa to high
molecular weight substancesL(DavieS, 1986) -

Indeed it can be claimed that the process of evolution, over
many thousands of years, has resulted in the gastrointestinal
tract being impermeable to large molecular weight molecules in
the adult mammal and that serious immunological consequences
could arise if such materials happened to be taken up intact.

In future the well known routes of administration, namely nasal,
vaginal and buccal could play a more important role in the
delivery of peptides and proteins because of their superior
permeability characteristics.

A universal delivery system for peptides and proteins is neither
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possible nor perhaps desirable, largely because the types of
materials being considered for therapeutic application comprise
a diverse range of biological response modifiers (see Table 1).
They have different physical and chemical characteristics such
as molecular size, stability, conformational states etc., as
well as different sites and modes of action in the body.

Unlike conventional 1low molecular weight drugs, biological
response modifiers are often involved in complex processes where
a whole group of regulatory substances are involved. The
"classical"™ situation of a single pharmacodynamic agent acting
independently on one particular receptor type may not
necessarily pertain. Consequently the resultant biological
response may be determined by an alteration in a delicate
balance between a number of interrelated regulatory substances.
Clearly in the development of any potential therapeutic agent
and its delivery system it will be essential that such aspects
of molecular and biochemical pharmacology are elucitated.

The complexity of the properties and actions of regulatory
peptides and proteins will mean that the successful development
of pharmaceutically elegant delivery systems will be a
multidisciplinary venture, to include input from disciplines
such as biochemistry (the action of enzymes), physiology
(membrane permeability), immunology (immunogenicity), and
physical chemistry (molecular characteristics, solubility,

stability).
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Design of Delivery Systems

The appropriate delivery system for a particular peptide or
protein will depend upon the nature of the agent being
delivered, the clinical application and the site of drug action.
The two main areas of concern are the entry of the drug into the
body and its passage across critical organ barriers (Samanen,
1985).

Obvious advantages would follow if it was possible to deliver
peptides efficiently via the oral route. Without a doubt this
is an important but difficult objective. By design the
gastrointestinal tract 1is very efficient at preventing the
uptake of intact polypeptides and proteins; these being usually
unstable to the acid of the stomach and are degraded by various
digestive enzymes present in the lumen or brush border,
Furthermore, active molecules have characteristics that do not
normally lend themselves to good transport across biological
membranes. They are large in size and tend to be polar in
nature and the poor permeability of the gastrointestinal mucosa
is not umexpected. Even if they are taken up into cells there
is every possibility that the macromolecule will undergo some
metabolism or storage without being transferred to the
systematic circulation.

If the molecule can get this far it may well be metabolised by
the liver (first pass effect) or be excreted into the bile

(Renston et al., 1980).
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Notwithstanding major difficulties, the advantages in being able
to deliver a peptide or protein via the gastrointestinal tract
will encourage exploring this route for possible avenues. With
an increasing knowledge of peptide design, the major approach is
towards the synthesis of analogues resistant to metabolism (see
below) (Veber and Freidinger, 1985; Hruby, 1985).

Limited quantities of peptides (less than 1%) have been shown to
be taken up by the gastrointestinal tract in animal models and
in man (see Table 1) and that the use of the so-called
absorption enhancers can.increase this uptake (Yoshikawa et al.,
1985).

Another factor contributing to the poor bioavailability of
peptides and proteins is their general poor lipophilicity.

A potentially wuseful approach to solving peptide delivery
problems may be the derivatisation of bioactive peptides to
produce pro-drugs. This form of bioreversible derivatisation
may protect peptides against degradation by peptidases and other
enzymes present at the mucosal barrier and render the peptides
more lipophilic resulting in increased bioavailability
(Bundgaard, 1986), however studies on the effects of
derivatisation on the susceptibility of peptides towards various
kinds of peptidases are almost lacking and are urgently needed
in order to explore the potential utility of the pro-drug

concept in peptide/protein delivery.
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Table 1. Selected polypeptide and proteins (and analogues) with

potential for therapeutic use\(DaVieS, 1986).

JNo. of
PEPTIDE '‘Amino acids ORAL* NASAL*  BRAIN
Adrenocorticotrophic
hormone (ACTH) 39 X X X

Atrial natriuretic factor
Calcitonin 32 X X

Cholecystekinin (CCK) 33 X

Ldesamido—DArg—vasopressin

( DDAVP ) 9 X X
Enkephalin 5 X X
Glucagon 29 X
Insulin 51 X X
Interferon X

Interleukin 2
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Leuprolide X X

Leutinising hormone

releasing hormone (LHRH) 10 X X

Melanocyte inhibiting

factor 1 3 X X

Melanocyte stimulating

hormone 14
Muramyl dipeptide 2 X X
Oxytocin X

Parathyroid hormone

Relaxin

Somatostatin 14 X X

Thyrotropic releasing

hormone 3 X X X

* Activity following oral or nasal administration of peptide or

analogue
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Absorption Enhancers

Many studies have been conducted on the use of absorption (also
known as penetration) enhancers for improving the rectal and
intestinal delivery of a variety of molecules to include high MW
materials such as peptides and proteins.

Generally speaking absorption enhancers are of four main types:
1) Chelators, e.g. EDTA, citric acid, salicylates, N-acyl
derivatives of collagen and enamines (N-amino acyl derivatives
of E -diketones).

2) Surfactants, e.g. sodium lauryl sulphate, polyoxyethylene-9-
lauryl ether,lysophospholipids.

3) Bile salts, e.g. sodium deoxycholate and glycocholate.

4) Fatty acids, e.g. oleic acid.

These penetration enhancers improve peptide and protein
absorption by one or a combination of several mechanisms. Bile
acids have been shown to reduce the viscosity of the mucus layer
adhering to all mucosal surfaces (Martin et al., 1978),
chelators (Kamada et al., 1981; Nishihata et al., 1983, 1985;
Okada et al., 1983; Yamashita et al., 1985) and to a lesser
extend polyoxyethylated non-ionic surfactants (Sakai, et al.,
1986) interfere with the ability of calcium ions to maintain the
dimension of the intracellular space thereby permitting the
paracellular transport of peptides and proteins which otherwise
will be excluded from this pathway.

Interestingly, all of the penetration enhancers are cable of
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increasing membrane fluidity either by creating disorder in the
phospholipid domain in the membrane as in the case for the
salicylates and oleic acid (Kajii et al., 1985; Muranushi et
al., 1980. 1981) or by facilitating the leaching of proteins
from the membrane as in the case of surfactants and EDTA
(Nishihata et al. 1985).

The effectiveness of bile salts in enhancing nasal insulin
absorption as surfactants despite their 1low efficiency 1in
eluting proteins from membranes, was attribu#ed to their ability
to inhibit peptidases responsible for the degradation of insulin
(Hirai et al., 1981).

Recent studies by Fix et al. (1983) and Shiga et al. (1985)
indicate that sodium ion transport and the associated water flux
are a component of the penetration enhancing mechanism of
salicylate, taurocholate and EDTA.

Each of the four types of absorption/penetration enhancer
mentioned earlier has been used to promote peptide and protein
absorption from the oral, rectal and vaginal routes, whereas
only the bile salts and surfactants have been used to promote
nasal absorption. It appears that the preferred enhancer for
the nasal and buccal routes is sodium glycocholate, salicylates
for the rectal route, citric acid for the vaginal route and
oleic acid-monoolein mixed micelles for the oral route. With
some exceptions the bioavailability of some peptides and
proteins is no more than 40% as shown in Table 2.

The efficiency of penetration enhancers depends on several
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Table 2. Efficiency of peptide and protein absorption from various
routes of administration in the presence of various types of
penetration enhancers (adjuvants)’(Davies, 1986)-

Adjuvant

Chelators

Surfactants

Bile Salts

Oleic Acid/
monoolein

Route
Nasal

Rectal

Vaginal
Oral

Nasal

Rectal
Vaginal
Oral

Nasal

Rectal
Vaginal
Oral
Nasal
Rectal
Vaginal

Oral

Peptide
None

Insulin
Gastrin
Pentagastrin
Leuprolide

Insulin

Insulin
Leuprolide

Insulin
Leuprolide
Insulin
Insulin
Leuprolide
DADLE
Interferon
Leuprolide
Leuprolide
None
Heparin
Leuprolide

Leuprolide

% Absorbed

14-28
18
33

13-39

10

10-30

94

0.054

12-15

0.054
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factors including peptide type, physicochemical properties of
the delivery system, lipophilicity of the enhancer, intrinsic
ability of the enhancer to perturb membrane permeability, site
of application of the enhancer and species of animal used.
Because all absorption enhancers promote peptide and protein
absorption by perturbing membrane integrity it is inevitable
that various extents of damage could occur to the mucosal
tissues. Todate only a limited number of studies have been
undertaken to determine the nature and extent of potentially
exaggerated effects or toxicities of various kinds of enhancer
(Hirai et al., 1981; Kajii et al., 1985).

Overall, non-surfactant type enhancers appear to cause less
severe and more readily reversible morphological changes than
their surfactant counterparts when used on an acute basis,
moreover they tend to cause no 1long lasting morphological
changes in the mucosal tissues even when used on a chronic basis
(up to 60 days). Aside from morphological changes, however,
there is virtually no informationm on the biochemical changes
that may occur locally, or the systemic toxicity which may
result from the absorption of penetration enhancers and from the
absorption of toxins from the mucosal surface that otherwise
would be excluded from the systemic circulation.

In view of the current limitations of present delivery systems
for peptides and proteins and the lack of information concerning
toxicological and biochemical effects of penetration enhancers

we have approached the problem of peptide delivery from the



_35_

point of view of introducing specific features into our peptides
(LHRH analogues in this case) wﬁich render them lipophilic.
These very lipophilic analogues of LHRH are thought to penetrate
biological membranes by "melting" into the lipid bilayer of the
membrane and thus overcoming the need to incorporate penetration
enhancers, the long chain O -aminoalkanoic acids could act as
integral penetration enhancers.

Additionally, it is thought that these "fatty" amino acids could
yield peptides amenable to elegant formulation in forms such as
mixed micelles suitable for oral or nasal adwministration.
Protection from hydrolytic enzymes could be partially imparted
to the peptides by incorporating other unnatural amino acids in
specific points in the sequence. Many such unnatural
modifications have been proposed and several have been
incorporated with great success in peptide analogues giving
increased bioavailability, plasma half life and potency.

The fatty amino acids used are not available commercially or
naturally.

The first obstacle to be overcome was their synthesis, the
literature method was favoured as well as a method utilising
oxazolones which was investigated in order to shortemn the
synthesis and also to provide a resolution method.

The second obstacle to be overcome was the resolution of the
synthesised fatty amino acids and several methods available were
tried:

a)Diastereomeric salt formation with optically pure organic
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amines and acids

b)the use of hydrolytic enzymes, e.g. Acylase and amidase.
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1.UNUSUAL AMINO ACIDS IN PEPTIDE SYNTHESIS:

l.1 Type of Structural Variants of Peptides:

Departing from the sole use of coded amino acids in peptide
structures may involve relatively straightforward procedures,
such as modification (alkylation etc.) of side—chain functional
groups of coded amino acids, acylation of the NH2 terminus with
carboxylic acids or attachment of amines on the COOH- terminus,
also replacement of one or more amino acids in the chain with an
"unusual", non-coded one.

Other, more radical measures also available to the peptide
chemist, include the use of X -azaamino acids (Dutta and Morley,
1975; Powers and Gupton, 1977) andol,F-dehydroamino acids (Noda et
al., 1983).

The synthesis of retro-inverso sequences (Goodman and Chorev,
1981) which involves the use of malonic acid derivatives and gem
diamines require unusual procedures as does synthesis involving
the above two examples. Replacement of the peptide linkage at a
particular position with an isosteric but chemically distinct
functionality (esters, ethers etc.) may also require some
involved synthetic transformations.

Recently, it has been demonstrated that replacement of a large
fragment of somatostatin with a simple linkage fulfilled the same
role in maintaining the active conformation (Veber et al., 1979;
Veber, 1981).

Table 3 indicates the very many applications of "unusual"
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Table3 : Benefits To Be Gained by Using Unusual Amino Acids and
Other Unnatural Structural Variations of Peptides

l. Improved drug-receptor interactions:

a) Study of strength and nature of binding.

i) Effects on fit

Steric compatibility of active conformation with receptor site,
Enhancement of active conformation relative to others

ii) Effects on stregth of chemical interactions

Electrostatic polar interactions

Hydrophobic interactioms

b) Irreversible Binding

i) Affinity labeling of allosteric binding sites

ii) Prolonged pharmacological activity due to irreversible
receptor binding

2. Improved pharmacokinetic properties:

a) Interactions with peptide-processing enzymes

i) Resistance to enzymatic degradation

ii) Pharmacological effects resulting from inhibition of peptide-
processing enzymes

b) Effects on drug delivery and excretion

i) Effects on solubility, mobility and tissue specificity

ii) Slow chemical release of active species

3. Development of tools for the study of peptide chemistry and
biology

a) Spectroscopic probes of peptide conformations and interactions
b) Affinity labeling as probe for enzymes and receptors

c) Radiolabeled peptides for anatomical and pharmacological
studies

4, Facilitated chemical synthesis of peptides

a) Improved stability and physical properties of product

b) Structural variation that allows retention of activity in
smaller, simpler molecules

c) Easy modification of side-chain functionality following
incorporation into a peptide chain

5. Unusual amino acid required as component of a natural product
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amino acids.

It has been pointed out by Rudinger (1972) that structure-
activity data are more easily interpreted if structural changes
are made isosteric or 'isofunctional' whenever possible. The use
of unusual amino acids makes newly possible wmany such
substitutions; indeed many of the unnatural amino acids used so
far in various laboratories have been developed for just such
purposes. Although  analogues containing them might not
themselves show dramatically improved activity, they can impart
order to the structure-—activity data and ultimately lead to the
rational formulation of analogues possessing the sought

characteristics.

1.1.2 Isofunctional and Homofunctional Replacement:

Perhaps the most subtle way to vary the structure of a peptide is
to change only its steric properties and leave its functional
groups 1intact and in the same approximate relative geometry.
Altﬁough in a few cases it is possible to do this by substituting
one coded amino acid for another (e.g., threonine for serine,
aspartic acid for glutamic acid ), most such modifications
require the introduction of a non-coded amino acid. Simple
homologues, that 1is structures which contain greater or 1lesser
numbers of methylene groups in the side chain than the natural
amino acids or are otherwise functionally similar, are known for
most amino acids.

Much of the early work with non-coded amino acids involved

substitutions of this type, some of which have seen extensive use
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in peptides. In general, changing the steric properties of a
peptide does unot result in a significant improvement in potency
(e.g., 1in the case of a peptide hormone) and in many cases may
lower potency severely. Its most useful application is in cases
where the spectrum of physiological activity is altered by
modification (i.e., suppression of one type of activity while

preserving anocther).

l1.1.2.1 Fatty Amino Acids:

The use of unnatural fatty (hydrocarbon) amino acids as steric
probes of receptor sites was pioneered by Rudinger and co—-workers
(Eisler et al., 1966) in their studies on oxytocin analogues.
They found as have many other investigators, that natural fatty
and aromatic residues can be replaced by wunnatural analogues
without sacrificing biological activity. 1In some cases stability
to cleavage can be introduced in this way without detrimental
effects on activity, as in the case of [adamantylalaninesl-
enkephalin analogues (Do and Schwyzer, 1981).

Certain fatty amino acids, notably tert-alkylglycines, may be
expected to pose problems in synthesis as a result of the steric
bulk of the side chain; for example, difficulty was encountered
in coupling active esters of protected tert~leucine ( Es-methyl
valine), whereas acylation of the amino acid proceeded
satisfactorily (Pospisek and Blaha, 1977). Although
substitutions of this kind do not appear to offer significant

improvements over that of the natural peptide, they can result in
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substantially modified activity. For example, Khosla et al.
(1972) found striking antagonistic activity in angiotensin II
analogues containing cyclohexylamine in place of phenylalanine.
This replacement 1is not strictly isofunctional because of the
electronic properties of the aromatic ring. In fact, such
replacements have been used as probes of biological requirements
for aromaticity (Fletcher and Young, 1972), and a similar use has
been described for partially saturated phenylalanines (Ressler et

al., 1979).

l1.1.2.2 Aromatic Series:

Replacement of an aromatic residue with a non-natural counterpart
produces a common type of structural variant.

Abrupt changes in functionality (e.g., replacing Phe with Tyr )
often result 1in loss of activity; however, more nearly
isofunctional replacements often result 1in preservation or
enhancement of activity. A series of substituted phenylalanineé
including alkyl and alkoxy analogues, were employed as
replacements at position 2 of oxytocin, and the bulkier groups
were found to impart a strong antagonistic activity to the
analogues (Rudinger, 1972).

Typically, replacement of phenylalanine with sterically similar
substituted aromatic residues does not grossly affect the
activity, for example Morley and co-workers (Morley, 1968; Gregory
et al., 1968) have found that para substitution of the Phe
residue 1in gastric tetrapeptide with various types of groups

(methyl, methoxy, nitro, fluoro) can be done without sacrificing
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activity. 4-Fluorophenylalanine (Nicolaides et al., 1963) is
very nearly isosteric with phenylalanine and has found
considerable application in adjusting hormonal activity. 4-
Nitrophenylalanine has also been used extensively; enhanced
activity of enkephalin analogues containing this amino acid
appears to stem from the electron-poor character of the aromatic

ring (Fauchere and Schiller, 1981; Schwyzer, 1980).

1.1.2.3 Large Aryl Side Chains:

Larger or fused-ring aromatic amino acids have been used as
replacements for both Phe and Trp residues. The naphthylalanines
and various other tryptophane isologues employed by Yabe et al.,
(1976) generally provide analogues with reduéed activity.

Tesser and co-workers have used pentamethylphenylalanine as a
replacement for Trp in several types of hormone analogues,
including those of X - melanotropin (o{-MSH), which exhibit useful
potency (van Nispen et al., 1977); they have shown that more

nearly isosteric but less electron—-rich Trp isologues give less
active peptides and have concluded that strong 11/ —donor
properties of Trp 1isologues are more important than steric
equivalence in preserving hormonal activity. This is apparently
not always the case, as seen in studies by Rajh et al., (1980).
Extensive studies on the replacement of Trp6 in luliberin (LHRH)
analogues have been carried out in a search for antifertility
agents, A series of bulky carbocyclic (Nestor et al., 1981;

1982a) and heteroaromatic (Nestor et al., 1982b) amino acids,
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some representing considerable steric and electronic deviation
from Trp, provided analogues with potent superagonist activity.

Other large aromatic amino acids of potential interest are
styrylphenylalanine (Jones and Wright, 1971), with a
photoisomerisable double bond, and anthracene derivatives of
possible wuse in photophysical studies (Ben Ishai et al., 1978;

Nestor et al., 1982a; Schreiber and Lautsch, 1965).

1.1.2.4 Organometallic Amino Acids:

Amino acids with side chains incorporating polyhedral carboranes
and organometallic "sandwich" complexes have been proposed or
utilised as homologues of phenylalanine or other bulky
hydrophobic amino acids.

Schwyzer and co-workers have, in the course of studies on unusual
hydrophobic amino acids introduced 3-o-carboranylalanine, which
is claimed to occupy a space nearly that swept by a 180 rotation
of the phenylalanine aryl group. Their studies show that
analogues containing this wunusual group can exhibit enhanced
activity in some cases (Fauchere et al., 1979) and,
interestingly, that this may be a result more of the electron
deficiency of the carborane nucleus than its steric bulk
(Schwyzer, 1980; Fauchere and Schiller, 1981).

Greater deviations in shape from that of phenylalanine are seen
in amino acids with organometallic 1]v -complexes incorporated
into their side chains. Ferrocenylalanine has been incorporated

into peptide structures and exhibits the interesting ability to
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undergo a reversible one—electron oxidation to provide a cationic
side chain that imparts water solubility and a deep green colour
to derivatives (Cuingnet et al., 1980; Pospisek et al., 1980).
Also of interest are amino acids with cyclobutadiene,
cyclopentadienyl (Brunet et al., 198la) and benzene (Brunet et
al., 1981b) metal carbonyl complexes. These are of interest for
their unusual steric properties and for their possible use in
photoaffinity labelling, which results from the known ability of
various groups (e.g.,amines) to replace CO in such complexes

under photolysis.

1.2 TIsosteric and Homosteric Replacement:

The role of functional group interactions in allosteric binding
of peptides is at least equal in importance to steric fit and is
undoubtedly the source of most of the specificity characteristic
of these interactions.

Although hormone-receptor binding is optimised both sterically
and functionally by evolution within the limitations of coded
amino acids, it is in principle possible, by employing functional
groups other than those in coded amino acids, to create
interactions significantly stronger than those present in the
natural system; for this reason it seems that functional
variants of peptides are more likely than steric variants to
provide analogues with enhanced or modified activity. Some of
the more extensively studied functional variants of amino acids

are included below:
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1.2.1 Histidine Isosteres:

An early example of isosteric substitution in investigating the
effects of functional changes, is the wuse of histidine
isologues 1in which the imidazole group 1is replaced with a
pyrazole nucleus (Hofmann et al., 1968). This involves a change
in the arrangement of nitrogen atoms relative to those in
histidine, as well as significant lowering of their basicity,
steric changes are insignificant.

It was found that the catalytic activity of ribonuclease S was
entirely lost when the enzyme was reconstituted using an analogue
of S-peptide containing a p—(3—pyrazoly1)alanine residue in
place of the catalytically functional histidine (Hofmann et al.,
1970). In contrast to this the activity of a variety of peptide
hormones was retained (although it was often significantly
weakened) in analogues containing pyrazolylalanine in place of
a histidine residue,

It has been concluded from these studies that the basicity of the
histidine residue per se 1s not a requisite for activity,
however, it may in some cases contribute to the strength of

binding.

1.2.2 Functional Variants of Sulphur—containing Amino Acids:

Cysteine occurs 1in small peptides exclusively in the form of
disulphide bridged cystine, often serving to cyclise an otherwise
linear peptide in order to stabilise an active conformation.

Replacement of cystine disulphide linkage with sterically similar
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linkages (e.g., CH,CH

,CHys CHZS) was found not to lower hormonal

activity in studies with oxytocin (Rudinger and Jost, 1964; Jost
and Rudinger, 1967). This trend was subsequently confirmed for
vasopressin and somatostatin. It was found, not suprisingly that
the selenium isologue of cysteine functioned as a good substitute
for this amino acid in such hormones as a result of its tendency
to form Se-Se and Se-S bonds which are chemically similar to
disulphide linkages. Walter (1973) reported extensive structural
and conformational studies of the selenium analogue of oxytocin,
in which the activity was comparable to that of the native
hormone dispite differing dihedral angles in the dichalcogenide
linkage. Zdansky (1973) has reviewd the field of selenium
containing amino acids including selenocysteine, selenomethionine
and various side-chain methylated derivatives.

Functional variants of methionine are an especially interesting
class of amino acids, whose chemical functions are quite well
understood, methionine remains something of a mystery with regard
to the function of the sulphur atom, Although in some hormones,
such as corticotropin, replacement of methionine with a
sterically similar fatty amino acid e.g., mnorleucine can be made
without 1loss of activity, this is apparently not the case in
gastric tetrapeptide and others (reviewed by Rudinger, 1972); in
general, S-ethyl cysteine functions well as a substitute for
methionine. The separate biological roles of Leu- and Met-
enkephalins and their precursors are also striking when one
considers their structural and functional similarity. It may be

that the hydrocarbon-like steric and hydrophobic properties of
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methionine will not in themselves be sufficient to explain these

differences.

1.2.3 Peptide Isosteres:

A relatively recent approach to the design of peptide hormone
analogues that departs from the use of coded amino acids is based
on modifications of the peptide backbone. This is usually done
in an attempt to impart hydrolytic stability or even enzyme
inhibitory activity to the analogue.

Use of P —amino and & -hydrazino acids, often structurally
derived from coded amino acids, results in the insertion of an
extra atom into the peptide chain, thereby altering the steric
relationships between side chains; nevertheless, 1in some cases,
useful biological activity resuls and resistance to enzymes 1is
often imparted. Other minor backbone modifications include
reversal of one or more amide linkages (Goodman and Chorev, 1981)
and the use of OC ~azaamino acids (carbazic acid derivatives).
Replacement of the amide linkage with a sterically similar
grouping represents a more formidable synthetic challenge but has
the advantage of completely eliminating (rather than displacing)
the hydrolytically susceptible groupings while preserving the
steric relationships between side chains.

Information concerning sites of in vivo enzymatic degradation
which has recently become available for a number of peptide
hormones (see for example, Marks, 1978) greatly assists for
suggesting sites for amide bond replacement.

Early efforts along these lines centered on reduced linkages 1in
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which the —CONH- group was replaced with or reduced to a —CHZNH—
group (Zaoral et al., 1967; Atherton et al., 1971; Roeske et al.,
1976; Szelke et al., 1977). This introduces a basic or
protonated amine at a formely neutral site and requires
protection for further elaboration. Recently, Yankeelov et
al.,(1978) have introduced the —Cst- link as an amide bond
replacement, this approach has provided a number of LHRH
analogues with high in vitro potency (Spatola et al., 1980).

Variants on this scheme involving -CH,S0-, C(CH3)80 linkages have

2
been introduced (Spatola et al., 1981).

Recently some of the more synthetically challenging amide bond
replacements have appeared. Hann et al., (1980) prepared an
active enkephalin analogue employing a trans alkene linkage.
Almquist et al., (1980) synthesised a potent angiotensin-

converting enzyme inhibitor containing a -COCH,- linkage at a

2
site corresponding to that which would undergo enzymatic cleavage
in the natural substrate. Ondetti's group have overcome some

formitable synthetic problems in introducing new methods for

preparing dipeptide isosteres 1involving trans CH=CH and

C(=CH2)CH2 linkages and others (Natarajan et al., 1981).

Marshall et al., (1981) have introduced procedures by which an

analogue can be compared to its true peptide congener; they found

for example, the surprising result that the trans alkene linkage

is a better mimic of an amide than a retro amide linkage.

Farmer (1980) has provided an interesting overview of the 'no-

man's land' 1lying between the traditional areas of organic

chenmistry and peptide chemistry.



_l‘g_.

1.3 Peptide Analogues Displaying Superior Membrane Permeability:

There are three potential barriers towards delivery of
a peptide to its target tissue:
a) the intestinal epithelium, which must be crossed by orally
administered peptides.
b) the proximal kidney tubule epithelium, which must be crossed
by a peptide to remain in plasma at suitable concentrations for
periods greater than several minutes.
¢) the capillary walls at the blood-brain barrier, which must be
crossed by centrally acting peptides.
All three "barriers" are composed of a layer of epithelial cells
with cell walls consisting of lipid bilayer membranes.
"Active" carrier systems may promote membrane transport for
certain peptides, for example, active transport for amino acids,
dipeptides, tripeptides and tetrapeptides into the intestinal
epithelial cell (Silk and Dawson, 1979).
Diffusion-controlled passive transport is a more probable process
for most peptides (Mathews and Adibi, 1976) especially for
synthetic peptide analogues.,
Peptides inherently contain an array of polar amide and side-chain
groups. Peptides containing non polar side-chains, however, can
be sufficiently lipophilic to penetrate membranes. Schwyzer has
shown that ACTH can at least poke through a 1lipid bilayer
membrane (Schwyzer, 1980).
The antibacterial ionophoric peptide gramicidin A penetrates

membranes (Veatch et al., 1979) as do the peptides alamethicin
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(Boheim and Kolb, 1978), antamanide (Karle, 1979) and cyclo{(-Glu-
Sar—Gly-—decylGly)2 (Deber et al., 1979). It should thus be
possible for sufficiently lipophilic peptides to penetrate and

pass through lipid bilayer membranes.

1.3.1 Peptide Transport across the Gut:

—the key to oral activity

The digestive system has evolved to break peptides and proteins
down to their constituent amino acids to serve as nutrients to
the body. 1In the interest of nutrition, decades of research have
accumulated a wealth of knowledge about the metabolic
decomposition of peptides and proteins in transit from mouth to
blood vessels. A consequence of these efforts is that "peptide
absorption”" and "peptide transport”" have come to mean the
degradative processing from peptides in the lumen to amino acids
in the blood. These terms rarely refer to the active or passive
transport processes by which intact peptides cross the gut into
the blood (Silk, 1981).

Experiments with radiolabeled protein have shown that small
amounts of intact protein (or peptide) can cross the intestinal
epithelium under physiological conditions (Warshaw et al., 1974).
The requirements for optimal intact peptide transport across the
gut remain to be delineated. A speculative list would perhaps
include:

a) structural deterrents to aminopeptidase, carboxypeptidase and
selective endopeptidase action.

b) a sufficiently large ratio of lipophilic to hydrophilic amino
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acids to optimise lipid membrane permeability.

c¢) Inclusion of sequenses for which carrier-mediated active
transport processes may exist (Silk, 1981).

d) Inclusion of lipophilic sequences, for example, signal
peptides to assist membrane penetration.

e) Inclusion of unnatural lipophilic amino acids in the sequence.
A number of peptides have now been shown to diplay activity in
humans by oral administration. Given the potential utility of
peptides as pharmaceuticals it is important that the optimal

requirements for intact peptide gut transport be delineated.

1.3.2 Peptide Transport across the kidney tubule:

-the key to long plasma lifetime

The kidney is perhaps the most active site of peptide clearance
from the plasma (Bennett and McMartin, 1978).

The epithelial cells at the luminal brush border of the proximal
tubule are similar in structure and function to their sister
cells in the small intestine, The high capacity of the
reabsorption process in the proximal tubule epithelium suggests
that more stable lipophilic peptides should reside longer in
plasma than native peptide hormones (Stelzter-Stevenson et al.,

1981).
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1.3.3 Pathways for CNS Stimulation by Peripherally Administered

CNS Peptides:

The physiological roles of candidate peptide mneurotransmitters
are initially determined by direct injection into the brain. A
number of brain peptides and analogues have now been shown to
elicit central effects by peripheral administration (Kastin et

al., 1979).

1.3.3.1 Blood-Brain Barrier Transport:

There normally are many avenues for passage of substances from
the interior of a blood capillary to the extra-capillary
environment (Oldendorf, 1977):

a) Passage through intracellular clefts

b) Passive diffusion through thin membranous fenestrae in
capillary cells

c¢) Transport by pinocytosis

d) Transcellular passive diffusion of lipid soluble materials.
Brain capillaries lack intracellular clefts, fenestrae and
pinocytotic processes. Some substances, such as glucose, cross
by protein carrier systems but most blood-borne substances
presumably pass into the brain by passive transcellular diffusion
only. With 1lipophilicity as the key structural feature to
passive diffusion, peptides with their abundance of amide and
other ©polar groupings should be unable to diffuse across this

"blood-brain barrier".
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1.3.3.2 Blood-CSF Transport:

Another route for peptide entry into the brain might be diffusion
into the cerebrospinal fluid (CSF). Although the blood-CSF
barrier is only 0.02% of the surface area of the blood-brain
barrier (Crane, 1971), the capillaries within the
cerebroventricular organs lack the tight junctions of the blood-
brain barrier and may comprise a route for peptide entry into the
brain.

Intravenous @—endorphin is known to improve the mood of
depressedb patients (Gorelich et al., 1981). It is also known
that F) -endorphin relieves pain in humans either by spinal
injection (Oyama et al., 1982) or intravenous injection (Catlin
et al., 1977). Thus for F’-endorphin the route of passage from
plasma to CSF may be sufficlent to induce analgesia and mood

elevation.

1.3.4 Chemical Modifications to Modulate Proteolysis:

The major mode of peptide degradation in the body involves
enzymatic cleavage of amide bonds in the peptide chain.
Peptidases are found in many areas of the body; the intestinal
wall, blood plasma, the kidney, the liver and other tissues
(Bennett and McMartin, 1978).

The most important sites of enzymatic degradation are located in
the intestine and kidney (Carone et al., 1982). From port of

entry into the body in transit to tissue receptors, all of the
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amide bonds in a peptide are potentially susceptible to enzymatic
attack. In reality, however, only certain distinct amide
groups are critical for wmaintenance of an active peptide.
Protection of these amide groups is most important.

Modified amino acid residues and amide groups have been developed
that resist enzymatic attack (Morley, 1980; Spatola, 1983) and
can be substituted in the region of the peptide containing
susceptible amide bonds. Some such substitutions are shown in
Fig. 1.

Olefin substitution is perhaps the most satisfactory amide group
substitution in terms of bond angles and rigidity (Hahn et al.,
1980). It 1is 1less hydrophilic than an amide group and is
synthetically challenging. Carbonyl reduction (Szelke et al.,
1982; Van Lommen et al.,, 1981) is less of a problem, but it may
introduce a cationic ammonium group in the chain that may be
unfavourable to receptor interaction. Alternatively, —CH_-S- and

2
-CH,-0- substitutions (Shaw et al., 1982; Spatola and Betto,

2
1981; Baxter and Bradshaw, 1981) have been developed which lack a
cationic group. D-amino acid substitution (Pert et al., 1976) is
perhaps the simplest substitution given the commercial
availability of D-amino acids. This substitution can alter
conformation however (Hruby, 1982). Nc‘—methyl substitution
(Roemer et al., 1977), C°¢~methyl substitution (0'Donnell, et
al., 1982), CNLC'methylene insertion (Stachoniak et al., 1979)
and dehydro amino acid substitution (Shimohigushi et al., 1982)

provide moderate synthetic challenges and can alter conformation

(Kalir and Patchornik, 1978). Retroinverso alteration (Chorev et
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(- methyl substitution  C*-C- methylene substitution

Fig.1 : Structural modifications which reduce
proteolysis in peptides (from Samanen, 1985)
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al., 1979) constitutes a sophisticated modification that can also
alter receptor binding.

Other modifications include: Removal of the N-terminal amine or
reduction of the C-terminal carboxylic acid group (Kalir and
Patchornik, 1978). These are modifications which may reduce
proteolytic susceptibility. N-terminal and C-terminal amide bond
formation gives cyclic analogues which  would resist
aminopeptidase and carboxypeptidase action (Izumiya et al.,
1979), cyclization imposes a conformational restriction that may

be undesirable.
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CHAPTER ONE

PART A:  SYNTHESIS AND RESOLUTION OF Ol -AMINOALKANOIC ACIDS

AND THEIR DERIVATIVES
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1. INTRODUCTION:

The fatty amino acids used in this work are not available
commercially or naturally.

Therefore the first obstacle to be overcome was the synthesis of
these amino acids, and secondly their resolution into optically
pure enantiomers.

The synthesis of amino acids of this kind has been reported in
the literature (Greenstein and Winitz, 1961) and this was used to
synthesise the amino acids readily; in addition a method based on
the synthesis of fatty amino acid oxazolones was tried as this was
thought of as being quicker as well as providing a way of
obtaining the resolution of the amino acids via the stereospecific
hydrogenation of the precursor oxazolones.

As the latter method for resolution proved unworkable conventional
methods of resolution of the racemic amino acids were sought.

Of these three were tried:

a) Diastereomeric salt formation:

In this method of resolution various optically pure alkaloids were
used such as (+)-ephedrine, as well as L(+) tartaric acid, however
this method proved troublesome and was quickly abandoned.

b) Asymmetric enzymatic hydrolysis:

The use of acylase I and amidase enzymes to affect the resolution
of the two lower homologues is described in the literature, (Baker
and Meister, 1951 ; Levintow et al., 1950 for acylase I and
Tatsuoka and Honjo, 1953 for amidases), Both enzymes are L-

directed.
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Leucine aminopeptidase was used to resolve the Cl4 homologue in
poor yield, the optical rotation value obtained for this amino
acid was not in agreement with the literature value. Neither
enzyme could resolve the higher homologue probably because the
surfactant properties of the fatty amino acid denatures the
enzymes.

The general procedure for enzymatic resolution is outlined in Fig.

1.

c) Diastereomeric imine formation using chiral ketols (see later for
details ).
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L -RCONH- CHR'- COOH - L-H,N-CHR' - COOH

D-RCONH -CHR! - COOH -

1 -
L -H,N -CHR' - CONH,

D -H,N-CHR'- CONH, -

Acylase | +RCOOH

D-RCONH - CHR' - COOH

L - H,N - CHR'- COOH

Amidase + NH3

1
D-H,N-CHR' - CONH,

D-RCONH-CHR'-COOH or  D-HyN-CHR'-CONH,

H*/ heat

Fig.1 :

D- H,N - CHR!- COOH + D-RCOOH or NH3

R and R! = Alkyl chains

Resolution of DL-o«- aminoatkanoic acids
by Acylase I and Amidase
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1.1 EXPERIMENTAL:

1.2 DL- (jaminodecanoic acid (Cl0): (Scheme 1)

To 85ml of absolute ethanol were added 2.5g (0.11M) of clean
metallic sodium in small pieces over a period of 45 minutes.

To the resulting viscous ethoxide suspension were added 24.3g
(0.11M) of diethylacetamidomalonate (Aldrich, 98%) and the mixture
stirred to affect solution; to this were added 28.5g (0.15M) of 1-
bromooctane (Aldrich, 96%) and the mixture was heated under reflux
overnight on an oil bath (Albertson and Archer, 1945 and Albertson
and Tullar, 1945)

The cooled mixture was poured into 200ml of (l:1v/v) water:ice and
the resulting white precipitate was filtered and washed with water
and dried with suction for 2hrs.

The resulting solid was placed in a 500ml flask and 180ml of conc.
HC1l were added and the resulting suspension was heated under
reflux overnight.

To the cooled mixture were added 500ml of ethanol:water (3:lv/v)
and filterd hot; to the cooled solution were added 33% aq. ammonia
to pH 7.0 and the resulting white precipitate was chilled for
4hours andkiltered with suction. The solid was thoroughly washed
with water and ethanol then dried in vacuum over phosphorus
pentoxide for 10 hours.

The product was recrystallised from glacial acetic acid to yield
19.8g (97%) of the amino acid as a white powder.

mp: 259-262°C (dec.)
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a) EtOH/Na, b) 1-bromoalkane/ heat, ¢ i) H'/ heat;

pH 7.0 R = CHy(CHy) N

(1) ag. NH3

n=7,1,17

Scheme 1: N- substituted Malonic Acid ester synthesis

of DL -«- aminoalkanoic acids
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IR ( Vmax)

3200, 2960, 2920, 2860, 2650, 2100, 1660, 1625, 1590, 1510, 1420,
1350.

Elemental analysis: Calculated for, C1oH21 N0y, MW= 187.28
Caled: C:64.13, H:11.30, N:7.48, 0:17.08

Found: C:64.01, H:11.54, N:7.33, 0:17.12

1.2.1 DL-Q-aminodecanoic acid methyl ester HCl:

This was synthesised according to the method described by Brenner

and Huber (1953).

It was obtained as a white <crystalline solid and was

recrystallised from chloroform to give clear needles.

mp: 95-97°C

IR (V.0

2960, 2920, 2850, 2620, 2200, 1745 (C=0 st), 1595, 1515, 1460,
1450, 1410, 1250 (C-0 st).

1Hnmr:

0.9 (¢, 3H,CHy), 1.2 (m, 14H,(CH)), 3.6 (s, 3H, OCH;),
3.9 (s, 1H, -CH-), 8.8 (s, 3H, NH,)

Elemental analysis: Calculated for C11H24N02C1, MW= 237.77
Caled: C:55.57, H:10.17, N:5.89

Found: C:55.83, H:10.48, N:5.75



_64_

1.2.2 DL-O-chloroacetylaminodecanoicacid:

In a 100ml round bottomed flask were placed 5g (0.027M) of the
DLC;, amino acid followed by 50ml of 1M aqueous NaOH with
stirring.

Upon dissolution of the amino acid, 50ml of diethyl ether was
added and the entire mixture was cooled in an ice bath. To this
were added dropwise from a funnel 3g (2.1ml, 0.027M) of fresh
chloroacetyl chloride in 10ml of diethyl ether with cooling. At
the end of this, stirring was continued for 30 minutes then for 2
hrs at room temperature. The mixture was cooled and made acidic
with 6M HC1l and the chloroacetyl amino acid was extracted with
diethyl ether washed with water and dried over anhydrous sodium
sulphate. The product was obtained ag a white solid from
evaporation of the solvent and was recrystallised form petroleum
ether: diethyl ether (70:30 Zv/v).

Yield: 6.9g (97 %)

mp: 91-92 °C (lit. 94 °C)

1.2.3 Enzymatic resolution of DL-X-aminodecanoicacid:

26.4g (0.1M) of the chloroacetylaminodecanoicacid were dissolved
in a 1L solution of distilled water at pH 7.2 with 2M LiOH,

To this solution were added 45mg of the acylase I enzyme and the
solution was stirred at 37°C for 48 hours. The precipitate that
was the L#aminodecanoic acid was filtered off with suction and the

solid was washed with water and ethanol. It was taken up in 200ml
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of 6M HC1 at 60 C. The enzyme protein was filtered off through a
pad of celite and the clear filtrate was warmed up to redissolved
any L-amino acid HCl salt; this was then treated with 25% aqueous
ammonia to pH 7.0, to give the L-amino acid. This was filtered
off, washed with water and ethanol and dried.

The yield was 16.8g (90%).

The filtrate containing the D-chloroacetylaminodecanoic acid was
treated with 10M HCl to pH 1.5. The resulting precipitate was
filtered with suction and the solid was washed with water and
ethanol. It was dried and taken up in 200ml of 6M HCl and heated
under reflux for 2Zhours. The cooled solution was filtered and
neutralised by the addition of 25% aqueous ammonia and the
resulting D-isomer was isolated as before to yield 15.2g (81%).
Both isomers were determined from the corresponding CD spectra of

their methyl ester hydrochlorides (see Fig. 2 & 3).

1.3 DL-Q-aminotetradecanoic acid: (Cl14)

This homologue was synthesised according to the procedure outlined
above for Cl0 and was obtained as a white powder following
recrystallisation from glacial acetic acid.

mp: 218-220°C (dec.)

Yield: 96%

IR: as for the C10 homologue

Elemental analysis: Calculated for Cy4HygNO,, MW= 243.39

Caled: C:69.09, H:12.01, N:5.75

Found: C:68.97, H:11,98, N:5.59
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Fig. 2 Circular Dichroism Spectrum of L-C,_ OMeHCl

synthesised from enzymatically tesA?ved
L—Cloamino acid

(MeOH, conc.g/ml 0.00104, path length 0.05cm)
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Fig. 3 Circular Dichroism Spectrum of DC, . OMeHCl
synthesised from enzymatically regglved
DC10 amino acid

(MeOH, conc.g/ml 0.00108, path length 0.05cm)
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1.3.1 DL-Oaminotetradecanoic acid methyl ester HCl:

This ester was synthesised as previously described, it was
recrystallised from hot ethyl acetate to yield a white solid.

mp: 103-1040C

IR: as for the Cl0 homologue

Elemental analysis: Calculated for Cy5H39NO,C1, MW= 293,88

Calecd: C:61.31, H:10.97, N:4.77

Found: C:61.12, H:11.00, N:4.58

1.3.2 DL-OX-tetradecanoylamido amino acid HCL:

To 80ml of methanol saturated with ammonia gas at -5°C were added
9.75g of the DL-X:aminotetradecanoic acid methyl ester HC1 and the
mixture was placed at room temperature for 5 days. The solvent and
ammonia were subsequently evaporated off and the solid thus

obtained was recrystallised from 95% aq. ethanol.

Yield: 7.75g (84%)

mp: 224.5ﬁC

lhame: (+DMSO)

0.86 (tj3H), 1.25 (m, 20H), 1.7 (m, 2H), 3.68 (t, 1H), 7.48 (s,

1H), 7.93 (s, 1H), 8.2 (b,s 3H)
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1.3.3 Enzymatic resolution of DL-Xaminotetradecanoic

acid

7.75g (0.025M) of the racemic tetradecanoyl amido amino acid HC1
were suspended in 2L of distilled water and the pH was adjusted to
7.5-8.0 with 25% aqueous ammonia.
To this were added 3.96g of MnC12.4H20, the final concentration of
the racemic amino acid was 0.012M and Mn?* was 0.01M.
To this were added 4.0ml of leucine aminopeptidase (Sigma). The
entire mixture was kept at 37°C in a water bath. After 24hr the
solution was filtered and the solid was taken up in hot ethanol
filtered again through a pad of celite. The hot ethanol removed
unreacted amido amino acid HCl. The solid that remained behind was
taken up in 6M HC1 from which precipitated 2.45g of a white solid.
This was taken up in EtOH:water (1:1 v/v) and the pH adjusted to
7.0 with ammonia. The solid thus obtained was the resolved L-amino
acid which had an identical IR spectrum as the racemic amino acid.
It was recrystallised from glacial acetic acid.
Yield: 2.5g (41%)
mp: 210—21200

[ on] +24.1 (c1.0, C1,CHCOOH)

[oc} +12.5 (1it. c2.0, C1,CHCOOH)



._70_.

1.4 DL-®*-aminoeicosanoic acid: (C20)

This was synthesised as described for the two lower homologues and
was obtained as a white powder.

mp: 238-240 C (dec.)

Yield: 97%

IR: as before

Elemental analysis: Calculated for, CyoHy N0y, MW= 327.6

Caled: C:73.34, H:12.62, N:4.28, 0:9.77

Found: C:73.59, H:12.85, N:4.04, 0:9,52

1.4.1 DL-O-aminoeicosanoic acid methyl ester HC1:

The methyl ester was synthesised as previously described for the
two lower homologues and was recrystallised from chloroform to a
give a white crystallinme solid.

mp: 102-104°C

IR: as before

Elemental analysis: Calculated for, 021H44N02C1, MW= 378.04

Caled: C:66.72, H:11.73, N:3.70

Found: C:66.84, H:11.84, N:3.81
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1.4.2 N-t—tert—butyloxx—DL—eicosanoic acid:

This was synthesised according to the method of Tarbell et al.,
(1972).

In a 500ml round bottomed flask containing 15g (0.046M) of the
racemic (X -aminoeicosanoic acid suspended in 100ml of a 2:3 (v/v)
mixture of tertiary butanol:water were added 8M NaOH solution
dropwise to pH 12 with stirring at room temperature. To the
resulting solution were added 15g (0.069M) of ditertiary dibutyl
dicarbonate (97%, Fluka) in 30ml of t-BuOH. The pH was monitored
and adjusted to 11-12 for 30min, then periodically for 1 hr, the
mixture was allowed to stir to another 2hr and was worked up as
follows:

The mixture was diluted with 50ml of water and solid citric acid
was added to pH 3.0, the solution was then extracted with ethyl
acetate (3x30ml), the organic layer washed with brine and dried
over sodium sulphate for 30min.

The solvent was removed in vacuum and the oily residue obtained
triturated with acetonitrile; the white solid thus obtained was
filtered and dried in a dessicator.

mp: 79-80 C

Yield: 18.2g (93%)

IR ('Vma ):

X
3300 (NHst), 2980n 2920, 2850 (CHst), 2500 (OHst broad bands),
1710 (C=0st), 1680 (C=0st, urethane), 1580 (NHdef), 1365, 1325,
1160 (c-0st)/

Elemental analysis: Calculated for, Co5HygNO, , MW= 427.65
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Caled: C:70.21, H:11.55, N:3.27, 0:14.96

Found: C:70.19, H:11.59, N:3.09, 0:15.11
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1.5 CHIRAL KETOLS AS RESOLVING AGENTS:

1.5.1 Synthesis of (-)-(1S,2S,5S)-2-hydroxypinan-3-one:

This chiral ketol was synthesised by a method similar to that

of Carlson and Pierce (1971).

To an ice cold solution of 49.2g (0.36mM) of (+)-X-pinene
(Aldrich,[jC(i}+47.l (neat) ) in 440ml of a 907 aqueous acetone
solution were added with vigorous mechanical stirring 100g
(0.65M) of powdered potassium permanganate over a period of
10hrs, the solution was stirred at -10°C for an additional 24hrs
with care to ensure that all the permanganate had reacted.

The reaction mixture was filtered with suction and the filtrate
concentrated to 125ml, this was extracted with diethyl ether
(4x35ml) and the organic layer was washed with a 10% agq. NaHCO3
solution (3x20ml), and water (3x20ml) and dried. The solvent was
evaporated off in vacuo at room temperature to yield 24.2g of a clear
yellow o0il which was distilled at reduced pressure to yield a
colourless oil, 21.6g (50%), bp: 112-113, 15mmHg).

The oil was frozen at —45 C (dry ice—acetonitrile bath) and to
this were added 5ml of n-pentane and kept at —16°C for 5 days,

the colourless prisms which appeared were filtered off and dried

and kept at -16°¢ until needed.

mp : 32-33 (lit., 34-35, Carlson and Pierce, 1971)

[cﬁ ]Tcﬁ ]-—36.8 (c 2.118,1,), lit., [CX-]-—38.9 (c 2.64, CHCl,,
Oguri et al., 1978).

tlec-A, R, 0.49, tlc-B, R 0.36

f
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IR (.\[max),(lM solution, CClA):

3610 (intra, OHst)’ 3500 (inter, OHst)’ 1710 (C=Ost)'
1Hnmr:

0.88 (s, 3H, CH3), 1.32 (s, 3H, CH3), 1.36 (s, 3H, CHB)
1.65-2.60 (m, 7H).

Elemental Analysis: Calculated for CIOH1602’ MW= 168.23

Calecd: C: 71.39, H: 9.58, 0: 19.02

Found: C: 71.02, H: 9.62, O: 20.36
Note: (+)-(1R, 2R, 5R)-2-hydroxypinan-3~one was also synthesised
as described above, all spectroscopic data were identical to the

(-) ketol, it melted at 31-32C

[CX‘]+-37.5 (c 0.962, CHC13).



...75..

1.5.2 RESOLUTION OF DL-~AMINOALKANOIC ACID METHYL ESTERS:

1.5.2.1 Resolution of DL-O(-amino eicosanoic acid methyl ester:

In a 100ml three-necked flask, equipped with a magnetic stirrer,
gas inlet tube and a Dean—-Stark apparatus with a double surface
condenser were added 2.0g (5.2%M) of the racemic methyl
ester HCl salt of X —aminoeicosanoic acid, followed by 40ml of
anhydrous toluene. To this suspension were added 0.54ml (5.2%uM)
of re-distilled N-methyl morpholine with stirring, followed by
0.84g (5.29mM) of (-) ketol and a catalytic amount of boron
trifluoride diethyletherate (BDH, 45% BF3) and the entire mixture
was heated under reflux for 6hrs under nitrogen (Scheme 2).

The reaction progress was followed by tlc-A and the
diastereomeric imines were detected at Rf 0.39 and 0.68
respectively. The reaction was over when the ketol (Rf0.48) was
no longer detectable and the solvent was removed in vacuo at 30
.C., the residue was taken up in 40ml of EtOAc and filtered and
washed briefly with brine and water and dried. The resulting
yellow o0il was used directly for the chromatographic separation
of the diastereoisomers on silica gel.
The diastereoisomers were obtained as colourless oils, 0.86g (Rf
0.39) and 0.83g (Rf 0.68) with a yield of 697% overall.

R (V__ ) (thin layer, NaCl):
3440 (OHst)’ 2980, 2925, 2850, 1745 (C=Ost’ ester), 1650 (C=Nst)’
1460, 1430, 1200, 730, 720.

1Hnmr:

0.9 (t, 3H, CHy; s, 3H, CHy), l.2 (m, 32H, (cuz% ),

6
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R! : CH3(CHp)n, where n=7,11,17
RZ : CH3 or CH3(CHp)n, where n= 7,17
a) toluene /BF3(0Ef)2/ heat 6-8 hr
b) Chromatography on silica ( Merck 70- 230 mesh)
c)(i) THF 7aq 0.5M HoN.OH (HCl) 3-4 days Rm.T.
(ii) Chromatography or precipitafion from cold CH3CN

Scheme 2: Resolution of DOL-«-aminoalkanoate with chiral

ketols via the formation of diastereoisomeric imines
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1.3 (s, 3H, CH3), 1.5 (s, 3H, CH3), 1.6-2.7 (m, 94, pinane

skeleton), 3.7 (s, 3H, OCH3), 4,2 (m, 14, CH).

MS (Fab): Cy H, NO,, MW= 491
492 (100), (M+H) T, 474 (51), 432 (12), 424 (29).

The spectra of both diastereoisomers were practically identical.

Hydrolysis of the diastereoisomeric Schiff Bases:

a) Hydrolysis of the Schiff base at Rf 0.69:

To 0.75g (1.52mM) of the oily Schiff base dissolved in 2ml of
ethanol were added 4.7ml1 (1.5x1.52mM) of a 0.5M solution of
hydroxylamine hydrochloride (EtOH:HZO, 70:30) and the solution
was stirred at room temperature for 48hrs (after 3hrs a white
precipitate was evident). The solvents were evaporated off in
vacuo at room tempetature and the white residual solid was taken
up in 25ml of CHCl3 and washed with 0.IM aq. HCl (2x10ml), O0.5M

aq. NaHCO3 (2x10ml), brine and water and dried. The solvent was

removed in vacuo and the residue (0.42g) was purified on a silica

colunn.

The oxime of the (~) ketol was obtained as fine colourless
needles, 0.062g (62%) and was recrystallised from hexane.
mp : 113-115°(lit., 117-118, Oguri et al., (1978) ).
[CXL 15.8 (c 2.8, CHCL,), (11c.[°< 16.6 (c 3.0, CHCl,).
®R (Y nay)» (thin layer, NaCl):

3350, (Oﬂst), 2980, 2920, 2870, 1640 (C=Nst)’ 1470, 1440,
1380, 1160, 1080.
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1Hnmr:

0.88 (s, 3H, CH3), 1.34 (s, 3H, CH3), 1.53 (s, 3H, CH3),

1.6-2.5 (m, 4H), 2.71 (s, 2H, CH,-C=N), 4.2 (s, 1H, OH ), 9.8

2
(s, 1H, OH ).

MS(EI): C10H17N02,

166 (33),(M-17, OH), 140 (8), 122 (37), 108 (9), 99 (20),

MW= 183

95 (11), 83 (21), 71 (68), 55 (33), 43 (100).

tle-A, R 0.33, tle-C, R, 0.22

L-X-aminoeicosanoic acid methyl ester was a colourless oil which
upon standing at room temperature solidified to a white powder,

0.32g (58%).

mp : 50-51

IR(V max)’ (thin layer, NaCl):

3400, 3320 (Nﬂst), 2960, 2920, 2850, 1720 (C=Ost’ ester),

1620, 1470, 1200, 1170,

Tlc-A, Rf 0.1, tle-C, Rf 0.17

1Hnmr:

0.8 (t, 3H, CH3), 1.26 (m, 32H, (CH2)16 ), 1.5 (m, 2H, —CHZ),

3.7 (s, 3H, OCH3), 4.1 (m, 14, CH),

Note: at 2,lppm, HZO was observed and as no NH protons were
observed it might well be possible that they are under the water

resonance peak, on the other hand the signals may be very broad

so they are not observed.

Elemental analysis: Calculated for C21H43N02, MW= 341.56

Calecd: C: 73.85, H: 12.68, N: 4.10, 0: 9.36

Found: C: 73.86, H: 12.58, N: 4.00, O: 9.57



_79_

+2
Ae
Pt i tar APyl 0
-2
260 WAVELENGTH/nn 170
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resolved with (IS.ZS.SS)(-)-Z-hydraxypinan-3-one

(MeOH, conc.g/ml 0.000991, path length 0.05¢m)
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Circular Dichroism Spectrum:

The ester exhibited a positive CD spectrum, (Fig.4)
Aé =4+ 1.68 (}

By comparison of the CD spectra of this ester and esters of X -

210), (c 0.991mg/ml)

aminodecylic acid (synthesised from enzymatically resolved amino
acid) it was possible to conclude on the basis of the sign of the
spectrum, which was the configuration of the methyl ester
obtained from the diastereoisomeric imine with R_ 0.38.

f

b) Hydrolysis of the Schiff base at Rf 0.38:

The diastereoisomeric imine at Rf 0.38 was hydrolysed in a
similar manner as described above to yield the D-isomer as a
colourless o0il which solidified to a white powder upon standing.
mp : 49.5-51.5 "C,

Elemental analysis: Calculated for 021H43N02, MW= 341.56

Calcd: C: 73.85, H: 12.68, N: 4.10, 0: 9.36

Found: C: 73.75, H: 12.68, N: 3.97, 0: 9.60

Circular Dichroism spectrum:
The ester exhibited a negative spectrum: (Fig.5)
Aé =- 1,64 (] 210), (c 1l.16mg/ml)

This ester was assigned the D configuration as described above.
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resolved with (lS,ZS.SS)-(-)-Z-hyspoxypinan-3—one

(MeOH, conc. g/ml 0.00116, path length 0.05 cm)
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1.5.2.2 Resolution of DL-laminodecanoic acid methyl ester:

The wethod of resolving this ester was similar to that described

for the C ester,

20 the quantities of reactants used are as

follows:

1.0g (4.21mM) of X-aminodecanoic acid methyl ester HCl
0.43g (4.21mM) of N-methylmorpholine

40ml anhydrous toluene

100mg boron trifluoride (catalytic)

0.7g (4.19uM) of (-) ketol. Reaction time was 8hrs.

The diastereoisomeric imines were obtained as colourless oils,
R.0.32, (0.72g); R.0.54, (0.65g), (93%), tlc-A

IR (-l,max) (thin layer, NaCl):

3440 (OHst)’ 2980, 2930, 2850, 1745 (C=Ost), 1650 (C=Nst)’
1460, 1430, 1200, 730, 720.

1Hnmr:
0.9 (t, 3H, CH3; s, 3H, CH3), 1.2 (m, 12H, (CHZ% R

1.3 (s, 3H, CH3), 1.5 (s, 3H, CH3), 1.6-2.7 (m, 94, pinane

skeleton), 3.7 (s, 3H, OCHB), 4,1 (m, 1H, CH ).
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Hydrolysis of the diastereoisomeric imines:

a) Diastereoisomer at Rf 0.54:

To 0.75g (2.14mM) of the imine in 2ml of ethanol were added llml
of 0.5M ethanolic hydroxylamine hydrochloride (1.5x2.14mM) and
the solution stirred at room temperature for 48hrs. The solvents
were removed in vacuo at room temperature and the resulting
colourless oil (0.38g) was dissolved in 10ml of EtOAc and washed
as previously described. The organic layer was dried and the
ester was separated from the ketoxime by chromatography on
silica, tlc-B.
The resulting colourless oil was taken up in 5ml of EtOAc

and dry HC1 gas passed through the solution for 30Omins, the

solvent was removed in vacuo and the resulting white solid
weighed 0.41g (82%).

mp : 132-133.5 °C.

IR (-V-max):
3150, 2960, 2920, 2850, 2600, 2010, 1745, 1610, 1475,
1465, 1460, 1235, 760.

Hnmr:
0.8 (t, 3H, CH3), 1.26 (m, 12H, (CHZE )Y, 1.5 (m, 2H, —CHZ)’

3.7 (s, 3H, OCH,), 4.1 (m, 1H, CH ), 8.8 (br s, 3H, NH,).

Circular Dichroism spectrum: (Fig.6)

The ester exhibited a positive CD spectrum, it has the L

configuration.

[&e =4+ 1.60 ¢ x 210), (¢ 1.04mg/ml)
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resolved with (15,25,55)(-)-2-hydroxypinan-3-one

(MeOH, conc. 0.00104g/ml, path length 0.05cm)
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Elemental analysis: Calculated for, C11H24N02Cl, MW= 237.77
Calcd: C: 55.57, H: 10.17, N: 5.89

Found: C: 55.49, H: 10.22, N: 5.95

b) Hydrolysis of the diastereoisomer at Rf 0.32:

The method of hydrolysis was as described above, and the
quantities of the reactants were as follows:

0.62g (1.77mM) of the diastereoisomeric imine,

5.3m1 (1.5x 1.77mM) of 0.5M ethanolic hydroxylamine hydrochoride,
The imine was dissolved in 2ml of ethanol and following the
addition of the hydroxylamine reagent stirring was continued for
50hrs at room temperature.

The ester was obtained as a colourless oil after chromatographic
separation from the ketoxime , 0.28g (79%), it was converted to
the hydrochloride salt as previously described.

mp : 130-132 °C.,

IR ( Vmax) :

3150, 2960, 2920, 2850, 2600, 2010, 1745, (C=Ost’ ester),

1610, 1475, 1465, 1460, 1235, 760,

1Hnmr:

0.8 (t, 3H, CH3), 1.26 (m, 12H, (CHZ)6 ), 1.5 (m, 2H, -CHZ),
3.8 (s, 3H, OCH3), 4,1 (m, 1H, CH ), 8.9 (br s, 3H, NHB)'
Circular Dichroism spectrum: (Fig.7)

The ester exhibited a negative CD spectrum,

Ae =-1.68 (}210), (¢ 1.12mg/ml)

it was therefore assigned the D- configuration.
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resolved with (15,ZS,55)(-)-2-hyd}9xypinan-3-one

(MeOH, conc.g/ml 0.00112g/m1, path length 0.05cm)
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Elemental analysis: Calculated for, C11H24N02Cl, MW= 237.77
Caled: C: 55.57, H: 10.17, N: 5.89

Found: C: 55.33, H: 10.13, N: 5.87

1.5.2.3 Resolution of DL-®aminotetradecanoicacid methyl ester:

The method for resolving this methyl ester is as described
previously and the quantities of reactants used are as follows:
2.0g (6.81mM) of the racemic methyl ester hydrochloride,

0.68g (6.81mM) of redistilled N-methylmorpholine,

50ml of anhydrous toluene,

l.14g (6.78mM) of (-) ketol, and 100mg of boron trifluoride
dietherate as catalyst. Reaction time was 8hrs.

The two diastereoisomeric imines were obtained as slightly
yellowish clear oils; 1.,13g (Rf0.58), l.4g (Rf0.38), tlc—-A

the overall yield was 2.53g (92%).

IR ( 1Imax)’ (thin layer, NaCl):

3440 (OHst)’ 2980, 2930, 2855 (CHst)’ 1745 (C=Ost)’

1655 (C=Nst)’ 1460, 1430, 1195.

1Hnmr:

0.9 (t, 3H, CH3; s, 34, CH3), 1.2 (m, 20H, (CHZ)IO),

1.3 (s, 3H, CH3), 1.5 (s, 3H, CH3), 1.6-2.8 (m, 94 ),

3.8 (s, 3H, OCH3), 4.4 (my 1H CH ).
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Hydrolysis of the diastereoisomeric Schiff bases:

The method is as previously described.

a) Hydrolysis of the Schiff base at Rg 0.58:

To 0.73g (1.79mM) of the imine in 2ml of ethanol were added 5.5ml
(1.5x1.79mM) of 0.5M ethanolic hydroxylamine hydrochloride and
the resulting clear solution was stirred at room temperature for
5 days. The final product was isolated by chromatography from
the ketoxime as described before as a colourless oil which was
converted to the hydrochloride salt as before to yield 0.43g

(94%) of a white powder.

3200, 2960, 2859, 2600, 2000, 1745 (C=Ost)’ 1600, 1590, 1475,
1465, 1460, 1235.

1Hnmr:

0.9 (t, 3H, CH3), 1.25 (m, 20 H, (CHZ)IO), 1.38 (m, 2H, -CHZ),
3.5 (s, 3H, OCH3), 4,0 (m, 14, CH ), 9.1 (br s, 3H, NH3).

Rf 0.52, tlc-B

Circular dichroism spectrum: (Fig.8)

The ester exhibited a positive CD spectrum,

AE= + 2.1 ()\

By comparison with enzymatically resolved C

2107 (¢ 1.29mg/ml)

10 amino acid methyl

ester this enantiomer was assigned the L configuration.
Elemental analysis: Calculated for C15H32N02C1, Mw= 293.88
Calcd: C: 61.31, H: 10.98, N: 4.77

Found: C: 61,07, H: 11,20, N: 4,60
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Fig. 8 Circular Dichroism Spectrum of L-C, OMe.HC1

resolved with (15,25,55)(-)-2-hydrdiypinan
J-one

(MeQH,conc.g/ml 0.00129, path length 0.05cm)
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b) Hydrolysis of the Schiff base at Rf 0.38:
To 0.8g (1.97mM) of the oily diastereoisomeric imine were added
6.6ml1 (1.5x2,21mM) of 0.5M ethanolic hydroxylamine hydrochloride
and the solution stirred at room temperature for 96hrs.
A further 6.6ml of the hydroxylamine reagent were added and
stirriné was continued for a further 48hrs. The product was
isolated in pure form as described above and converted to the
hydrochloride salt to yield 0.42g (91%Z) of a white powder.
mp: 112-114 *C.
RfO.Sl, tle-B
Both the IR and the proton nmr spectra of this enantiomer were
identical to the L —enantiomer.
Circular dichroism spectrum:
The CD spectrum was negative. (Fig.9)

AE = = 2.43 () 210

This enantiomer has therefore been assigned the D configuration.

), (c 0.995mg/ml)

Elemental analysis: Calculated for C15H32N02C1’ Mw= 293.88

Calcd: C: 61.31, H: 10.98, N: 4.77

Found: C: 60.92, H: 10.63, N: 4.63
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resolved vith (15,25,55)(-)-Z-hyd}Sxypinan
3-.one

(MeOH, conc.g/ml 0.000995, path length 0.05cm)
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1.5.3 SYNTHESIS OF HYDROPHOBIC ESTERS OF DL-&-AMINOEICOSANOIC ACID:

1. O(~amino—DL-potassium eicosanoate:

To 0.35g (1.07mM) of DL-Q-aminoeicosanoic acid im 4ml of
absolute ethanol were added 0.06g (1.07mM) of KOH (l.lml of a 1M
ethanolic solution of KOH in 10% HZO) with stirring

at room temperature for 45mins. Occasionally mild heating was used
in order to dissolve the amino acid completely. The resulting
solution was filtered and the solvents were removed in vacuo.

The o0ily residue was dried over P in a dessicator for 10hrs to

2%
yield 0.39g (quant.) of a white hygroscopic solid. It was used

directly for the next step.

2. Esterification of the K-salt:

To 0.31g (0.85mM) of the salt (1) in a 100ml round bottomed flask
were added 0.22g (0.85mM) of anhydrous Cr-18,6 (Aldrich) followed

by 20ml of anhydrous toluene, to this suspension were added 0.33g
(1.0mM) of l-bromooctadecane (Aldrich). The suspension was heated
under reflux for 2hrs with vigorous stirring.

Tlc (hexane:EtOAc, 9:1) indicated a major product at Rf 0.45 as
well as substantial amount of l-bromooctadecane remaining, Rf
0.75, some of the K salt also remained. Refluxing was continued
for a further lhr and the mixture worked up as follows:

The mixture was cooled and the solvent evaporated off in vacuo at
35 C, the residue was taken up in 30ml of EtOAc and filtered,
the yellow filtrate was washed with 1M aq. HCl (2x10ml), 0.5M
aq. NaHCO3(2x10ml), brine and water and dried. The yellow

residue was triturated with cold acetonitrile and filtered to
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yield the product slightly contaminated with some 1-
bromooctadecane, the product was further purified by preparative
tle on silica ( MeOH: CHC1 4, 1:9) to yield the "fatty" ester as a
white semi-solid, 0.23g (47%)

Rf 0.73, tlc-E

( \jmax) (thin layer, NaCl):

3400 (NHst, antisym.), 3200 (NHst’ symm.), 2975, 2930,

2850, 1745 (C=Ost’ ester), 1590, 1475, 1440, 1410, 1390,

1210, 1180,

1Hnmr:

0.88 (dist.t, 6H, 2xCH3), 1.24 (m, 64H, 2x (CH2)16 ), 1.54-1,78
(m, 2H, (CHZ)— ), 2.4 (broad, NHZ’ HZO)’ 3.44 (m, 1H, CH),

4,22 (m, 2H, OCHZ).
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1.5.4 SYNTHESIS OF HYDROPHOBIC ESTERS OF N-Boc—-DL-AMINOEICOSANOIC ACID:

1.5.4.1 Carbodiimide coupling: (Sheehan et al., 1961)

To 0.75g (l1.76mM) of N-t—Boc—DL-eicosanoic acid in 20ml of
dichloromethane at 0 C were added 0.47g (1.76mM) of l-ethyl-3-(3-
dimethylamino)-propyl carbodiimide (Aldrich) with stirring for
3mins followed by 0.47g (1.76mM) of n-octadecanol. Stirring was
continued for 24hrs at room temperature.

Tlc (1007 CHC13) indicated the presence of considerable
octadecanol still unreacted. The reaction mixture was worked up
in the usuall way and the small quantity of product, 0.2g (16%)
was isolated in pure form by preparative tlc on silica to yield a
white amorphous powder.

mp: 49-51

1.5.4.2 Base-catalysed Transesterification of Active esters:

a) Imidazole as catalyst: ( Wang, 1973)

To 0.2g (0.38mM) of N-tBoc-eicosanoic acid-N-hydroxysuccinimide
ester in 4ml of anhydrous and ethanol-free CHCl3 were added
0.113g (0.42mM) of n-octadecanol, followed by 2.8mg of imidazole
and the clear mixture was stirred at room temperature for 48hrs.

Tlc (MeOH:CHC1,,1:100% v/v) indicated that the reaction had

3’
substantially gone to completion and the product, Rf0.65, was
isolated by preparative tlc on silica gel as a white powder.

yield of the reaction was 0.1ll6g (52%).

Note: longer reaction time (up to 3days) did not improve the

yield.
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mp: 48-49 °C.
R (V_ ):

3395, 2960, 2910, 2850, 1755 (C=0_,, ester), 1685, 1510,

t
1480, 1410, 1385, 1355, 1160.

1Hnmr:

0.8 (dist.t, 6H, 2xCH3), 1.3 (m, 62H, 2x(CH ), 1.42 (s, 9H,

216
Boc~ ), 1.5-2.0 (m, 4H, (CH2)~(CH2) ), 4.2 (m, 2H, OCHZ),

4.3 (m, 1H, CH ), 5.0 (d, 1H, NH ).

Elemental analysis: Calculated for, C43H85N04, MW= 680.15

Calcd: C: 75.81, H: 12.64, N: 2.07, O: 9.48

Found: C: 75.91, H: 12.59, N: 2.05, 0O: 9.40

MS(Fab):

No (M+H)+ was observed, instead the highest mass was at 580, this

represents the loss of the Boc- group (i.e.,(M+H)+ - 100).

b) 4-Dimethylamino pyridinme as catalyst: ( Steglich, 1978)

To 0.52g (0.99mM) of the same active ester (N~hydroxysuccinimide)
im 6uml of chloroform were added 0.27g (0.99mM) of n-octadecanol
followd by 7mg of 4-dimethylamino pyridine with stirring for
three days at room temperature. Tlc (hexane:ether,70:30% v/v)
indicated the presence of the product, Rf 0.72., After the usual
work-up the product was isolated by preparative tlc as a white
powder, 0.42g (62%).

All its properties, including melting point (50°C ) and spectra

were identical to the ester obtained by the previous experiments.
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1.5.4.3 E:E—Boc—DL—eicosanoic acid-N-hydroxysuccinimide Ester:

(Anderson et al., 1963,1964)

To 1.75g (4.1mM) of the racemic Boc—-eicosanoic acid in 20ml of

anhydrous tetrahydrofuran were added 0.87g (4.1lmM, plu; 10% xs)
of redistilled N,N-dicyclohexylcarbodiimide (DCC), followed by
0.48g (4.2mM) of recrystallised N-hydroxysuccinimide and the
solution stirred at room temperature for 24hrs.

The precipitated N,N dicyclohexyl urea was filtered off and the
filtrate was washed with IM aq. HC1 (2x6ml), 0.5M aq.
NaHC03(2x6m1) brine and water and dried. The solvent evaporated
off in vacuo and the white residue was recrystallised from EtOAc
to yield 1.89g (88%Z) of the active ester as a white powder, which

was pure by tlc (MeOH:CHCl,, 5:95% v/v, Rf 0.71 ).

3’
mp: 103-105 °C.

IR ( _Vmax):

3390 (NHst)’ 2980, 2920, 2840, 1810, 1785 (C=0 succ. ),

st’

1735 (C=Ost’ ester), 1685 (C=ost’ ureth.), 1510, 1465, 1455,

1390, 1160.

1Hnmr:

0.81 (t, 3H, CH3)’ 1.32 (m, 30 H, (CHZ) ), 1.43 (s, 94, Boc-),
15
1.5-2.0 (m, 4H, CHZCHZ—(CHZ)— ), 2.85 (s, 4H, Succ.),

4.65 (m, 1H, CH ), 4.95 (4, NH ).

MS(Fab): C)oHo,N,0,, MW= 524.74

425(33)(M+H)+—100 (Boc-), 327(37), 283(100), 280(38).
Elemental Analysis: Calculated for C29H52N206, MW= 524,74
Caled: C: 66.38, H: 9.98, N: 5.33, 0: 18.29

Found: C: 66.60, H: 10.18,N: 5,50, 0: 17.72
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1.5.5SYNTHESIS OF HYDROPHOBIC ESTERS OF N——Boc—AMINOEICOSANOIC ACID

WITH CROWN COMPOUNDS: (Hiraoka, 1982)

RBoc—DL—Clg—COO—C8

1.5.5.1 Esterification with l-bromooctane:

To 1l.lg (2.34mM) of the potassium salt of Boc-eicosanoic acid
(Boc—aZO~OH) suspended in 40ml of anhydrous toluene were added
0.45¢g k2.36mM) of l-bromooctane (Aldrich), and 0.62g (2.4mM) of
Cr-18,6 and the mixture heated under reflux for 2hrs.

The solvent was evaporated off in vacuo at 30 C and the oily
residue was taken up in 30ml of EtOAc and the precipitated Cr-
18,6-KI complex filtered off (white crystalline solid which
turned yellow upon exposure to light). The filtrate was washed
with IN aq. HCl (2x10ml), saturated aq. KCl (4x10ml) and water
and dried. The solvent was removed as before and the resulting
sligthly yellow o0il was triturated with acetonitrile and the
white powder filtered off and dried to yield l.15g (91%).

mp: 33-35°C.,

Rf 0.59, tle-J

IR ('lfmax)( thin layer, NaCl):

3450-3300 (NHst)’ 2960, 2940, 2860, 1740 (C=Ost’ ester),

1720 (C=Ost, ureth.), 1390, 1370, 1170.

Hnmr:
0.8 (dist. t, 6H, 2xCH3), 1.2 (m, 42H, (CHz) ) (CHZ) ),
15 6
1.4 (s, 94, Boc~-), 1.5-2.0 (m, 4H, CH,CH,-), 4.1, (m, 1H, —-CH),

2772
4.2 (m, 24, -OCH,), ester).



_98_

1.5.5.2 Esterification with l-bromododecane: Boc—DL—Clg—COO—C12
This reaction was carried out as described above, and the
quantities of reactants used are as follows:

1.07g (2.3mM) of Boc-eicosanoic acid potassium salt,

0.62g (2.4mM) Cr-18,6

0.57g (2.3mM) of ] 1-bromododecane (Aldrich)

The mixture was heated under reflux for 3hrs and worked up as
previously described to yield 1.94g (98.5%Z) of the "fatty" ester
as a white amorphous powder.

mp: 48-49 °C.

Rf0.76, tle-J

IR (-xrmax):

3395 (Nﬂst), 2960, 2910, 2850, 1755 (C=Ost’ ester), 1685 (C=0St
ureth.), 1510, 1480, 1410, 1385, 1355, 1160.

lHnmr:

0.8 (dist. t, 6H, 2xCH3), 1.2 (m, 52H, (CHZ%ES;(CHZ)II),

l.4 (s, 9H, Boc-), 1.6-2.0 (m, 4H, —CHZCHZ), 4,15 (m, 1H, CH),

4.3 (m, 2H, _OCHZ)'
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1.5.5.3 Esterification with l-bromooctadecane: Boc—DL—Clg-COO—C!18

The synthesis of this "fatty" ester was carried out as described
above and the quantities of reagents used are as follows:

0.32g (0.69mM) of Boc-eicosanoic acid potassium salt, :

0.183g (0.6%9mM) of Cr-18,6,

0.23g (0.6%mM) of l-bromooctadecane.

The mixture was heated under reflux for 3hrs and worked up as
before to yield 0.42g (89%) of a white amorphous powder.

mp: 48-49 C

tle-J, R_ 0.42

£
IR(Y )

max’
3395, 2960, 2910, 2850, 1755 (C=Ost, ester), 1685 (C=Ost’

ureth.), 1510, 1480, 1410, 1385, 1355, 1160.
1Hnmr:

0.8 (dist. t, 6H, 2xCH,), 1.2 (m, 62H, (CH,) ; (CH,)) ),
3 276 215

1.5-2.1 (m, 4H, -CH2CH2), 4,15 (m, 1H, CH ), 4.22 (m, 2H, OCHZ)'

Elemental analysis: Calculated for, C43H85N04, MW= 680.16
Calcd: C: 75.93, H: 12.59, N: 2.05, 0: 9.40

Found: C: 75.81, H: 12.64, N: 2,07, 0: 9.48

Acidolytic cleavage of the E-—butyloxycarbor;yl group:

(see Bodanszky, 1984)
The method 1is described for the octadecyl ester \above and it was

the same for the other esters.

To 0.37g (0.55mM) of N-"-Boc-DL-eicosanoic acid octadecyl ester

(Boc—C|9~COO-C|g) dissolved in 15ml of dichloromethame , dry HC1
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gas was passed through the solution for 50mins at 0°C.

The reaction was followed by tlc-J and at completion the solvent
was removed in vacuo. The resulting white powder was triturated
with diethylether and filtered to yield 0.35g (quant.) of the HC1
salt of the "fatty" ester as a white powder.

mp: 95-97°C.

IR ( Lfmax):

3300, 2960, 2920, 2860, 2640, 2000, 1745, 1600, 1480,

1470, 1220, 1060, 720.

1Hnmr:

0.8 (dist. t, 6H, 2xCH,), 1.2 (m, 62H, (CH.) ;(CH.) ),
3 216 275
1.5-2.0 (m, 4H, ~CH,CH,), 4.1 (m, 1§, CH), 4.2 (m, 2H, OCH,),

8.9 (br s, 3H, NH3).
Elemental analysis: Calculated for C38H78N02C1, MW= 616.49
Caled: C: 74.03, H: 12.75, N: 2.27

Found: C: 73.86, H: 12,53, N: 2.15

The HC1l salts of :Boc—DL—Clg—COO—C8 am#Boc-DL—Clg—COO-C12

were prepared as above and their physical data is summarised

below:
HCl-Clg-COO-C8

mp: 79-82 °C,

IR: identical to the spectrum of!HCl—Clg—COO-C18 salt.

1Hnmr:

This compound had a spectrum which was identical to the one for

the ?Clg—COO"Clg salt except that the multiplet at 1.2ppm

integrated for 42 protons.
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MS(Fab): C,oH oNO.CL, MW= 475.5

439 (M+H) - HCL(6), 326 (10), 282 (100).

’HCl—C1 -C00-C

9 12,.

mp: 85-87 °C.

IR: as above.

Homr :

This HCl salt showed an identical nmr spectrum to that obtained
for the HCL salts of‘clg_coo_clg and iClg-COO*C8 except the

multiplet at l.2ppm integrated for 52 protons.
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1.5.6 RESOLUTION OF HYDROPHOBIC ESTERS OF DL-AMINOEICOSANOIC ACID

WITH (-)-(1S,2S,5S)—-2-HYDROXYPINAN-3-ONE:

1.5.6.1 Resolution of DL—octadecyl—cx:_aminoeicosanoate:

. HC1-C

| -COO-C1

19 8

In a 100ml three-necked round bottomed flask equipped with a gas
inlet tube, a magnetic stirrer and a Dean—Stark apparatus with a
double-surfaced condenser were added 1.16g (1.88mM) of the
racemic '"fatty" ester HCl salt followed by 60ml of anhydrous
toluene and 0.193g (0.2iml, 1.88mM) of redistilled N-methyl
morpholine with stirring for Smins. To this mixture were added
0.3g of (-)ketol followed by 150mg of boron trifluoride
dietherate and the mixture was heated under reflux for 10hrs

(the reaction was generally stopped when tlc-B indicated the
absence of the ketol).

The reaction mixture was cooled and the solvent removed in vacuo

at 35 °C and the resulting oil (1.18g) taken up in 25ml1 of EtOAc
and washed with brine and dried. The diastereoisomeric imines were
separated on a silica column to yield sligthly yellow clear oils;
0.52g (Rf 0.65) and 0.56g (Rf 0.45), these oily imines solidified
upon standing at 4 C overnight.

mp: 437, Rf 0.65, 38-39 (Rf 0.45)

IR (.l,max) (thin layer, NaCl)

3565 ( Oﬂst), 2980, 2925. 2850, 1735 (C=Ost’ ester),

1650 (C=Nst)’ 1465, 1455, 1160.
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Hnmr:

0.8 (2s,& t, 9H, 3xCH.), 1.25 (m, 62H, (CH,) & (CH,) ),
3 26 215

1.35 (s, 3H, CH3), 1.5 (s, 3H, CH3), 1.5-2.5 (m, 9H, 1 OH, 6H
pinane skeleton, 2H. CHZ-(CHZ) ), 4.1 (m, 1H, CH), 4.2 (m, 2H,
(CH2).

MS(Fab): C, H..NO.,, MW= 729

48491 N05>
730 o)t 100y, 713 am)t- om (85).

Hydrolysis of the diastereoisomeric Schiff bases:

a) Hydrolysis of the Schiff base at Rf 0.65:

To 0.15g (0.21mM) of the Schiff base dissolved in 3ml of
tetrahydrofuran were added 0.63ml (1.5x0.21mM) of 0.5M ethanolic

hydroxylamine hydrochloride (EtOH:H,O0 70:30) with stirring and

2
the resulting solution kept at room temperature for 84hrs.

The product was visualised on tlc (MeOH:EtOAc:NH3 1:100:1)
with ninhydrin spray, Rf 0.53 as a purple "spot'".

The product was obtained by concentrating the reaction mixture in
vacuo at room temperature, followed by addition of cold
acetonitrile, the resulting precipitate was the HCl of the ester,
0.1g (79%) as a white powder.

mp: 118 "C.

IR (Vmax):

2965, 2955, 2920, 2600, 2000, 1750 (C=Ost’ ester), 1600,

1480, 1460, 1220.

1Hnmr:

0.8 (dist. t, 6H, 2xCH,), 1.2 (m, 62H, (CH.) :(CH.) ).
3 e %1s
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1.5-2.0 (m, 4H, CH,CH,), 4.1(m, 1H, CH ), 4.2 (m, 2H, OCH,),
9.1 (br s, 3H, NH3 ).

Elemental analysis: Calculated for C38H78N02Cl, MW= 616.49
Caled: C: 74.03, H: 12.75, N: 2.27

Found: C: 74,28, H: 12.50, N: 1.98

Circular dichroism spectrum: (see Fig.l0)
The spectrum was positive although poor due to low solubility of

the salt in suitable solvents.

b) Hydrolysis of the Schiff base at Rf 0.45:

The method was similar to that above.

0.75g (1.03mM) of the Schiff base in 2ml of tetrahydrofuran.
3.1m1 (1.5x 1.03mM) of 0.5M hydroxylamine hydrochloride.

Stirring at room temperature for 96hrs.

The HC1l salt of the ester was isolated as described above, it was
a white powder, 0.56g (917%).

mp: 120-121 °C.

IR and 1Hnmr spectra were identical to the ester obtained from
the hydrolysis of the Schiff base at Rf 0.65.

Elemental analysis:

Calcd: C: 74.03, H: 12.75, N: 2.27

Found: C: 73.98, H: 12.81, N: 2.03

Circular dichroism spectrum:(see Fig.l1)

The spectrum was negative although poor due to low solubility of

the salt in suitable solvents.
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Fig. 10 Circular Dichroism Spectrum of L-C.,C00C, HC1

resolved with (IS.ZS,SS)(-)-Z-hydrlzypingg
3-one

(MeOH, conc. g/ml 0.001084, path length 0.05cm)
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Fig. 11 Circular Dichroism Spectrum of DC,,€00C, HC1

resolved with (15,25,55)(-)-Z-hyd;%xypiagn
3-one

(MeOH,Conc. g/ml 0.001070, path length 0.05cm)
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1.5.6.2 Resolution of DL-octyl-2 —aminoeicosanoate:

The method 1is as previously described and the quantities of the
reactants are as follows:

3.0g (6.3mM) of the DL-octyl ester HCl salt,

0.96g (5.7mM) of the (-) ketol,

0.63g (0.69ml, 6.3mM) of N-methyl morpholine

70ml anhydrous toluene. Reaction time was 12hrs (100mg BF3 as
catalyst).
The diastereoismeric Schiff bases were obtained as clear

yellowish o0ils by column chromatography on silica (Tlc-B ), Rf

0.53 and 0.42 , yield: 1.21g (65%) and 1.24g (67%) respectively.

IR spectra were both identical with the diastereisomers described

above.
1Hnmr: (diastereoisomer at Rf 0.53)
0.8 (2s, t, 9H, 3xCH3), 1.25 (m, 44H, (CHZ) ), (CHZ) ),

16 6
1.35 (s, 3H, CH), 1.5 (s, 3H, CHj), 1.54-2.7 (m, 9H, 1 OH,

6H, pinane, 2H, CHZ)' 4.2 (m, 1H, CH), 4.21 (m, 2H, 0CH2).
The proton nmr spectrum of the diastereoisomer at Rf 0.42 was

identical to the one above.

Hydrolysis of the diastereoisomeric Schiff bases:

a) Hydrolysis of the base at Rf 0.53:

The method is as previously described and the quantities of
reagents used is as follows:
l.12g (1.90mM) of the imine in 3ml of ethanol,

5.7m1 of ethanolic 0.5N hydroxylamine HC1,
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Stirring was continued for 24hr (after 18hr a white precipitate
appeared). A further 5.7ml of the reagent were added and the
solution continued to be stirred for 42hr. It was worked up in
the usual way to yield 0.84g (93%) of a fine white powder as the
hydrochloride salt of L-octyl-2- aminoeicosanoate.
mp: 104-106 °C.
IR: identical to the other enantiomers above.
1

Hnmr :

0.8 (dist. t, 6H, ZxCH3), 1.2 (m, 44H, (CHZ) » (CHZ) ),

1.4-1.9 (m, 2H, -(CHZ), 4.2 (m, 1H, -CH ), 4}3 (m, Zéi —OCH2),
9.0 (br s, 3H, NH3 ).

Elemental analysis: Calculated for C28H58N02Cl, MW= 476.23
Caled: C: 70.62, H: 12.27, N: 2.94

Found: C: 70,71, H: 12,12, N: 2.81

Circular Dichroism spectrum: (Fig.l12)

b) Hydrolysis of the Schiff base at Rf 0.42:

Method as before, the quantities of reactants used are as
follows:

0.47g (0.79mM) of the base in lml of ethanol,

2.4ml1 of the 0.5N ethanolic solution of hydroxylamine HCl1 with
stirring for 30hrs. A further 1.5ml of the reagent was added and
stirring continued for a total of 45hr. The product was obtained
as a white powder, 0.33g (87%) in the usuall way which was the

hydrochloride salt of D-octyl-2-aminoeicosanoate.

mp: 104 °C.
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Fig.12 Circular Dichroism Spectrum of L-019C00C3

HC1 resolved with (15,25,55)(-)-2-hydroxy
pinan-3-one

(MeOH, conc.g/ml 0.0009883,path length 0.05cm)
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Both the IR and the proton NMR spectra of this enantiomer were

identical to the L-enantiomer.

Elemental analysis: Calculated for C28H58N02C1, MW= 476.23

Caled: C: 70.62, H: 12.27, N: 2.94

Found: C: 70.78, H: 12,22, N: 2.87

Circular Dichroism spectrum: (Fig.13)

Ne = - 2.43 ()

210), (c 0.112mg/ml)
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Circulser Dichroism Spectrum of DC

1 COOCS HC1
resolved with (15,25,55) -2-hydrox¥pinan
3-one

(MeOH, conc. g/ml 0.001115, path length 0.05cm)
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PART B: OXAZOLONES OF (X -AMINOALKANOIC ACIDS IN PEPTIDE

SYNTHESIS:
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1.6 INTRODUCTION:

Oxazolones are good acylating agents and could be useful for the
activation of the carboxyl component in peptide synthesis, yet
delocolisation of the negative charge in the deprotonated
intermediate provides them with sufficiently long life time to
endanger the chiral purity of the product.

When chirality is lacking or there is double substitution at the
Ot-carbon atom of the -COOH terminal residue of the carboxyl
component, activation by oxazolone formation is very satisfactory,
and for simple peptides as well as in occasions where steric
problems are troublesome (when the more familiar methods of
coupling are used) then it is the method of choice (Leplawy et
al., 1960, Wunsch, 1974),

Oxazolones based on fatty amino acids were synthesised in this
work as an alternative to the synthesis of O‘-aminoalkanoic acids
and in an attempt to resolve the racemic fatty amino acids as
diastereomeric dipeptides by reacting the oxazolones with
optically pure Boc-amino acids.

In Scheme 3 the condensation of n-octadecanal with hippuric acid
under the conditions described by Finar and Libman (1949) gave 2-
phenyl-4-octadecalidene oxazol-5-one in 50-52% yield.
Hydrogenation of this with Pd/C at room temperature and pressure
resulted in the quantitative yield of the saturated 2-phenyl-4-
octadecyl-oxazol-5-one (racemic); treatment of the latter with 1%
aqueous NaOH solution followed by acid hydrolysis of the resulting

"opened" N-benzoyl derivative gave the racemic ¢ -aminoeicosanoic
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acid in 76-78 7 yield.
In addition the oxazolones readily coupled with a number of
nucleophiles to yield modified amino acids, simple esters as well

as diastereomeric dipeptides which were readily separable by

chromatography.



~115-
1.6.1 Experimental:

1.6.2 n—Octadecanal:

To a suspension of 1.0g (3.7mM) of n-octadecanol in 30ml of

anhydrous toluene were added 5.5g of dipyridinium—chromate on

silica (Singh et al., 1979), followed by 0.35g (5.9mM) of glacial

acetic acid and the resulting mixture heated under reflux for

3hrs. The silica was filtered off with suction and the filtrate

concentrated in vacuo at 25°C to yield a brown semi-solid; this

was taken up in 35ml of CHCl3 and the solution washed with 0.1M

aq, HCl (2x15ml), 0.5M NaHCO3(2x15ml), saturated NaCl and water

(2x10ml). The organic layer was dried and the solvent removed in

vacuo as before. The resulting solid was further purified with

flush chromatography on silica to give 0.65g (81Z) of the

aldehyde as a white waxy solid.

mp: 32-34,

Rf0.65, tle~-M (detected as an intense yellow spot with 2,4-DNPH
reagent. )

RV

2860, 2750 (CHst)’ 1720 (C=Ost)

1Hnmr:

0.8 (t, 3H, CH,), 1.2 (m, 30 H, (CH,)) ), 1.4-2.1 (m, 2H, CH. -

C0), 9.75 (t, lH, CHO).
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2,4~dinitrophenylhydrazone:
mp: 104-105
Rf0.82, tlce-G

IR (Vmax):

. ,aliph.
3300 (Nﬂst), 3080 (CHst,arom ), 2910, 2840 (CHSt aliph.)

1620 (C=Nst)’ 1590 (NHdef)’ 1515, 1325, 1310 (N=ost)

1Hmnr: (see structure below)

0.96 (t, 34, CH,), 1.3 (m, 30H, (CH,) ), 1.5 (m, 2H, -NCHCH,-),
15
7.5 (t, 1H, -N=CH- ), 8.3 (dd, 2H, H,), 9.11 (d, IH, H ), 10.98

(s, 1H, NH).

O.N NH-N=CHCH2(CH2)15-CH3

MS(EL): C, B, N,0,, Mi= 448

448 (11), M+, 418 (14), 384 (13), 224 (17), 206 (22), 188 (8),

164 (25), 134 (15 ), 111 (22), 97 (36), 83 (42), 69 (33), 55 (69),
43 (100).

1.6.3 2-Phenyl-4-octadecalidene oxazol-5-ome: (1)

In a 100ml round bottomed flask, equipped with magnetic stirrer
and reflux condenser were placed 1.47g (5.5aM) of octadecanal and
30ml of anhydrous tetrahydrofuran, followed by 0.98g (5.5mM) of
N-benzoylglycine and 1.84ml of freshly distilled acetic anhxdride
and 1.78g (5.5mM) of anhydrous lead acetate (Aldrich).

The mixture was heated under reflux for 2hrs. The clear yellow
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mixture which resulted was filtered hot and the gummy material
lefr behind was triturated with warm CHCl3 and filtered. The
combined filtrates were concentrated in vacuo and the resulting
yellow oil taken up in 40ml of EtOAc and washed with 0.1M aq. HCl
(2x10ml), 0.5M aq.NaHCO3(2x10ml), brine, water and dried.

The solvent was removed in vacuo to leave a slightly yellow

powder, It was recrystallised from acetone to yield 1.2g (50%).

mp: 49-51
Rf:
IR.(-erax):

0.78, tlc-F

2900, 2840 (CHst)’ 1805 (C=ost)’ 1675 (C=Nst)

1600, 1590, 1465, 1320, 700.
1Hnmr:

0.88 (t, 3H, CH3), 0.9 (m, 30H, (CHZ) ), 2.2 (m, 2H, CHZCH=C )
15
6.8 (t, 1H, -CH=C- ), 7.5-8.2 (m, S5H, phenyl).

MS(EI): C27H41N02, MW= 411

411 (11), M+, 383 (6), 306 (8), 290 (3), 284 (0.1), 262 (0.1),

254 (0.1), 105 (100), 77 (36), 57 (19), 43 (31).
Elemental analysis: Calculated for C27H41N02, MW= 411.63
Calcd: C: 78.78, H: 10.04, N: 3.40, 0: 7.77

found: C: 78.75, H: 10.30, N: 3.57, 0: 7.38

1.6.4 2-Phenyl-4-octadecyl-5(4H)-oxazolone: (4)

In a 50ml round bottomed flask equipped with a hydrogen inlet
tube were placed 1.0g (2.43mM) of thecc,ﬁ-unsaturated oxazolone

20ml of anhydrous tetrahydrofuran and 100mg of Pd/C
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catalyst and the solution hydrogenated at room temperature for
for 90mins. The reaction mixture was filtered through a pad of
celite to remove the catalyst and the filtrate concentrated

in vacuo to give 1.02g (quant.) of a fine white amorphous powder.

mp : 58-61

Rf: 0.68, tlec-F

R (V)

3080 (CHst’ arom.), 2960, 2850 (Cﬂsc’ aliph.), 1815 (C=Ost)
1660, 1470, 1450, 1320, 1300, 1040, 1020, 700.

1Hnmr:

0.89 (t, 3H, CH3), 1.3 (m, 30H, (CHZ) ),1.8-2.0(m, 2H, CHZ(CHZ)

15
4.4 (t, 1H, CH), 7.5-8.0 (m, S5H, phenyl).
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1.6.5 Reactions of 2-Phenyl-4-octadecalidene oxazol-5-one:

(Scheme 3)

1.6.6 l-methyl-2-benzamido_eicosanoate (6):

Upon treatment of the oxazolone with warm methanol the
corresponding methyl ester was obtained in quantitative yield as a
white amorphous powder. ( tlc, 100% CHC13, Rf 0.4 )

mp: 73-75

IR (Vmax):

3250, 2960, 2850, 1735 (C=Ost’ ester), 1640 (C=Ost’ amide ),

1510, 1150 (C-0

1Hnmr:

st)'

0.86 (r, 3H, CHy), 1.25 (m, 30H, (CH,) ), 1.5-1.6 (m, 2H,
15
GH,(CH,) ), 3.74 (s, 3H, OCH;), 6.8 ( t, 1H, ~CH=C),

7.5 (m, 5H, phenyl), 7.85 (d, 1lH, NH).

MS(EI): C28H45NO3, MW= 443

443 (8), M+, 411 (11), 384 (8), 366 (8), 352 (6), 338 (42),

105 (100), 77 (26), 43 (24).

1.6.7 Action of 1-(-)-X-methylbenzylamine: (7)

In a 10ml round bottomed flask equipped with magnetic stirrer and
reflux condenser were placed 0.097g (0.24mM) of 2-phenyl-é4-
octadecalidene, oxazol-5-one in lml of anhydrous tetrahydrofuran.
To this solution were added 0.029g (0.27mM) of redistilled l-(-)-
Cx-methyl benzylamine (Aldrich) and the mixture heated under

reflux for 2hrs.
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The slightly yellowish solution was concentrated in vacuo

and the resulting oil taken up in lOml of CHCL washed with

3,
1M aq. HC1l (2x4ml), 0.5m aq. NaHCO3 (2x4ml), brine and water and
dried. The solvent was removed in vacuo and the resulting oil
purified by preparative tlc on silica to yield 0.105g (88%) of a

colourless oil.

RfO.ZS, tlc-F

IR ( vmax) :

3250 (NHst)’ 3080, 3025 (CHst’ arom.), 2925, 2850 (CHs , aliph.)

t
1665 (C=0_ ), 1640 (C=0_ ), 1625, 1600, 1525, 1490, 1470,
1450, 1300, 700.

1Hnmr:

1.14 (t, 3H, CH,), 1.51 (m, 30H, (CH,) ), 1.79 (d, 3H, CH-CH,C),
15

2.43 (m, 2H, -CH,(CH,) ), 5.4 (m, 1H, ~CHCH,(Ph) ), 6.5 (t, IH,

CH=C- ), 6.7 (d, 1H, NH.cOPh), 7.5-8.2 (m, 10H, 2xPhenyl), 8.l

(m, 1H, NH-CHCH,-Ph).

3
In a 10wl round bottomed flask equipped with a hydrogen inlet
tube were placed 0.0247g (0.046mM) of this compound (o0il) in Iml
of ethanol and 2mg of Pd/C catalyst and the mixture hydrogenated
for 90mirs. Following the usual work up the resulting clear
oil, 0.025g (quant.) now contained a mixture of the two
diastereoisomers, as observed from the 1Hnmr spectrum of the oil

and by tlc. However the diastereoisomers were not resolved well

enough to allow for their separation.
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1.6.8 Action of L-Phenylalanine methyl ester: (5)

In a 25ml round bottomed flask equipped with magnetic stirrer and
reflux condenser were placed, 0.043g (0.104mM) of 2-phenyl-é4-
octadecalidene, oxazol-5-one dissolved in 2ml of anhydrous
tetrahydrofuran followed by a solution of 0.052g (2x0.104mM) of
L-phenylalanine methyl ester HCl1l and 0.026ml (2x0.104mM) of
redistilled N-methylmorpholine in 2ml of tetrahydrofuran.

The mixture was heated under reflux for 3hrs and stirred
overnight. The solvent was removed in vacuo and the oily residue

taken up in 15m1 of CHCl., and washed with 1M aq. HCl (2x5ml)

3
10Z aq. NaHCO3(2x5ml), saturated aqueous NaCl (2x5ml), water

and dried. The resulting yellow o0il was purified by 1liquid
chromatography on silica gel to yield 0.037g (67%Z) of a
colourless oil.

Rf 0.52, tlc-J

IR (Vmax):

3300 (NHst)’ 3050, 3015 (CHst’ arom.), 2960, 2920, 2850 (CHst)’
1740 (C=Ost’ ester), 1660 (C=Ost), 1630 (C=Ost), 1600, 1580,
1530, 1240 (C—Ost, ester), 750, 700.

1Hnmr:

0.9 (t, 3H, CH3), 1.2 (m, 30H, (Cﬂzis), 2.2 (m, 2H, CHZ—(CHZ) ),
3.3 (d, 2H, CHzPh), 3.8 (s, 3H, OCH3), 4.9 (m, 1H, HN-CH-
(HzPh), 6.3 (¢, 1H, -CH=C-), 6.5 (d, ,1H, NH-CH-), 7.8 (m, llH,

2xphenyl, NH).
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1.6.9 Discussion

The objective of this chapter has been the synthesis and
resolution of three X-aminoalkanoic acids.

Therefore the "fatty" O{ -aminolkanoic acids,aminodecanoic (C10),
aminotetradecanoic (Cl14) and aminoeicosanoic  (C20)  were
synthesised by the method described by Albertson and Archer
(1945) thus yielding the racemates requiring resolution.

The resulting DL 2zwitter ionic amino acids were obtained as
white amorphous powders of high melting point and very low
solubility in water or other usual solvents at room temperature;
they were readily 'recrystallised' from glacial acetic.

Enzymatic resolution of the two lower homologues has been
reported earlier, for the Cl0 amino acid the method of
asymmetric enzymatic hydrolysis was applied (Birnbaum et al.,
1953) whereby the enzyme acylase 1 specifically hydrolyses the
N-chloroacetyl derivative of the DL amino acid to yield the L-
amino acid. The N-protected D-amino acid remains in the aqueous
solution which when treated with mineral acid liberates the D-
amino acid (see Greenstein and Winitz, 1961).

The Cl4 amino acid has been resolved by the method of Tatsuoka
and Honjo (1953). This amino acid was only marginally
hydrolysed by Acylase I and the action of leucine aminopeptidase
resulted in a poor yield for the the amino acid. Neither enzyme

could resolve the C20 amino acid as the enzyme is deactivated by
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the surfactant action of longer length acids (Kanmera et al.,
1980).

We have sought an efficient and convenient chemical method for
the resolution of all three amino acids as well as some very
hydrophobic esters of the C20 homologue.

In a series of publications dealing with the asymmetric
synthesis of amino acids and their derivatives, Oguri and co-
workers (1978 and references therein) described the use of the
chiral X -pinenme derivative (+)-(1R,2R,5R)-2-hydroxypinan-3-one
in the stereoselective alkylation of its Schiff bases derived
from glycine and alanine tertiary esters.

A simple condensation reaction between the racemic aminoalkanoic
acids (as the methyl ester) and Oguri's chiral ketol was to form
the basis of an efficient method for resolution.

The methodology adopted was one of reacting the methyl ester of
the appropriate DL-aminoalkanoic acid with the chiral ketol in
refluxing benzene or toluene in the presence of a catalytic
amount of boron trifluoride dietherate. The progress of the
reaction was monitored by tlc on silica until the ketol could no
longer be detected. The resulting diastereoisomeric Schiff
bases were readily separated by column chromatography as clear
slightly yellow oils. Following hydrolysis with hydroxylamine
(HC1) at room temperature for 3-5 days the resulting
hydrochloride salt of the aminoalkanoic acid methyl ester was
readily isolated from the mixture by precipitation with cold

acetonitrile or by chromatography,the pure products were
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colourless crystalline solids. This general method was applied
to all three racemic amino acids to achieve their resolution.

The absolute configuration at the chiral carbon atom of each of
the enantiomers of the aminoalkanoic acids was determined and
assigned by circular dichroism (CD) spectroscopy. A direct
comparison of the sign of the CD spectrum of each enantiomer
with that of the corresponding enantiomer which had been
resolved enzymatically was made (since the absolute
configuration of the 1latter enantiomer is known from the
resolution method itself) and it was found that the enantiomers
with a positive CD spectrum belonged to the L class and likewise
the enantiomers with a negative CD spectrum belonged to the D
class. In instances where the solubility of the particular
enantiomer prevented the recording of an acceptable CD spectrum
the assignment of configuration for the enantiomer/s in question
was tentatively based on the chromatographic behaviour of
its/their diastereoisomer/s, for example, compound 1(in section
1.5.6) was insoluble in a suitable solvent for CD recording. It
had been observed earlier that all enantiomers assigned the L
configuration originated from the diastereoisomers with the
higher R¢ value on tlc whereas D assigned enantiomers originated
from the diastereoisomers with the lower Re value, on this basis
the configuration of the “fatty" ester 1 was assigned.

The resolved amino acid methyl ester hydrochlorides were tested
for racemisation using a simple coupling reaction with Boc-L-

Ala-OH/DCC/HOBt in dichloromethane. The resulting dipeptide was
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examined by proton NMR spectroscopy in the regiom of the methyl
ester methoxy group resonance which appears as a singlet
(usually at 3.3-3.5 ppm). In all dipeptides examined in this
way a singlet was observed whereas when racemic amino acid
methyl esters were used in the coupling reaction with optically
pure Boc-L-Ala-OH two singlets of equal intensity were observed
corresponding to the LL and LR dipeptides (in addition small but
detectable doublets in the NH regionm were observed).

The resolved aminoalkanoic acid methyl esters were saponified
under controlled conditions to yield the zwitter ionic
aminoalkanoic acids which were converted to their corresponding
Boc derivatives and used in the synthesies of LHRH analogues by
solid phase peptide synthesis.

The second part of this chapter (Part B) dealt with the
synthesis and some aspects of the chemistry of both saturated
and unsaturated oxazolones of aminoeicosanoic acid.

The objective of this work was to find a simpler method for the
combined synthesis and resolution of the fatty amino acids. The
synthesised unsaturated oxazolone precursors of the fatty amino
acids however could not be stereospecifically hydrogenated
without perhaps the use of expensive and difficult to use chiral
catalysts (e.g. rhodium catalysts).

Briefly,the unsaturated oxazolones were synthesised by reacting
n-octadecanal with N-benzoyl glycine by modification of the
method of Finar and Lipman (1949). The yield was in the order

of 50-52% and was often determined by the instability of the
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aldehyde since the latter tended to polymerise upon standing at
room temperature. It was found that a dilute solution of the
aldehyde in hexane at OOC would keep for several hours without
deterioration and subsequently the overall yield of the
oxazolone was improved to between 60 and 65%.

The fully saturated oxazolone was readily prepared by
hydrogenation over catalytic Pd/carbon in quantitative yield in
anhydrous THF. Kanmera et al.(1980) have reported the
stereospecific hydrogenation of &, ﬁ-dehydroaminoacyl residues
in cyclic dipeptides to yield the 0L -aminoalkanoic acid
following acid hydrolysis of the hydrogenated intermediate, it
is possible that in the same way the unsaturated oxazolone could
be stereospecifically hydrogenated.

Therefore the synthesis of the oxazolone was undertaken in order
to establish an alternative method for the preparation and
resolution of the aminoalkanoic acids but more importantly this
'activated' form of the aminoalkanoic acids was reacted with
nucleophiles such as amino acid esters to yield protected
dipeptides and could therefore find use in solution syntheses of
hydrophobic peptides. Although this synthetic approach for the
aminoalkanoic acids does not offer a significant advantage over
the classical method, it does provide a means for the synthesis
of the unsaturated aminoalkanoic acids which when incorporated
into peptide sequences could impart very specific properties to
the molecules such as resistance to hydrolysis by peptidases.

As mentioned briefly earlier it is well documentad that dehydro
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oxazolone derivatives can be stereospecifically hydrogenated
e.g., using chiral rhodium complexes (Al-Baba et al., 1986) to
obtain optically active amino acids. In addition a careful
choice of protecting group for Gly (e.g.Boc) could be made that
would enable the synthesis of the oxazolones. The protecting
group could then be readily removed following stereospecific
hydrogenation thus providing an excellent activated form of the
aminoalkanoic acid. This could be used in coupling reactions
with other amino acids to form dipeptides and so on, suffice it
to say that careful control of added base should be made to

avoid racemisation.



DESIGN AND

-129-

CHAPTER TWO

SYNTHESIS OF PHOSPHOLIPASE A SUBSTRATE ANALOGUES:
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2. Introduction:

2.1 Phospholipids:

Phospholipids are major constituents of biological membranes. 1In
phospholipids one of the primary hydroxyl groups of glycerol 1is
esterified to phosphoric acid instead of a fatty acid.

The parent compound in this series is thus glycerol phosphoric
acid rather than glycerol. This compound has an asymmetric
carbon atom and can be designated as either D- glycerol-l-
phosphate or L-glycerol-3-phosphate. Because of this ambiguity,
the convention has been adopted that the stereochemistry of
glycerol derivatives 1s based on the stereospecific numbering
(sn) of the carbon atoms as shown in Fig. 1. This assumes that
the secondary hydroxyl is to the left of the projection formula.
The 1isomer of glycerol phosphoric acid found in phospholipids is
called sn—glycerol-3-phosphoric acid. It belongs to the L-
stereochemical series.

In addition to the two fatty acid residues esterified to the
hydroxyl groups at carbon atoms 1 and 2, most phospholipids
contain an alcohol component, X-OH, whose hydroxyl group is
esterified to the phosphoric acid to form a phosphodiester.

All phospholipids possess a polar head and two non polar
hydrocarbon tails (amphipathic). The names of the common
phospholipids and the structure of their polar head groups are
given in Table 1.

The simplest type of phospholipid is phosphatidic acid which
contains no X group esterified to the phosphoric acid. It occurs

in only very small amounts in cells, but it is an important
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PHOSPHOLIPID

ALCOHOL COMPONENT

1 Phosphatidyl ethanolamine

2. Phosphatidyl choline

3. Phosphatidyl serine

L. Phosphatidyl inositol

5. Phosphatidyl glycerol

HO - CHZCHZ- NH2

+
HO - CHZCHZ— N CH3)3

HO - CH,CH (NH,) COOH

OH OH
HOH
HO H
H OH

HO - CH, CHOH CH, OH

Table 1: Alcohols contributing the polar head

groups in the major phospholipids
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intermediate in the biosynthesis of other phospholipids.

The most abundant phospholipids in higher plants and animals are
phosphatidyl ethanolamine and phosphatidyl choline, others
include, phosphatidyl serine, phosphatidyl inositol, and
phosphatidyl glycerol, the 1latter often found in bacterial
membranes as an amino acid derivative particularly of lysine.
Plasmalogens, a subgroup of phospholipids, differ from the latter
in that their hydrocarbon tails consist of one molecule of a long
chain-fatty acid esterified to one hydroxyl group of the glycerol
moiety, and a long aliphatic chain in an Ol,ﬁ —unsaturated ether
linkage with the other hydroxyl group. Plasmalogens are

especially abundant in the membranes of muscle and nerve cells.

2.1.2 Chemical and Biological Significance:

Phospholipids, both synthetic and naturally occuring have
provided useful models in the study of membrane structure and
function, in particular in the preparation and use of 1liposomes
as membrane mimetic systems. Liposomes prepared from
phospholipids have gained considerable interest recently as
effective carriers of drugs and other biologically important
molecules (Tyrell et al., 1976).

There are however, strong arguments against the use of natural
phospholipids 1in the preparation of such carrier systems due to
their structural diversity and chemical instability which result
in the decomposition of the liposome carriers.

The growing interest in the physical properties and aggregation

behaviour of naturally occuring,(Bangham et al.,1965; Huang,
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1969) and synthetic bilayer membranes (Kunitake et al.,1981 and
references therein), has necessitated the synthesis of
structurally well-defined lipids. Since chromatographic
purification techniques still do not allow the complete
regolution of naturally occuring phospholipids into molecular
species, the continuing ambition to obtain compounds of defined
structure and configuration can only be satisfied by chemical
synthesis.

It may also be important for in vivo applications of 1lipcsomes,
to contruct phospholipids which resist phospholipase hydrolysis,
the main problem here however, is to avoid breakdown of
liposomes after interaction with serum apolipoproteins (Scherphof
et al.,1978).

A great deal of information exists in the literature on the use
of liposomes as carriers, for solutes such as enzymes, chelating
agents (Rahman et al.,1973), antibiotics (Gregoriades et
al.,1971), antitumour agents (Colley and Ryman, 1975), cell
modifying compounds (Papahadjopoulos et al.,1974) and hormones

(Patel and Ryman, 1976).
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2.1.2.1 Biological Membranes and the Role of Phospholipids:

Membranes are highly selective permeability barriers rather than
impervious walls because they contain specific molecular pumps
and gates. They also control the flow of information between
cells and their environment. They contain specific receptors for
external stimuli and some membranes generate signals which can be
chemical or electrical. Thus membranes play a central role in
biological communication.

Membranes are as diverse in structure as they are in function.
However, they do have common features:

a) They are sheetlike structures, only a few molecules thick that
form closed boundaries between compartments of different
composition.

b) They consist mainly of proteins and lipids and they also
contain carbohydrates that are linked to lipids and proteins.

c) Membrane lipids are relatively small molecules that have both
a hydrophilic and a hydrophobic moiety. These lipids
spontaneously form closed bimolecular sheets in aqueous media.
These lipid bilayers are barriers to flow of polar molecules.

d) Specific proteins mediate distinctive functions of membranes.
Proteins serve as pumps, gates, receptors, energy transducers and
enzymes. Membrane proteins are intercalated into lipid bilayers
which create a suitable environment for the action of these
proteins.

e) membranes are noncovalent assemblies. The constituent protein

and lipid molecules are held together by many noncovalent
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interactions, which are cooperative in character.

f) membranes are asymmetric. The inside and outside faces are
different.

g) membranes are fluid structures. Lipid molecules diffuse
rapidly in the plane of the membrane, as do proteins, unless
anchored by specific interactioms. Membranes can be regarded as
two—dimensional solutions of oriented proteins and lipids.

The three major kinds of membrane 1lipids are phospholipids,
glycolipids and cholesterol.

Phospholipids are the major class of membrane lipids. The fatty
acid chains in phospholipids and glycolipids usually contain an
even number of carbon atoms, typically between 14 and 24. The
16— and 18-carbon fatty acids (C-16, palmitic,saturated; C-18,
oleic, unsaturated) are the most common ones.

Sphingomyelin 1is the only phospholipid in membranes that is not
derived from glycerol. Instead, the backbone is sphingosine, an
amino alcohol that contains a long unsaturated aliphatic chain,
In sphingomyelin, the amino group of the backbone is linked to a
fatty acid by an amide bond. In addition, the primary hydroxyl
group is esterified to phosphoryl choline.

The repertoire of membrane lipids is extensive. However, they
possess a critical common structural theme: membrane lipids are
amphipathic molecules, i.e., they contain both a hydrophilic and
a hydrophobic moiety. Their polar head groups have affinity for
water whereas their hydrocarbon tails avoid water. This can be
accomplished by forming micelles in which the polar head groups
are on the surface and the tails are sequestered inside.

However, the favoured structure for most phospholipids in aqueous
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media is a bimolecular sheet rather than a micelle. The
preference for a bilayer structure is of critical biological
importance since a micelle is a limited structure (approx.
200A) whereas a lipid bilayer can have macroscopic dimensions
(1O7A). Phospholipids are key membrane constituents because they
readily form extensive bimolecular sheets.
The formation of lipid bilayers is a self-assembly process, that
is to say the structure of a bimolecular sheet is inherent in the
structure of the constituent molecules, specifically in their
amphipathic character. Hydrophobic interactions are the major
driving force for the formation of lipid bilayers, these forces
also play a dominant role in the folding of proteins in aqueous
solution. Van der Waals forces (attractive forces) favour close
packing of the hydrocarbone tails. Electrostatic and hydrogen-—
bonding interactions between the polar head groups and water
molecules also contribute to the stabilization of lipid bilayers.
Lipid bilayers are highly impermeable to ions and most
polar Molecules. Permeability of 1lipid bilayers can be measured
using synthetic lipid vesicles and planar bilayer membranes.
Lipid vesicles (liposomes) are aqueous compartments enclosed by a
lipid bilayer, they can be formed by a variety of methods such as
sonication of an aqueous suspension of a suitable lipid or by
simply mixing rapidly a solution of lipid in ethanol with water.
Various solutes can be entrapped in the aqueous compartment of
the vesicles and the permeability of the vesicles determined by
measuring the rate of efflux of the solute from the inner

compartments to the ambient solution.
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Planar 1lipid bilayer membranes can be prepared by brushing a
solution of the 1lipid across a lmm hole between two aqueous
compartments. The electrical conduction properties of this
macroscopic bilayer membrane can be readily studied by inserting
electrodes into each aqueous compartment, for example, its
permeability to ions is determined by measuring the current
across the membrane as a function of the applied voltage.

Permeability studies of lipid vesicles and electrical conductance
measurements of planar bilayers have shown that 1lipid bilayer
membranes have a very low permeability for ions and most polar
molecules. The permeability coefficients of small molecules are
correlated with their solubility in a non-polar solvent relative
to their solubility in water. This relationship suggests that a
small molecule might traverse a lipid bilayer membrane in the
following way: first, it sheds its solvation shell of water,
then it becomes dissolved in the hydrocarbon core of the
membrane, finally it diffuses through this core to the other side

of the membrane, where it becomes resolvated by water.

Membrane Fluidity:

The fatty acyl chains of 1lipid molecules 1in
bilayer membranes can exist in an ordered, rigid state or in a
relatively disordered, fluid state. In the ordered state, all
the C-C bonds have a trans conformation, whereas in the
disordered state, some are in the gauche conformation. The
transition from the rigid (all trans) to the fluid (partially

gauche) state occurs as the temperature is raised above Tm’ the
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melting temperature. This transition temperature depends on the
length of the fatty acyl chains and on their degree of
unsaturation. The rigid state is favoured by the presence of
saturated fatty acyl chains. On the other hand a cis double bond
produces a bend in the hydrocarbon chain which interferes with a
highly ordered packing of the acyl chains aﬁd so Tm is lowered.
Long hydrocarbon chains interact more strongly than do short
ones., Specifically, each additional —CHZ—group makes a
favourable contribution of about -0.5Kcal/mol to the free energy
of interaction of two adjacent hydrocarbon chains.

In eukaryotes, cholesterol is a key regulator of membrane
fluidity. It prevents the crystallisation of fatty acyl chains
by fitting between them and it abolishes the phase transition.

Membrane fluidity enables lipids to act as solvent for membrane

proteins.
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2.1.3 Synthesis of Phospholipids:

Advances 1in the synthesis of phosphatidic acids, phosphatidyl
ethanolamines and phosphatidyl cholines have been discussed by
Eibl (1980, 1981). A comprehensive review on the synthesis of
phospholipids appeared in 1970 by Slotboom and Bonsen and with
regards to the earlier work the reader is referred to this and an
earlier review by van Deenen and de Haas (1964).

A recent report on methods of phosphorylation (Slotin, 1977) will
also provide information on major steps in  phospholipid
synthesis.,

A review by Gigg (1980) on the synthesis of glycolipids has also
appeared.

The partial synthesis of phospholipids catalysed by
phospholipases has been discussed by Slotboom et al. (1973).
Phosphonolipids have been reviewed by Rosenthal (1975), and the

synthesis of ether lipids is very well treated by Paltauf (1983).

2.1.3.1. Phospholipase 52 Substrate Analogues:

Phospholipase A2 is required for several very important biological
events; platelet aggregation (Pickett et al., 1976), cardiac

contraction and excitation (Geisler et al., 1977), prostaglandin

biosynthesis (Flower and Blackwell, 1976; Vogt, 1978), responsible
for the liberation of arachidonic acid from phospholipids, the

first step in prostaglandin biosynthesis (a specific inhibitor of

arachidonic acid is being sought by many groups).

Phospholipase A2 is also required in aldosterone— dependent Na+
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transport (Yorio and Bentley, 1978).

Delineation of the precise mechanistic role of the enzyme as well
as elucidation of its catalytic mechanism of action requires
highly specific and potent inhibitors.

Development of efficient methods leading to specific and potent
phospholipase 1inhibitors is a key step towards understanding
phospholipase biochemistry (Verger and de Haas, 1976; Brockerhoff
and Jensen, 1974). Well recognised experimental difficulties
involved in stereospecific derivatisation of the required
phosphate diesters with an adjacent chiral centre at the glycerol
2- position (Bonsen et al., 1972a) have 1long delayed the
synthesis of non-scissile substrate analogues.

Several years ago de Haas and his co-workers had demonstrated,
using short-chain model compounds, that replacement of the ester
moiety by the corresponding amide function at the sessile 2-
position, abolishes the catalytic hydrolysis by the enzyme
(Bonsen et al., 1972b), their synthesis, however, proved to be
rather lengthy and cumbersome leading to a racemic product.

A very elegant method has recently been described whereby the
chirality of the amino acid L-serine is utilised (Chandrakumar
and Hajdu, 1981,1982). The phosphorylation step was carried out
using the cyclic phosphochloridate, 2-chloro-2-oxo-1,3,2-
oxaphospholane (Edmundson, 1962; Thuong and Chabrier, 1974),
nucleophilic ring opening of the cyclic oxaphospholane derivative
with anhydrous trimethyamine yielded the optically active
phospholipid in 65% yield.

Magolda and Johnson (1985), reported the synthesis of alkyl
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phosphoryl cholines whereby long-chain alcohols were treated with
phosphoryl chloride to give alkyl phosphorochloridates, ROPOCl2
which were cyclised with ethane 1,2-diol. Prolonged treatment of
these phosphate triesters with trimethylamine gave the required
alkyl phosphoryl cholines in moderate (46-50%) yield.

A synthetic strategy more acceptable in terms of the use of the
alkyl alcohol would be to use a pre-constructed phosphorus
heterocycle, indeed, 2-chloro-2-oxo-1,3,2-oxaphospholane has been
used in this context (Thuong and Chabrier, 1974), however in the
author's own experience this reagent was found to be rather
unreactive towards hindered alcohols and indeed this has been
reported very recently by McGuigan (1986). This disadvantage was
overcome by the use of the more reactive phosphite (Letsinger and
Heavner, 1975). McGuigan reported the use of 2-chloro-1,3,2-
dioxaphospholane and its 2-chloro-3-methyl ethanolamine
derivative in the synthesis of phosphite triesters of alkyl
alcohols. Oxidation to the phosphate triesters was carried out
with dinitrogen tetroxide, hydrolysis to the acyclic

phospholipids was achieved in 76-867% yield.

2.2  PHOSPHOLIPASE A:

Phospholipase A (Phosphatide Acylhydrolase, EC 3.1.1.4) belongs
to the class of lipolytic enzymes that are characterised by their
ability to hydrolyse lipid substrates at an organised lipid-water
interface. The phospholipases are classified according to the
particular ester bond of the phosphoglyceride substrate hydrolysed

by the enzyme.
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classes of phospholipase enzyme according
to the ester bond they hydrolyse




-144-

Phospholipases Al and A2 catalyse the hydrolysis of the l- and 2-

acyl ester bonds of 3-sn—phosphoglycerides, respectively.

Phospholipase B can bring about the hydrolysis of both fatty acid

esters of phosphoglyceride, combining the activities of
phospholipases A1 and A2 as well as lysophospholipase, the latter
enzyme  hydrolyses the remaining acyl ester bond of

lysophosphoglyceride, which is a product of the reaction that is
catalysed by phospholipase AZ'
Phospholipases C and D catalyse the hydrolysis of the
phosphodiester bonds of glycerophospholipids, for example with
1,2-diacyl-sn-glycerol-3-phosphocholine (lecithin) as substrate,
the products of hydrolysis catalysed by phospholipase C are
diglyceride and choline phosphate, whereés phospholipase D
produces phosphatidic acid and choline (see Fig.2).

Phospholipase A (PLA) activity is found intracellularly as well
as 1in cell secretions, particularly in pancreatic juice and in
snake and insect venoms. The extracellular enzymes are
characterised by low molecular weight (approx. 14,000), a
requirement for Ca+2 ions for activity, mostly an alkaline pH
optimum, a high substrate specificity and high stability under a
variety of denaturing conditions (e.g. high temperature, 70°C ,
extreme pH values, detergents and denaturing agents such as 8M
urea)., Furthermore, the pancreatic as well as the venom enzymes
can be purified relatively easily in large quantities.

Several intracellular PLAs 2 with properties similar to the
pancreatic enzymes have now been purified to homogeneity. On the

other hand, a number of enzymes that have been isolated from
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intracellular sources display both A1 and A2 as well as
lysophospholipase activity depending on the choice of substrate
and other conditions. These enzymes show a wide range of
molecular weights, do not always require Ca2+ ions for activity and
sometimes possess an acidic pH optimum. So far, intracellular
phospholipases have been purified only in relatively small
amounts, which has limited the number of possible approaches to
the study of their properties. A review on intracellular
phospholipases A has been published recently (van den Bosch,
1980)..

Interest in lipolysis and in the enzymes participating in this
process has grown enormously in recent years; in the past decade
the number of purified and fully sequenced extracellular PLAs 2
has increased to more than thirty. A recent review on the
extracellular PLAs 2 from mammalian pancreas has been published

(Volwerk and de Haas, 1981; Verheij et al., 1981).

2.2.1 General Characteristics of Phospholipase ézi

2.2.1.1 Mode of Action:

Phospholipase A2 specifically catalyses the hydrolysis of the 2-
acyl ester bond of naturally occuring and synthetic (van Deenen
and de Haas, 1964) phosphoglycerides, producing a l-acyl-
lysophosphoglyceride and a fatty acid (see Fig. 3).

The enzyme is highly stereospecific, hydrolysing only 3-sn-
phosphoglycerides, whereas the stereoisomeric l-sn-
phosphoglycerides are competitive inhibitors (Bonsen et al.,

1972a, 1972b). Positional specificity as well as
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stereospecificity 1is maintained when the substrate is in a
monomeric form (Pieterson, 1973; Pieterson et al., 1974; Wells,
1972; Volwerk et al., 1979). High enzyme concentrations in
combination with substrate containing very short fatty acyl
chains can lead to some aspecific hydrolysis. Phospholipase A2

. 2+ . X
activity has an absolute requirement for Ca ions that bind in a

1:1 molar ratio to the enzyme.

2.2.1.2 Molecular Properties:

Phospholipase A2 from mammalian pancreas as well as from snake
venoms 1s a low molecular weight protein. The molecular
weights of the pancreatic enzyme and zymogen are 13,800 and

14,600 respectively. For several snake venom enzymes higher
molecular weights have been reported because these enzymes tend
to form dimers or higher order aggregates in solution. The
latter property constitutes one of the most striking features
distinguishing the pancreatic and venom enzymes. The enzymes

from Crotalus adamanteus and Crotalus atrox occur only as dimers

even at concentrations as low as SQrg per ml (Wells and Hanahan,
1969; Hachimori et al., 1971), whereas the enzyme from porcine
pancreas exists as a monomer, at least at concentrations up to

Smg per ml (Soares de Araujo et al., 1979).

2.2.1.3 Sequence:

The first complete sequence of a phospholipase A that of the

2)
porcine enzyme was published in 1970 (de Haas et al., 1970a,
1970b) and later modified (Puijk et al., 1977). The revised

amino acid sequence as well as the number and identity of the
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disulphide bonds were fully compatible with those of the horse
enzyme (Evenberg et al., 1977) and the enzyme from bovine pancreas
published shortly thereafter (Fleer et al., 1978). The disulphide
bonds were confirmed and completed by the high resolution three-
dimensional structure of the bovine enzyme (Dijkstra et al.,
1978).

Pancreatic phospholipases A, are single chain proteins consisting

2
of 122-124 amino acids plus an N-terminal extension of seven
amino acids for the zymogens. Protein chain is cross- linked by
seven disulphide bonds, and there are no cysteines or
carbohydrate-containing residues.

The high number of disulphide bonds in such a small protein is
believed to be mainly responsible for the high stability of this
protein against denaturing conditions.

In the duodenum, the inactive zymogen secreted is activated by
limited trypsinolysis which cleaves the Arg—l—Ala1 bond and liberates
the so-called activation peptide. Zymogen activation is
accompanied by a conformational change in the protein that can be
monitored by fluorescence spectroscopy of the single Try-3
residue (Abita et al., 1972).

The three- dimensional structure of the bovine enzyme shows that
the free N-terminal amino group of Ala-1 is 1involved in an
intricate maze of hydrogen bonds with other side-chains and an
immobilised water molecule. Mass spectrometry shows the presence
of an N-terminal pyroglutamic acid residue in the porcine
activation peptide (de Haas et al., 1969). This residue 1is
present in all mnormal precursors except the one from horse

pancreas and the one from human pancreas, where a glutamic acid
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and an aspartic acid residue are found respectively.
In addition to the primary structures of these pancreatic

enzymes, more than 30 sequences of phospholipases A, from venoms

2

have noQ been determined, including the enzyme from bee venom
(Shipolini et al., 1971). This makes it possible to explore
structural homologies and differences among these enzymes with
special attention to invariant regions implicated either in lipid
binding or 1in catalysis. The sequence homology between the
pancreatic enzymes 1is high, around 80%Z and ranges from 40-60%
when pancreatic and snake venom enzymes are compared.

The N-terminal Ala-1 residue is present only in the pancreatic
enzymes, this plays a crucial role in interfacial lipid binding
The stereochemistry of the N-terminal residue appears to be
more important than the nature of the side-chain.

In the pancreatic enzyme, Ala-1 can be replaced byF—Ala, Gly and
L-Asn with retention of substantial interfacial activity, whilst
the latter is destroyed upon replacement with D-Ala (Slotboom et
al., 1978). His-48 1is absolutely invariant and has been
implicated in the catalytic site of phospholipase A2 (Volwerk et
al., 1974; Volwerk, 1979).

Tyr-69 which 1is invariant in the pancreatic and most of the
elapid enzymes has been implicated in interfacial 1lipid binding.
Asp-99 probably plays a role in the catalytic mechanism of the
enzyme and is also part of the hydrogen bond system around the N-
terminus.

It may be concluded that invariance of the residues that have

been implicated in the active site is maintained, by contrast the



-150-

amino acid residues comprising the interfacial lipid-binding site

of phospholipase A, is different from that of the venom enzymes.

2
This difference may well be reflected in the level of interfacial
binding and residues participating in this step. Unlike enzymes
from snake venoms, pancreatic phospholipases A2 cannot

readily degrade closely packed phospholipid aggregates such as
intact erythrocyte membranes (Demel et al., 1975). This suggests
that the enzymes respond differently to variations in interfacial

parameters (quality of the interface) whereas their hydrolytic

mechanism may be identical.

2.2.1.4 Three-Dimensional Structure:

A major step towards a detailed description of the mechanism of

action of pancreatic phospholipase A2 has been determination of

the three-dimensional structure of the bovine enzyme by ZX-ray

diffraction with a resolution of 2.4A (Dijkstra et al., 1978) and

later refined to 1.7A (Dijkstra, 1980; Dijkstra et al., 1981la,

1981b).

Overall, the molecule has the shape of a flattened cylinder with

dimensions of approximately 22x30x42A. Striking features are the

high content of secondary structure and the disulphide linkages

which very tightly hold together the various stretches of ®-helix

and P-—structure (Fig.4). The backbone of the structure consists
of two long antiparallel ®X-helices (helices C and E in Fig.4)

corresponding to amino acid residues 40-58 and 90-108 connected

by two disulphide bonds, Cys44-Cys105 and CysSI—Cysgs,

which reduces the relative mobility of these two helices.



-151-

Fig. 4: Schematic representation of the bovine pancreatic
phospholipase A molecule showing the secondary

structure of the polypeptide chain and disulphide
bonds (Dijkstra et al. 1978)

cylinder: o-helix composition
thick lines B - structure
thin lines : random coil
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The short helix D (residues 59-64) makes an angle of about 75°
with helix C and is linked by a disulphide bond to helix E

(CysGl-Cysgl). The connecting polypeptide between Leu64 and

Ala90 has no secondary structure, except for residues 74-78 and
80-85, where the chain forms two antiparallelF’—strands.

One of these & -strands is covalently linked to X -helix E
through Cysga—Cy596, the other 1is connected by a disulphide
linkage to the N-terminal region, Cys77-Cysll.

The N-terminal region 1is also in an O - helical conformation
(helix A residues 1-13) with the & -amino group of Ala-1 pointing
into the active site. Residues 14-40 are in a random coil except
for residues 19-22, which form an X~helical turn (helix B) at the
surface of the molecule. This section is linked by a disulphide

29Cysz‘s). The C~terminal part of the

bridge to helix C (Cys
peptide chain forms a long surface loop with Cys-123 connected
to Cys-29. About 50% of the amino acids are in an O -helix
conformation and about 10% inp —-structure. The high O( -helix
content has also been predicted for these enzymes from circular
dichroism studies (Scanu et al., 1969).

The Ca2+ ion is located in the active site surrounded by seven
oxygen ligands (Fig.5).

There are three carbonyl oxygens, the 3 1and 52 oxygens of Asp-
49 (not Asp-99 as reported before, Dijkstra et al., 1978) and two
water molecules. Six of these ligands are found at the
corners of an octahedron. The Caz+ ion can be replaced by Baz+
although the latter ion does not orient itself exactly into the

same position probably due to its larger size.

By chemical modification studies (Volwerk et al., 1974; Verheij
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et al., 1980) it has been shown that His-48 is ianvolved in
catalysis (Fig.6). The 1imidazole ring of this residue 1is 1in
close proximity to the side chains of Asp-99 and Tyr-52 and a
water molecule. The N-3 atom of His-48 is at hydrogen bonding
distance (2.8A) of one of the carboxylate oxygens of Asp-99,
close to the N-1 atom of His~48 (approx. 3A)and could very well
perform the nucleophilic function in the ester hydrolysis in
analogy to the active centre serine of serine esterases. The
carbonyl oxygens of Asp—-99 are also hydrogen bonded to the
hydroxyl groups of Tyr-52 (2.55A) and Tyr-73 (2.5A). Both
tyrosine residues are also hydrogen bonded to the X-amino group,
to the side chain of Gln-4 and the carbonyl oxygens of Pro-68
and Asn-71. Gln-4 is invariant in all phospholipases.

Therefore one might predict that in all phospholipases such an
extended proton relay system does exist. This system , probably
has a structural function rather than a catalytic function, since
proteins devoid of the X -amino group (e.g.precursor zymogen)
effectively hydrolyse monomeric substrates. The system 1is
buried in the interior of the protein and the Asp-99-His-48
couple is shielded from the surrounding solvent by a number of
invariant hydrophobic residues; Phe-5, Ile-9, Ala-102, Ala-103,

Phe-106 and the disulphide bribge between Cys—29 and Cys—45.

2.2.2 Mechanism of Catalysis:

Kinetic analysis of the hydrolysis of aggregated substrates

requires a binding step of the enzyme to the lipid-water

interface prior to the Michaelis-Menten complex formation.
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Such an additional binding step complicates the interpretation of
kinetic data in terms of well-defined rate and binding constants.
Only by using monomeric, short-chain  phospholipids can
interpretable kinetic data be obtained (Roholt and Schlamowitz,
1961; Wells, 1972; Volwerk et al., 1979).

The following are known:

a) Hydrolysis requires an ester bond which is separated by five
or six atoms from a negative charge and which must be present in
a specific stereochemical orientation.

b) Ca2+ ions are required for the reaction whilst Ba2+ and Sr2+
ions are competitive inhibitors. They bind in a 1:1 ratio to the
enzyme in a pocket formed by three backbone carbonyl groups and
the side—chain of Asp-49.

c) Monomeric substrates or substrate analogues bind in a 1:1
ratio; in this binding process hydrophobic interactions
predominate.

d) His-48 is involved in catalysis with its N-1 group orientated
towards the solvent. The pK of this group is about 6.5, a value
that changes to about 5.5 in the presence of Caz+.

e) Although the enzyme hydrolyses esters, it is mot a classical
serine esterase. It does not react with organophosphates, and no
results have been obtained in favour of the existence of an acyl
enzyme.

Therefore, Wells (1972) proposed that a water molecule must be
the nucleophile attacking the ester bond.

The proposed catalytic mechanism depends heavily on the X-ray

structure of the bovine enzyme. It is assumed that this

structure does no vary significantly from the structure of any
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phospholipase Az(from pancreas or venom). Such an assumption may

well be realistic in view of the high degree of sequence homology

that exists between the different phospholipases.

In the X-ray strusture, His-48 is located in a cleft near the

absolutely conserved side-chains of Asp-49, Tyr-52 and Asp-99.

The wall of the cleft is constituted by residues with highly
conserved hydrophobic side-chains. Based on the chemical

evidence (Verheij et al., 1981) and the spatial arrangement of

the side-chains, a mechanism of action has been proposed (Verhei j
et al., 1980), this is depicted in Fig.7.

The presence of the Asp—-99-His-48 couple suggests a comparison

with the serine esterases; The serine residue found in the latter
is lacking in phospholipase AZ’ but instead a water molecule {is

about 3A away from the N~1 nitrogen atom of the His-48 and 1is

supposed to perform the nucleophilic function in the ester

hydrolysis, 1in analogy to the active centre serine in the serine

esterases. When this water molecule attacks the substrate

carbonyl carbon atom, the imidazole ring of the His-48 picks up a

proton from the water molecule, thereby facilitating the

reaction. The proton 1is subsequently donated to the alkoxy

oxygen just as in the serine esterases, where the proton from

serine is transferred by His to the leaving group (Komiyama and

Bender, 1979). The role of the Ca2+ ion may be to bind the

negative phosphate group. If this was the only role of the ion,

it 1is not clear why in the presence of the slightly larger Ba2+

ion (0.99A and 1.34A) a ternary complex is formed but not

hydrolysed.
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A possible explanation is that Ca2+ ion is a stronger Lewis acid
than Ba2+ ion; it can more easily polarise the ester carbonyl
function and stabilise the tetrahedral intermediate in concert
with the backbone NH group of residue 30. A similar role for the
metal ion co—factor has been suggested for the Zn2+ ion in
carboxypeptidase (Quiocho and Lipscomb, 1971) and for Ca2+ ion in
staphylococcal nuclease (Cotton et al., 1979).

No X-ray crystallographic data of an enzyme-substrate (analogue)
complex are available, however it is possible to fit a substrate
molecule in the active centre with the susceptible ester bond 1in
the required position relative to the attacking water molecule,
the phosphate group close to the Ca2+ ion, and the remaining part
of the polar head-group (e.g. choline) pointing towards the
solvent. The two acyl chains, whilst running parallel to each
other, can be fitted into a shallow cleft on the enzyme surface
in between the apolar side chains of Leu-2, Leu-19, Leu-20 and

Leu-31 .

2.2.3 Minimal Substrate Requirements of Phospholipase ézi

The minimal substrate requirements for phospholipase A2 have been
summarised (Bonsen et al., 1972b) as: One fatty acid ester bond
has to be present in a position adjacent to the alcohol-phosphate
ester function five to six atoms apart and the acyl chain should
occupy a well-defined stereochemical orientation in space
The substrate requirements were established in a classical study
by Bonsen et al., (1972a, 1972b) using a number of short chain,

water—-soluble lecithin  analogues in which the following
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modifications were introduced: (see Table 2 for the structural

formulae of some of the analogues).

1. A change in the stereochemical configuration:

The absolute stereochemistry of the enzyme for 1,2-diacyl-3-sn-
phosphoglycerides, led to investigating the isomeric 2,3-diacyl-
sn-phosphoglycerides (D-lecithins). These were found to be
competitive inhibitors of the enzyme using lecithins of short
acyl chains (C6 and C7), having also identical affinity constants
thus indicating a catalytic and not a binding specificity for the

enzyme.,

2, A change in the ester group in position- 2:

Substrates containing ether, alkyl and sulphonyl groups as well
as amide groups were found to be completely inert towards

phospholipase A This was due to the use of low concentration

°
of the test substance as compared to the concentration of the
normal substrate, hence the test compounds were largely in the
monomeric form for which the enzyme has a much lower affinity.
Using the amide analogues at higher concentrations and
displaying the kinetic data in the form of a Dixon-Webb plot
(1964) the results indicated pure competitive inhibition.

The ether and alkyl analogues were only weakly competitive
inhibitors with binding constants comparable to those of the
normal substrates, whereas the amide analogues showed much

stronger competitive inhibition with affinity constants 5-10

times than the corresponding normal substrates. The sulphonyl
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Table 2: Substrate specificity of phospholipase A,
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analogue was not a competitive inhibitor even though it was used
at concentrations well above its critical micelle concentration
(CMC) and especially as it was shown that changing an ester
function for a sulphonyl ester considerably raises the CMC.

The amide analogues were potent competitive inhibitors even when

their CMC was considerably lowered by the addition of 1M NaCl.
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3. Changes in the glycerol-phosphate ester:

A direct carbon—-phosphorus bond does not abolish the substrate
properties. Thus phosphonolecithins were shown to  have
affinities for the enzyme which were close to the corresponding
normal substrates, but the C-P bond considerably diminishes the

maximal velocities of the hydrolytic process.

4.Changes in the alkyl chain:

The introduction of a 2-methyl fatty acid chain in the lecithin
molecule does not greatly change its physicochemical behaviour as
far as the CMC is concerned. The apparent affinity constants
(KS) were found to be very close to those lecithins containing
straight chain fatty acid esters of the same length.

However, a dramatic fall in the enzyme activity was observed
going from straight chain lecithins to lecithins with acyl chains
branched in the 2-position , these latter analogues were found to
be pure competitive inhibitors and it was suggested that the
rate-limiting step in the decomposition of the Michaelis complex
was very sensitive to steric hindrance produced by the branching
of the acyl chain adjacent to the susceptible ester bond, or to
an inactivating effect by the electron donating CH3 group (+I
effect) on the ester. Substitution with aromatic rings lead to

similar observations.
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5. Changes in the glycerol backbone:

The introduction of a CH2 group between the susceptible ester
group in position-2 and the C-0-P linkage completely abolishes
all substrate properties.

These compounds were observed as having an activating effect on
the hydrolytic process, the activation might have been caused by
two factors:

a) An inhibitory effect caused by the presence of a substrate
which binds to the enzyme but which is not hydrolysed , and

b) An activating effect related to an improved mixed micellar

interface.

6.Changes in the position of the polar head group:

It was shown that large differences exist 1in the rate of
enzymatic breakdown using such positional isomers. For the p -
lecithins which are known to be degraded by phospholipase A2 the
V value was only 13%Z of the value found for the normal(¢-
lecithins.

From the physicochemical point of view the system was too
complicated to investigate quantitatively, as the substrate and
inhibitor both produced coacervate structures in water instead of
clear micellar solutions.

It appears that the physicochemical state of the lipid molecule
has a great influence on the activity of the enzyme, e.g., for a
given substrate in a clear aqueous solution the enzyme is

scarcely active 1if the substrate is present in monomeric form

i.e. below the CMC, and its activity sharply rises in a Michaelis
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way at concentrations above the CMC.

Even at concentrations far above the CMC where the substrate is
mainly present as micelles, any addition which modifies the
nature of the lipid-water interface has a pronounced effect on
enzyme activity. This indicates that a lipolytic enzyme such as

phospholipase A2 is extremely sensitive to the overall parameters
of an organised lipid-water interface, or that the interface
determines in a specific way the molecular conformation of every
substrate molecule and hence facilitates or impedes the
interaction with the enzyme.

The use of monolayer methods have éhown a pronounced optimum of
phospholipase Az activity at a certain surface pressure of the
monolayer. Up to now two classes of linear competitive
inhibitors of phospholipase A2 have been shown:

a) 1-sn-phosphatidylcholines (D-lecithins), these are
characterised by rather weak affinity for the enzyme. However,
they bind to the enzyme in an identical manner to the
corresponding 3-sn-phosphtidylcholines. Thus the D~lecithins can
be wused in kinetic studies to investigate the formation of the
Michaelis complex without complications caused by product
formation.

b) l-Acyl-2-acylamidolecithins:

This class of inhibitors possess very high affinity for the
enzyme and are thus invaluable for active site protection and the

design of bifunctional irreversible inhibitors.
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2.3. Experimental:
2.3.1. Synthesis of Phospholipase AZ

Substrate Analogues Based

on N-Protected- X-Aminoalkanoic Acids

Scheme A:

l. Potassium salt 25.5:; butyloxycarbonyl-DL-eicosanoic acid: (1)

To 0.3g (0.7mM) of racemic N—tbutyloxycarbonyl-(Boc) eicosanoic
acid in 25ml of 96% ethanol were added 0.7ml (equiv.,0.039g KOH;

0.7mM) of a IM ethanolic solution of KOH (ethanol:H.0 9:1 ) with

2
vigorous stirring to dissolve. After 40 mins., the solution was
filtered and all solvents evaporated off in vacuo at 35 C on a
rotary evaporator by the addition of aliquots of toluene and
ethanol (alternatively the solution may be lyophilised).

The resulting colourless semi-solid was dried in vacuo over on5
for 24hrs to yield the K-salt as a white hygroscopic powder,

0.32g (quant.). It was used directly for the next step.

2. §:£~Boc-DL—or—aminoeicosanoic acid methyl ester:(2)

The solid (1) obtained from the previous reaction , 0.32g
(0.69mM) was suspended in 20ml of anhydrous toluene and to it

added 0.19g (0.72mM) of dry Crown-18,6 (Aldrich) followed by
3.5m1 (0.055M) of iodomethane. The mixture was heated under
reflux for 1 hr and the resulting clear yellow solution
concentrated in vacuo to yield a yellow oily semi-solid, this was

suspended in 40ml of EtOAc and a quantitative amount of the
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Boc - (HR - COOH —2 == Boc -CHR- COOK (1)
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Scheme A: N-profected «- amino atkanoic acids in the
synthesis of Phospholipase A, substrate
analogues
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crown—18,6- KI complex was filtered off.

The organic layer was washed with 0.5M aq. HCl1 (10ml), saturated
aq. NaHCO3 (10ml), brine and water (both 2x15ml) and dried over
anhydrous Na2504. The solvent was evaporated off in vacuo to yield
0.30g (quant.) of the methyl ester as a clear yellow oil.

IR (\/;ax):

3540, 3250 (NH_ ), 1745 (CO_.), 1715 (CO urethane), 1510

st’
(NHdef)’ 1465, 1365, 1250, 1165, 1040,

IH nmr:

0.9 (t, 3H, CHS)’ 1.2 (m, 32H,(CH2)16) » 1.4 (s, 9H, Boc-),
1.6 (m, 2H, CHZ)’ 3.6 (s, 3H, OCH3), 4.2 (m, 1H, CH),

5.0 (d, 1H, NH).

Rf0.67, tlc-A

3. Reduction of the methyl ester:(2)

The ester obtained in the previous reaction was dissolved in 15ml
of anhydrous diethyl ether and reduced to the corresponding
alcohol by the addition of excess LiBHa in small aliquots and
following the reaction by tlc-A until complete reduction had
occured ( usually 30mins). To the ethereal solution were added
0.5ml of water cautiously to destroy excess reducing agent and
the solvents evaporated off in vacuo, the resulting white powder
was dissolved in 20ml CHCl3 and washed with 1M agq. HCl
(2x10ml),saturated NaHCO3 (2x10ml) and brine and water, the

organic 1layer was dried over anhydrous NaZSO4 and evaporated off

in vacuo to yield 0.285g (quant.) of the alcohol as a white

amorphous powder.
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mp 51-52 °C.

Rf0.60, tlc-A

IR (\/;ax)

3650-3460 (OHst)’ 3350 (NHst)' 1685 (COst), 1525 (NHdef)
1465, 1390, 1365, 1165.

1Hnmr:

0.88 (t, 3H, CH,), 1.24 (m, (CH,) ), 1.43 (s, 9H, YBoc-),
16

2.26 (b s, 1H, OH), 3.59 (m, 3H, CH, CH,-0), 4.5 (d, 1H, NH).

Elemental analysis: Calculated for C,_H_.,NO,, MW= 413,69

25751773
Calcd: C: 72.58, H: 12.43, N: 3.39, 0: 11.60

Found: C: 72,42, H: 12,53, N: 3.29, O0: 11.76

4. Phosphorylation of the alcohol:(3) (Kates et al., 1971)

To 0.22g (0.53mM) of the alcohol(3), in 2ml of anhydrous
tetrahydrofuran at room temperature were added 0.12ml (0.83mM) of
anhydrous  triethylamine (Aldrich) with stirring. To this
solution were added in one portion 0.22g (0.83mM) of diphenyl
phosphoryl chloride (Aldrich) in 1lml of tetrahydrofuran with

vigorous stirring under N The reaction was allowed to proceed

2°
for 24 hrs. A further 0.11g (0.42mM) of the phosphorylating
agent were added (and TEA, 0.06ml, 0.42mM) and the mixture
stirred for a further 24 hrs.

The salt which precipitated out was filtered off and the solvent

evaporated off in vacuo. The resulting crude oil was taken up in

20ml1 of EtOAc, washed briefly with brine and water, dried as
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previously described and the product was purified by preparative
tle-A yield 0.34g (80%) of a colourless oil which solidified to
o
a white solid upon standing at 4 C overnight,
mp 54°C.
VvV i :
IR ( max)’ (thin layer, NaCl):

3315 (NHst>’ 3070, 3035 (CHSt arom.), 1710 (C=Osturethane)

1590 (C=Cstarom, NHdef)’ 1390, 1360, 1185 (P=Ost)’ 1160
1020, 1005 (C-0-P), 950, 720.
1Hnmr:

0.8 (c, 3H, CHj), 1.2 (m, 34H, (CHp) ), 1.4 (S, 9, “Boc)

3.8 (m, 1H, CH), 4.3 (m, 2H, cnzo-), 4.6 (d, 14, NH), 7.2-7.3 (m,
10H, 2xPhenyl groups).

Elemental analysis: Calculated for, C_ . H .NO P, MW= 645.86

37760776
Calcd: C: 68.81, H: 9,36, N: 2.17

Found: C: 68.51, H: 9.48, N: 1.98

5. Deprotection of the £ Boc- group:

To the phosphorylated intermediate (4), 0.34g (0.53mM) dissolved
in 20ml CH2C12 at 0 C were passed dry HCl gas for 50 mins.

The solvent was evaporated off in vacuo, 10Oml of anhydrous
diethyl ether were added and re—evaporated off to yield a
colourless oil, 0.29g (quant.).

The absence of the tBoc group was confirmed by nmr and ir
spectroscopy and tlc-A.

IR(V _):

max”’ "’
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3400-2000 (a series of broad absorption bands due to NH3), 3040

(CHS arom.), 1590, 1490, 1460, 1280 (P=OS r), 1180, 1050, 950,

t t

780, 750, 680.

1Hnmr:

0.8 (t, 3H, CH3), 1.2 (m, 34H (CH2)17), 3.8 (m, 1H, CH ),
4.3 (m, 2H, OCHZ), 7.2-7.3 (m, 1OH, 2xPh), 8.7 (br, 3H, NH3).

The salt was used directly for the next step.

6. Amidation 25.21

To 0.358g (0.64mM) of the hydrochloride salt (5), in 8ml of
anhydrous tetrahydrofuran in a 50ml round bottomed flask
protected by a ‘"drierite" guard tube were added 0.178ml
(2x0.64mM) of anhydrous triethylamine followed by 0.194g (0.64mM)
of stearoyl chloride with vigorous stirring at room tempetature
for 2hrs.

The salt that precipitated out was filtered off and the filtrate
evaporated off in vacuo to yleld 0.326g (quant.) of a slightly
off-white powder. The product was taken up in a little EtOAc and
precipitated out with cold acetonitrile to a white powder.

mp 56-58 °C.

Rf0.73, tlc-A

IR (\/;ax):

3295 (Nﬂst), 3080, 2980. 2920, 2860, 1645 (C=Ost,amide ),
1595,1550, 1465, 1290 (Post)’ 1190, 955.

1

Hnmr:

0.8 (dist.t, 6H, ZXCH3), 1.2 (m, 60H, aliph. CHs), 1.5 (m, 4H,
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CH-CH ,), 2.1 (m, 2H, CH,-CONH-),4.2 (m, 1H, CH), 4.3 (m, CH,0),

2
5.7 (4, 1H, NH), 7.2-7.35 (m, 10H, 2xphenyl).

7. Hydrogenolysis of 6:

To the phosphorylated amide intermediate (6), 0.326g (0.414mM) in
25ml of absolute ethanol and glacial acetic acid (95:5 Zv/v) in a
100ml round bottomed flask were added 120mg of fresh platinum
oxide/charcoal catalyst and the mixture hydrogenolysed at 30 *C
and room pressure for 2hrs.

The resulting suspension was filtered off and the solid dissolved
in warm chloroform and filtered through a pad of celite to remove
the catalyst, the organic layer was washed with 0.5M HC1 (2x10ml)
an brine and dried as before, the solvent was evaporated off in
vacuo and the resulting white powder triturated with diethyl
ether and filtered to yield 0.25g (92%) of the phosphatidic acid
amide.

mp 94-96 °C.

IR (V)¢

3390 (NHstr)’ 2490, 1625 (Costr)’ 1515, 1460, 1260 (P=Os )

tr
1190, 1130, 1080, 940, 920.

1Hnmr:

0.7 (dist.t, 6H, 2xCH3), 1.2 (m, 64H. 2x (CHZ) ), 1.5-1.8 (m,
16

4H,CH,CONH-, —CHZ—), 3.8 (m, 2H, CH,-OP=0), 3.7 (m, lH, CH),

2 2
5.8 (br s, 2H, 2x0H), 6.5 (d, 1H, NH).
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Elemental analysis: Calculated for, C38H78N05P, MW= 659.98
Caled: C: 69.16, H: 11.91, N: 2.12

Found: C: 69.24, H: 12.05, N: 1.98

8. Choline ester of 7: (Bittman et al., 1984)

In a 100ml round bottomed flask equipped with a magnetic stirrer,
a reflux condenser and a "drierite" guard tube were placed 0.22g
(0.33mM) of the phosphatidic acid (7), followed by 0.74g (2.7mM)
of anhydrous choline tosylate, 5ml of anhydrous pyridine and 2ml
of trichloroacetonitrile (Aldrich). The resulting suspension was
heated under reflux at 55 C for 48hrs.

The crude brown mixture was concentrated in vacuo at 45 °C to
yield a brown semi~so0lid which was triturated with cold
acetonitrile, the fine precipitate was filtered on a filter paper
without suction. The solid was taken up in 10ml of a 10% aqueous
tetrahydrofuran and 1loaded onto an ion exchange colunm ( 10g,
10cm, Amberlite MB-3) and eluted with the same solvent mixture
(300ml). The crude product obtained after evaporation of the
solvent (2x10ml of isopropanol added during evaporation to aid
dehydration) weighed 0.18g, was purified further by preparative
tlc-B on silica gel to yield 0.162g (58%) of a white hygroscopic
powder which did not have a definite melting point.

R_0.18, tle-B , R_.0.21, tlc-B

f f

Elemental analysis: Calculated for, C, . H,,N.O P,SHZO

437897275
Caled: C: 61.87, H: 11.87, N: 3.35

Found: C: 61.38, H: 11.39, N: 3.65
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MS(Fab): For C43H89N205P, MW= 745.17

746 (29, (+)hy, 563 (12), 285 (12)

184 (75), 91 (100), 58 (18).
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9. Resolution of intermediate 5 i

Scheme A:

0.44g (0.8mM) of the hydrochloride salt of 5 were suspended in
50ml of anhydrous benzene with stirring under a stream of
nitrogen, and to this were added 0.08lg (0.8mM, O0.l1lml) of
anhydrous triethylamine and 0.124g (0.74mM) of the chiral ketol
(+)-2-hydroxypinan-3-one. A catalytic amount of boron
trifluoride dietherate (100mg) were added and the entire mixture
was heated under reflux for 6hr using a Dean-Stark apparatus.

The two diastereoisomers thus formed were obtained as off-white
semi-solids, 0.19g (Rf0.34) and 0.23 (Rf 0.26)(76% overall).
Their proton magnetic resonance spectra were practically
identical, i.e.,

1Hnmr: for Re 0.34 diastereoisomer

0.9 (t, 3H, CH3; s, 3H, CH3,pinene),1.27 (m, 32H,(CH2)16,S, 3H,
CH3,pinene), 1.43 (s, 3H, CH3), 1.45-2.6 (m, 9H, CHZ-(CHZ),
7/H,pinene), 3.95 (m, IH, 0L-CH), 4.1-4,2 (m, 2H, —OCHZ), 7.2-7.4

(m, 10H, 2xPhenyl).

Circular dichroism spectra:
a) Rf0.34: (see Fig.8)

be =4 1.3 (A g56)» (¢ 0.971mg/ml)

‘b) Rf0.26: (see Fig.9)
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Substrate Analogues Based

2.3.2  Synthesis of Phospholipase éZ

93_C—Protected—Cr-Aminoalkanoic Acids

Scheme B:

1. Compound 1:

To 0.lg (0.26mM) of the racemic amino eicosanoic acid methyl
ester HC1 salt, were added 6ml of anhydrous tetrahydrofuran
followed by 0.054g (2x0.26mM) of anhydrous trimethylamine with
stirring at room temperature. To this suspension were added
0.028g (0.26mM) of butyryl chloride (Aldrich, 98.5%) and stirring
was continued for lhr.

The mixture was diluted with 10ml of the same solvent and
filtered to remove salts. The filtrate was concentrated in vacuo
and the resulting white solid was taken up in 20ml of EtOAc and
washed with 0.5M aq. HCl (2x10ml), saturated NaHCO3, brine and
water (all 2x10ml) and dried as before. The solvent was removed
in vacuo to yield 0O.llg (quant.) of a white amorphous powder
which was chromatographically pure.

mp: 62-64 °C.

Rf0.57, tlc-A

IR (\f nax’® thin layer,NaCl):

3300 (NHst)’ 1740 (COst,ester), 1640 (Cost’ amide), 1540 (NHst)
1Hnmr:

0.9 (dist, t,ZxCH3), 1.4 (m,32H, (CH226), 1.6 (m,4H, CH3CH2CH2,
CH)-), 2.2 (M, 2H,CH,CO), 3.65 (s, 3H, OCH,), 4.6 (m, 1H, CH),

5.9 (d, 1H, NH).
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a
HCl.HyN-CHR-CO0CH3 ———w= R1—CONH-CHR-COOCH3 (1)

(1) — 2 o R'_CONH-CHR-CH,0H (2)
0
(2) —=—= R'-CONH- CHR-CH,-0-P- (OPh), (3)
d 0
(3) —=—= R'- CONH- CHR-CH, - 0-P-(OH), (4)
0
(4) —2 e R-CONH-CHR-CH,-0-P-OCH,CH N
-CONH-CHR- CHy-0-P-0CH, CH)NICH)y
0° (5)
[H.OH]
- 1_
R-— CH3"(CH2)17" ' R - CHB"’ (CHZ)Z -

a) R1-COCL/TEA, b) LiBH,/ Et0  c) Pyr./diphenyl-
phosphoryl chloride, d) Pt/H, /EtOH/ HOAC,
e) Choline tosylate / CL3CCN / Pyr. at 50°C

Scheme B: C(-protected «-aminoalkanoic acids in the
synthesis of Phospholipase Ay substrate

analogues
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Elemental analysis: Calculated for, C25H49N03, MW= 411.67

Caled: C: 72.94, H: 12.00, N: 3.40, O: 11.66

Found: C: 73.22, H: 12.07, N: 3.31, 0: 11.40

MS(EI):

m/z: 411 (9, M+), 380 (0.5), 340 (9), 282 (100), 159 (75), 71

(62).

2. Compound 2:

This alcohol was prepared by a method identical to that described
for compound 3 in Scheme A. The yield was O.lg (quant.), and the
product was a white amorphous powder, pure by tlc.

mp : 81-83 °C.

Rf0.31, tlc-E

IR (]/' ):

3400 (OHst)’ 3300 (NHst)’ 1645 (broad cost), 1545 (NH

def)
1460 (CHdef).

lHnmt:

0.9 (dist. t, 6H, 2xCH;), 1.4 (m, 32H, (CHZ)Ig, 1.5~1.9 (m, 4H,
CHBCHZCH2CO, CHZ(CHZ))’ 2.2 (m, 2H, CHZCO),

2.8 (br s, 1H, OH), 3.6 (m, 2H, CHZOH), 3.9 (m, 1H, CH), 5.6 (d,
1H, NH).

Elemental analysis: Calculated for, C24H49N02, MW= 383.66
Calcd: C: 75.14, H: 12.87, N: 3.65, 0: 8.34

Found: C: 75.29, H: 13,10, N: 3.57, O: 8.04
3. Compound 3:

The phosphorylation of the alcohol (2) was carried out as
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previously described using the method of Kates et al. (1971).
The product was a white amorphous powder 0.158 g (98%).

mp: 57 °C.

IR (\/;ax):

3280 (NHst)’ 3040 (Cﬂstarom.), 2920, 2850 (CHst aliph.),

1640 (Cost)’ 1595 (C=Cst), 1550 (NHst)’ 1480, 1460

1280 (P=Ost), 1180, 1050, 1020, 950, 720.

1Hnmr:

0.8 (dist. t, 6H, 2xCH3), 1.3 (m, 34H, (CH2%7 , CH3CH2),

1.5-2.1 (m,4H, CH,, CH)), 4.2 (m, 3H, CH, CH,0), 5.7 (d, 1H, NH)

7.24-7.5 (m, 10H, 2xphenyl).
4, Compound 4:

This 1intermediate was prepared by hydrogenolysis of 3 in
ethanol/glacial acetic acid (90:10% v/v) as previously described
using platinum oxide as the catalyst.

The product was obtained as a white powder which was hygroscopic
0.156g (98%), it was recrystallised from diisopropyl ether .

1

H nmr:

(CDCL,, :DMSO

3 d6)

0.64 ( dist. t, 6H, 2xCHy), 1.1 (m, 328, (CH,) 1.3-1.9 (m, 4,
CH,(CH), CH,CH,C0), 3.4 (t, 2H, CH,C0), 3.55 (m, 1H, CH)

3.8 (m, 2H, CH,0), 6.9 (br, 1H, NH).

It was better characterised as its choline ester (see below).
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5. Compound 5:

This was prepared by a similar method as described previously for
compound 8 in Scheme A.

The yield was 0.0885g (62%) of the theoretical, and the product
was a white hygroscopic powder without a definite melting point.
Elemental analysis: Calculated for 029H61N205'3 HZO

Calcd: C: 56.86, H: 10.62, N: 4.58

Found: C: 56.99, H: 10.78, N: 4.74

lHnmr:
(CDC13:DMSOd6 , D=5 sec, Temp=35°C)
0.45 (dist. t, 6H, 2xCH,), 0.8(m, 32H, (CH,) 1.1 (m, 4H, CH,,

16

CH,CH,CH,C0), 1.68 (m, 2H, CH,CO), 2.8 (s, 9H, N(CH

3. 25-3.84 (m, 7H, CH-, CH

303

2OPO, O-(CH2)—N—). 7.34 (d, 1H, NH).
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2.3.3. Phosphorylation of Hydrophobic acylamido alcohols with

2-Chloro-2-oxo 1,3,2-dioxaphospholane:

The titled phosphorylating agent was prepared from the
corresponding 2-chloro 1,3,2-dioxaphospholane (itself prepared by
the method of Lucas et al., 1950) by the method of Edmundson

(1962).

Scheme C:

1. Compound 2:

To 0.5g (0.86mM) of the racemic alcohol (1) in a three-necked
flask equipped with szinlet tube and reflux condenser were added

10ml of dry and ethanol-free CHCl, and 0.18g (2x0.86mM) of

3
anhydrous triethylamine. To this suspension were added in one
portion 0.25g (2x0.86mM) of the cyclic oxaphospholane.

The reaction mixture was vigorously stirred at 30°C for 2hrs and
at room temperature overnight. The reaction was monitored by
tle (MeOH:CHClB, 5:95 % v/v) for the disappearance of the
alcohol. The solvent was removed in vacuo and the residue
dissolved in 4ml of aqueous tetrahydrofuran to destroy excess
phosphorylating agent. The solvents were again removed and the
residue taken up in 5ml of EtOAc and washed briefly with water.

After drying the solvent was removed and the residue used

directly for the next step without purification.
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RZ - CONH- CHR'- CH,0H (1)

a

0
]
RZ - CONH-CHR'- (H,-0-P (2)
2777\,
lg
]
R2- CONH - CHR' - CHy -0~ P~ OCH, CHyBr (3)
l_c_ 09 H*
0
) , I ®
R%-CONH - CHRY - CHy 0=~ OCHy CHpN (CH3)3  (4)
0% [H.0H]
12 CH, - -, R2 = CHo- -

a) Pyr/ 2-chloro-2-o0xo0 1, 3,2-dioxaphospholane
b) anhydrous NaBr/reflux 6hr
c) 45% aq. (CH3)3 N/ heat 50°C, 96 hr.

Scheme C: Use of cyclic oxaphospholanes in the
synthesis of Phospholipase Ap substrate

analogues
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2. Compound 3: (see Eibl, 1978)

To 0.59g of the crude product (2) in 15ml of anhydrous methyl
ethyl ketone were added 0.18g (1.73mM) of anhydrous NaBr and the
resulting suspension heated under reflux for 6hrs.

The resulting slightly yellow solution was filtered when cold and
the solvent removed in vacuo. The residue was suspended in 20ml
of CHCl3 and washed with 0.5M aq. HCl (2x10ml), 10% aq. NaHCO3
(2x10ml), brine and water and dried. The solvent was removed in
vacuo and the residue taken up in 2ml of CHCl3 and precipitated
out by the addition of cold acetonitrile to yield 0.46g of a white
powder which was further purified with preparative tcl on silica

(CHC1,:MeQOH:H,0, 70:30:3 Zv/v) to yield a colourless solid (clear

3 2
film).
mp: 167-169 °C.

Rf0.72

lHnmr:

The proton spectrum of this intermediate in deuteriochloroform
gave very‘broad, generally uninformative resonances, possibly
because the compound formed aggregates in solution, H-bonding
might be responsible for the observed line broadening.

NH resonances were not observed. Addition of DMSOd6 greatly
improved the spectrum in the sense that the lines were sharper
and furthermore the NH resonance at 6.9 ppm was observed as

a broad signal. Raising the temperature to 40°C improved the
spectrum even better, i.e.,

2.2 (lt,s 6H, 2xCH,), 1.2 (m, 62H, (C“2)16 , (CH2)15)’
.3-1.5 (m, 4H, CH,CH,, CH,), 2.0 (m, 2H, CH,,C0)
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2.5 (br, lH, OH), 3.3-4.0 (m, 5H, CH, OCH,CH,Br)

2
6.9 (br, 1H, NH).
MS(Fab):

1) T 768(30), 562 (100, MHH - HOP(0)OH.CH,CH,Br), 206(29)

IR (’v’max>:
3295 (NHst)’ 2960, 2920, 2850 (CHst)’ 1640 (Cost)

1550 (NHst)’ 1465, 1240, 1220 (P=Ost)’ 1125, 1085, 1035.

4 ,.Compound 4:

To 0.39g (0.51mM) of the bromoalkylamide intermediate in a 50ml
round bottomed flask were added 6.5ml1 of a mixture of

CHCl3:isopropanol:DMF(3:5:5 Zv/v) and the resulting suspension

warmed to 50 C.

3.5m1 of a 45% aq. trimethylamine (Fluka) were added with
stirring and the reaction mixture allowed to stir at 50 *C for
96hrs.

The product was detected by tlc (CHCl,:MeOH:25% aq. NH,,65:25:5),

3 3

Rf 0.18 with Dragendorffs reagent and molybdic acid spray.

The reaction mixture was diluted with 2ml of distilled water and

extracted with 30ml of a CHCl,:MeOH (20:1 %v/v).

3
The chloroform layer separated and the solvent removed in vacuo
to yield a yellowish semi-solid which was purified by preparative
tlc on silica to yield a colourless gelatinous mass which

was dried over P205 in wvacuo thus producing an off-white
hygroscopic powder, 0.182g (48%).

Note: The methanolic layer contained 0.11g of the starting
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material.

Elemental analysis: Calculated for,C43H89N205P.5 HZO
MW= 844.26

Calcd: C: 61.17, H: 11.39, N: 3.64

Found: C: 61.32, H: 11.62, N: 3,32

Rf0.18, Tlc-B , R_0.21, tlec-C

f
1Hnmr:

The proton spectrum of this acylamido lecithin exhibited very
broad resonances and the addition of DMSO did not improve the

spectrum significantly, raising the temperature to 40 C in the

presence of DMSO still did not improve the picture.

MS(Fab): for 043H89N205P, MW= 745.17

m/z: 746 (30, M+H+), 563 (12), 285 (12), 91 (100)



-188-

2.3.4 Phosphorylation with Dimethylphosphoryl Chloride:

(see Scheme D)

Dimethylphosphoryl chloride was prepared by the action of
sulphuryl chloride on dimethylphosphite as described by Fiszer
and Michalski (1955), it was obtained as a clear mobile liquid

(bp 51-52°C, SmmHg), 65% (see also Bittman et al., 1984).

l.Synthesis of A:

To 0.3g (0.78mM) of the DL-acylamido alcohol (1) suspended in 4ml
of anhydrous pyridine were added 0.18g (1.3mM) of
dimethylphosphoryl chloride with vigorous stirring at room
temperature. The reaction was complete after 3hrs as judged by
tle ( MeOH:CHCl3, 2:28) with a major phosphate positive 'spot' at
Rf 0.75 and a second minor 'spot' at 0.88. The solvents were
removed in vacuo at room temperature following the addition of
lml of water to destroy excess phosphorylating agent. The oily
residue was washed with water dried and precipitated by the
addition of cold acetonitrile, the solid was filtered without
suction and the residue further purified by preparative tcl on
silica gel to yield 0.26g (73%Z) of the dimethylphosphatidate.
mp: 58-60 °C.

IR (Vv max) (thin layer, NaCl):

3290 (Nﬂst), 2960, 2920, 2845, 1645 (C=Ost)’ 1545, 1470,

1270 (P=Ost)’ 1040 (P-0-C), 850.
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1Hnmr:
0.94 (dist. t, 6H, 2xCHy), 1.24 (m, 32H, (CHp) ),
1.5-2.2 (m, 6H, (CHZ)Z;BCHZ), 3.7 (d, 3H, OCH,),

3.8 (d, 3H, OCH,), 4.0 (m, 3H, CH; OCH,).
2.Synthesis of B: (see McKenna et al., 1977)

The phosphatidate from the previous reaction (A), 0.2g (0.43mM)
was dissolved in 3ml of anhydrous tetrahydrofuran in a 10ml round
bottomed flask protected with a "drierite" guard tube and to this
solution were added 2ml of bromotrimethylsilane (Aldrich), after
20mins at room temperature volatile materials were removed in
vacuo, the residue was dissolved in 15ml of tetrahydrofuran and
2ml of water were added and the mixture was allowed to stand at
room temperature overnight., The product was isolated from the
concentrated mixture by precipitation with acetonitrile to yield
0.175g (94%Z) of the phosphatidic acid. It was more conveniently

analysed as its choline ester.
3. Synthesis of the phosphatidyl choline (C):

The white product above was dissolved in 5ml of anhydrous
pyridine at 40°C under nitrogen, 0.74g (2.7mM)of choline tosylate
(Rosenthal et al., 1966) and 3ml of trichloroacetonitrile were
added and the reaction mixture kept at 50 “C for 48hrs. The
pyridine was removed in vacuo and the dark brown residue was

dissolved in 2ml of 10% aqueous tetrahydrofuran and passed
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through  Amberlite  MB-3 (1l5g) which had previously been
equilibrated with the same solvent.

After thorough washing of the column with 500ml of the same
solvent, the total eluate was evaporated in vacuo and dehydrated
by several re-evaporations after addition of 2-propanol.

The white residue was further purified by preparative tlc on
silica (CHCl,:MeOH:conc.NH

3 3

white hygroscopic powder.

65:35:5) to yield 0.162g (58%) of a

Rf0.2, tle-C
lHnmr: (T= 35°C; D=5sec; CDC13/DMSO-d6—)
0.94 (dist. t, 6H, ZXCH3), 1.3 (m, 32H, (CHZ)lé)’

1.5-2.2 (m, 6H, CH,CO; CH.CH.CO, Bcuz),

2772
3.8 (m, 4H, -CH

2

3.3 (s, 9H, N(CH -CHZ),

3)3)’ 2
4.0 (m, 1H, CH ), 4.3 (m, 2H, OCHZ), 7.2 (d, 1H, NH ).

Elemental analysis: Calculated for 029H61N205P.3 HZO

Caled: C: 56.86, H: 10.62, N: 4.58

Found: C: 57.01, H: 10.84, N: 4.68
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2.3.5 Discussion

The objective in this chapter was the design and synthesis of
phospholipids based on N and C protected X -aminoalkanoic
acids.

Such phospholipids could serve as substrate analogues for
phospholipase A; and A, enzymes as well as be useful in the
preparation of liposomes of greater stability, in addition these
phospholipids could be used as penetration enhancers in elegant
formulations for delivery systems for peptides and proteins.
Several years ago, de Haas and co-workers had demonstrated using
short chain lecithins, that replacement of the ester moiety in
these phospholipid models with an amide group at the scissile 2
position abolished the catalytic hydrolysis of these lecithins
by phospholipase A,.

These l-acyl-2-acylamidolecithins possess a very high affinity
for the enzyme and could therefore be of great value for active
gite protection of the enzyme. They may also be used in the
design and synthesis of analogues of bifunctional irreversible
inhibitors of the enzyme.

In our attempts to design and synthesise analogues of
phospholipase Ay and especially A, we have used racemic
aminoalkanoic acids as the starting material which were readily
functionalised with an amide group at position 2 and in addition

lack the ester group at position 1,
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Therefore, since both ester moieties at positions 1 and 2 have
been substituted with enzymatically stable functional groups it
is envisaged that these phospholipids would be non-hydrolysable
by phospholipase A; and A,, furthermore they may provide stable
irreversible inhibitors for the enzymes.

It is also envisaged that these phospholipids might be very
useful synthetic 1lipids for the preparation of liposomes for
drug delivery. Liposomes prepared from natural phospholipids are
unstable in body fluids as a result of partial degradation by
phospholipases but more importantly by interaction with serum
lipoproteins (Scherphof et al., 1978).

The synthesis of phosphatidyl cholines with racemic X -
aminoalkanoic acids was based on the fact that elaboration to
the final product, i.e. the phospholipid, could be made by
starting at either the N terminus or the C terminus of the
aminoalkanoic acid. Protection of the N terminus was via the
tertiary butyloxycarbonyl group (Boc) which combined the
necessary stability to allow for phosphorylation of the
corresponding alkyl alcohol, with the relative ease of
deprotection prior to acylating the X —amino group with a
suitable alkyl chloride. In addition the choice of this group
allowed the subsequent resolution of phosphorylated
intermediates using the chiral ketol mentioned in Part A of
Chapter One.

Esterification of the Boc-protected amino acid to the methyl

ester was readily and quantitatively achieved by the action of
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methyl iodide on the complex of the potassium salt of the amino
acid with crown-18,6. Subsequent reduction of this ester to the
corresponding alcohol was carried out quantitatively with
lithium borohydride. Phosphorylation of this N-prtected alcohol
was the most demanding aspect of entire synthesis in as much as
the phosphorylation could not be carried out with a single
reagent and this meant that several experiments had to be
carried out in order to ascertain the best conditions and most
appropriate phosphorylating agent and conditions to be chosen.
Phosphorylation with phosphorus oxychloride as described by Eibl
(1978) could not be reproduced since the amount of impurities
obtained interfered with purification and subsequent synthesis.

The preconstructed phosphorus heterocycle, 2-chloro-2-oxo-1,3,2-
dioxaphospholane (Thuong and Chabrier, 1974) was also tried in
the phosphorylation of the alkyl alcohols, however this rather
hindered heterocycle was found to be somewhat unreactive towards
the also hindered alcohols and since quantitative
phosphorylation could not be achieved without the use of at
least 3 to 4 equivalents of the reagent over a prolonged period
of time (24-36hr); this reagent was not favoured. In one
instance this reagent was used to synthesise a lecithin (see
2.3.3) in which case a one-pot reaction was carried out without
purification of the products of phosphorylation, the entire
mixture was treated with anhydrous sodium bromide for 6hr in
refluxing methyl ethyl ketone and the resulting bromo alkyl

phosphotriester was treated with an aqueous solution of
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triethylamine for 96hr at 50°C to afford the phosphatidyl
choline in 48% yield. About 35% of unreacted starting material
was recovered. This procedure was clearly not ideal although it
gave a moderate yield, since it was difficult and sometimes not
at all possible to 1isolate and characterise important
intermediates; this method was not favoured either.

The poor reactivity of this heterocycle has recently been
reported (McGuigan, 1986), this author resorted to the use of
the more reactive 2-chloro-1,3,2-dioxaphospholane in order to
synthesise phosphite triesters of alkyl alcohols which were
subsequently oxidised to the corresponding phosphate triesters
with dinitrogen tetroxide.

We were able to carry out quite successfully, all subsequent
phosphorylations using the method of Kates and co-workers (1971)
in which diphenylphosphoryl choride was wused, Although this
reagent at first appeared to offer 1little advantage over the
latter cyclic reagent since it is also rather sterically
hindered, it proved to be an excellent reagent and also more
reactive and high phosphorylation rates were obtained by using
only 1.8-2.5 equivalents. In addition its degradation products
were readily removed by simple chromatography to afford pure and
stable colourless oils in at least 80%. The removal of the
phenyl groups was carried out by hydrogenolysis over platinum
oxide catalyst. The subsequent condensation of the resulting
phosphatidic acid with choline tosylate was carried out in

anhydrous pyridine using trichloroacetonitrile as described by



