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"The great tragedy of Science - the slaying of a
beautiful hypothesis by an ugly fact."

Thomas Henry Huxley (1825-1895),
Ib.viii. Biogenesis and Abiogenesis.
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Summary

There are two distinct biosynthetic pathways to the essential
amino acid L-lysine (A). The diaminopimelate pathway to L-lysine
(A) occurs in higher plants and bacteria whereas the a-aminoadipate
pathway to L-lysine (A) operates in fungi and yeasts. This thesis is
concerned with the first two steps in the diaminopimelate pathway
to L-lysine (A), catalysed by dihydrodipicolinate synthase (DHDPS)
and dihydrodipicolinate reductase (DHDPR). In particular, the
synthesis of L-aspartic acid-B-semialdehyde (L-ASA) (C), a substrate
of the first enzyme and the mechanism of formation of L-2,3-
dihydrodipicolinate (L-2,3-DHDPA) (B), the product of the reaction
catalysed by DHDPS, was studied. In addition the synthesis of

compounds which might be inhibitors of DHDPS was studied.

CO,
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(A)
L-Aspartic acid-pB-semialdehyde (C) is an important

intermediate in the biosynthesis of L-lysine (A), L-threonine and L-

methionine. The trifluoroacetate salts of the L- and D-isomers of
aspartic  acid-B-semialdehyde were prepared from L- and D-
allylglycine respectively. Our Biochemistry co-workers have isolated

and purified DHDPS and have set up an assay system for this



enzyme. Using this assay system we confirmed that L-ASA (C) is a

substrate for DHDPS whereas the D-isomer is not.
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Having pure L-ASA (C) allowed us to carry out precise NMR
spectroscopic experiments and biochemical experiments to
investigate the mechanism of DHDPS. We confirmed that the product

from the enzymic reaction is dipicolinic acid (D).
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Manipulation of the synthetic route to L-ASA (C) allowed us to
prepare a range of aspartic acid-ﬁ-semiéldehyde analogues and
derivatives. Most of these compounds were tested for potential
inhibitor or substrate activity with DHDPS. In particular the
trifluoroacetate salt of DL-aspartic acid-f-semialdehyde methyl ester
hydrate (E) showed no substrate activity however, 14% inhibition

was observed with this compound at 0.5 mM.
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The other substrate of DHDPS in the diaminopimelate pathway
to L-lysine (A) 1is pyruvate (F). A range of pyruvate (F) and
bromopyruvate  derivatives were  synthesised and  tested as
substrates or inhibitors of DHDPS. Methyl pyruvate has shown
substrate activity with DHDPS. In general, the bromopyruvate

derivatives were better inhibitors than the pyruvate derivatives.

0

Hozc/k

(F)

A range of sulphur analogues of L-2,3-DHDPA (B) and L-2,3,4,5-
tetrahydrodipicolinic acid (L-2,3,4,5-THDPA) (G) were synthesised
and tested for inhibitor activity with DHDPS. The 3,4-dihydro-1,4-
thiazines, in particular ‘the diethyl ester (H) and its N-methyl
analogue (I), showed good inhibition at 0.1 mM with DHDPS. The 3,4-
dihydro-2,2-dimethyl-1,4-thiazine  diester (J) showed the best
inhibition with 20% at 0.1 mM. The 3,4-dihydro-1,4-thiazines were
preparéd 'by | réacting‘ L-cy'stéirie‘ * derivatives with ethyl

bromopyruvate in dichloromethane in the presence of triethylamine.
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The 1,3-thiazoles that were prepared showed very good
inhibition with DHDPS. The diester (K) showed 21% inhibition at
0.lmM with DHDPS. This compound was prepared by treatment of
the mercapto-amide (L) with phosphorus pentasulphide in pyridine.
The mercapto-amide (L) was prepared by treating L-cysteine methyl
ester hydrochloride with ethyl oxalyl chloride in dichloromethane in

the presence of triethylamine.
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Chapter [1] - L-Lysine: An__Essential Amino Acid.

Introduction

Amino acids are found in living organisms in both their free
forms and bound by amide linkages in peptides 'and proteins. There
are approximately 20  different protein «-amino acids. The
composition of proteins varies widely. In some cases only' a few
amino acids constitute the bulk of the protein. However, more
typically, most of the amino acids are present. The structures of the
amino acids have all been determined following the characterisation
of glycine and leucine by Braconnet in 1820, with threonine being
the last to be isolated in pure form in 1925.1-3 With the exception
of glycine, they are all optically active and exist mainly in the L-
forms. . An important member of this group of protein amino acids is

L-lysine (1). Its importance will be discussed in Section 1.1.

1.1. The Importance of L-Lysine,

L-Lysine (1) is economically one of the most important amino
acids. It is an essential amino acid for human nutrition and 1is

frequently .the limiting amino acid in plant protein in terms of

‘nutritional quality.  Mammals lack the ability to make L-lysine (1)

and so must consume it within their diet. = Commercially, the largest
amounts are produced by the bacteria Corynebacterium glutamicum,
Brevibacterium flavum and Brevibacterium lactofermentum.4 The

production of L-lysine (1) will be discussed in more detail in Section
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1.2. The biosynthesis of L-lysine (1) in bacteria and plants is
incompletely understood. This will be discussed in Section 1.3. meso
-2,6-Diaminopimelic acid (28), an intermediate in the biosynthesis of
L-lysine (1), is a building block for the cell wall cro'ss-linking
material of most bacteria. Enzyme inhibitors of lysine biosynthesis
should therefore possess anti-bacterial and/or herbicidal activity
without mammalian toxicity. The design of inhibitors will be
discussed in more detail in Section 1.4 and Chapters 4, 5, 6 and 7.

The conversion of L-lysine (1) into alkaloids is an important
biological process which has been studied for many years. Alkaloids
are a diverse group of natural products cbntaining nitrogen as part of
a ring system and are found mainly in plants.  They exhibit a wide
range of biological activities. The isolation of large’ numbers of
alkaloids has been accompanied by an increase in understanding of
their biological properties and their pharmacological, toxicological
and ecological significance in nature. Experiments with isotopically
labelled precursors have helped us to understand the complex
manner in which alkaloids are biologically synthesised. More
importantly, understanding the biosynthesis of alkaloids, starting
from simple amino acid precursors, has assisted the design of
biomimetic synthetic routes. In addition synthesis of analogues of
biosynthetic intermediates may lead to inhibition of particular
enzymes and hence these analogues may have useful biological"
activity.

There are two main classes of alkaloids which utilise L-lysine

(1) as the precursor, namely the piperidine alkaloids and the
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quinolizidine alkaloids. Both these types of alkaloids occur in a
limited number of plant families.

Many higher plants possess the necessary metabolic pathways
for the synthesis of piperidine alkaloids. In each case these alkaloids
incorporate one or more piperidine rings. A typical piperidine
alkaloid is pseudopelletierine (3), isolated from the bark of Punica
granatum L. (pomegranate).> Its probable metabolic pathway from

L-lysine (1) via N-methylisopelletierine (2) is shown below (Scheme

1).
Q\COZ- — —

H,N” H” "NH, NA )
* xS, CH— C-CHj

L-Lysine (1) COSCoA
0
N CH,
Me COSCoA
— O —CL
('(’1:1 1131e CH,COMe
C- . Me - |
CH, 2
o} o)
3

Scheme 1 : Pseudopelletierine biosynthesis.
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Quinolizidine alkaloids are sometimes known as the lupin
alkaloids since theyv occur widely, but not exclusively, in species of
the genus Lupinus from the plant family Fabaceae (formerly
Leguminosae). Their biosynthesis from L-lysine (1) starts with a
decarboxylation in an analogous fashion to that of the pyrrolizidine
alkaloids from ornithine.® Thereafter the two biosynthetic pathways
differ. The route to the pyrrolizidine alkaloids is via a later
symmetrical intermediate (C4-N-C4), whereas the formation of
quinolizidine alkaloids does not involve a corresponding Cs-N-Cs
intermediate. The most common quinolizidine alkaloid is *sparteine
(4). It has been isolated from many plant species including Spartium
scoparium,”  Sarothamnus scoparius,3 Lupinus lindeniancus® and
Lupinus laxus Rydb.10 A particularly good ‘'biomimetic' total
synthesis of this compound has been carried out by Van Tamelen
(Scheme 2). Careful labelling studies by the groups of Robinsl 1 and
Spenser! 2 showed that there were equal levels of 13C-enrichment for
6 carbon atoms after feeding [!3C-15N]-1,5-diaminopentane
(cadaverine), and that there were two 13C-15N doublets. This
confirmed that two moles of cadaverine are incorporéted into the
two outer rings of sparteine as shown in (4a) (Scheme 2). The steps
by which 3 molecules of cadaverine form sparteine are not
understood.

L-Lysine (1) and L-arginine (5) play an important role in
molecular interactions in biological systems because of their basic
groups. It is well established that L-lysine (1) and L-arginine (5) are
indispensable requirements for normal growth of microbes,‘13'16v

plants!7-19 and animals20-22  Furthermore, an antagonistic role
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O samengy ()
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? Sparteine (4)

Scheme 2

between these two amino acids has also been observed in living
organisms.23,24 Antagonism existing between L-lysine (1) and L-

arginine (5) has been ‘clearly illustrated by their effects on animal
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systems. Either oral or peritoneal administration of a large dosage of
L-lysine (1) or L-arginine (5) has been found to produce a highly
significant change in the growth of transplantable tumours in
mice25,26 Thus L-lysine (1) strongly inhibited the tumour growth
while L-arginine (5) promoted the growth of the tumour. On the
other hand, the D-enantiomers produced an opposite effect on tumor

growth: D-lysine promoted and D-arginine inhibited this growth.

+
NH NH,

1CO,
H N 2
N a q

L-Arginine (5)

From the above considerations it is o.bvious that L-lysine (1)
plays a crucial role in nature. Hence, lysine biosynthesis in both
micro-oiganisms and plant systems, and particularly its regulation, is
of considerable practical importance. There are two major pathways
to L-lysine (1). Both the «a-aminoadipate (AAA) and the 2,6-

diaminopimelate (DAP) pathways will be discussed in Section 1.3.

1.2. Production of L-Lysine.

The remarkable progress in the technology of amino acid
production, based on biochemistry and gerietics, has made the amino
acid industry of great importance for human life today. In

particular, amino acids have many diverse uses in foods. They are
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largely responsible for the taste of many types of foods, including
soy sauce, seafood, and cheese. Alanine and glycine are used as
sweeteners, for example, and synthetic mixtures of protein amino
acids are used in special diets, eg. a low phenylalanine amino acid
mixture is wused to prevent the 'mental retardation éffects of
phenylketonuria, a metabolic inability to degrade phenylalanine in
the normal way.
L-Lysine (1) is now produced by direct fermentation with
auxotrophic and regulatory mutants and by enzymatic methods. The
production of L-lysine and L-ornithine represents the first industrial
utilisation of auxotrophs for amino acid p'roduction. The first report
describes lysine production by homoserine auxotrophs of
Micrococcus glutamicus grown at suboptimal concentrations of the
required amino acids methionine and threonine.2 7

An enzymatic method for lysine production wuses the yeast
Cryptococcus laurentii, which hydrolyses «-aminocaprolactam, a
synthetic intermediate in the manufacture of nylon, to lysine28 A
strain of Achromobacter obae can racemise D- and L-a-amino-
caprolactam, and cells of both organisms were combined in an

efficient enzymatic process for lysine production.2 ?

1.3. Biosynthesis of L-Lysine,

There are two distinct biosynthetic pathways for the synthesis
of the essential amino acid L-lysine (1). In organisms such as
Euglenoids, some Phycomycetes (eg. Chytridiales, Blastocladiales and

Mucorales), as well as yeasts and higher fungi such as Ascomycetes
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and Basidiomyces, L-lysine (1) is synthesised via the intermediate a-
aminoadipic acid (12) derived from 2-oxoglutarate (6) and acetyl
coenzymeA  (acetyl CoA) (Scheme 3). In  bacteria, some
Phycomycetes (eg. Hypochytriales, Suprolegniales and Leptomytales)
and higher plants the pathway is characterised by the condensation
of L-aspartic acid-f-semialdehyde (21) and pyruvate (22) and the
formation of the intermediate meso-2,6-diaminopimelate (28)3 0

(Scheme 4).

The a-Amin ipate (AAA) Pathw -Lysin

a-Aminoadipate (12), a-ketoadipate (11) and‘ a-ketoglutarate
(6) have long been known as products of lysine catabolism in
animals31,32 Proof that these compounds are part of a biosynthetic
cycle to produce L-lysine (1) came from studies of lysine mutants,
which cannot make lysine for themselves but can produce lysine
when their growth media are supplemented with the above
compounds.  These studies led to the establishment of the following
biosynthetic pathway (Scheme 3).

There are nine enzymes involved in the pathway and most of
them have been isolated and reasonably well characterised. The
starting substrate is 2-oxoglutarate (6) which is a pfoduct of the
Krebs cycle3 3 This is condensed with acetyl CoA to form
homocitrate (7). The reaction is catalysed by homocitrate
synthase3 4 The next reaction in the pathway is the conversion of

homocitrate (7) into homoaconitate (8) catalysed by the enzyme
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Scheme 3 : o-Aminoadipate Pathway
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homocitrate dehydratase. This enzyme has not yet been isolated.
Homoaconitate (8) is then hydrolysed to homoisocitrate (9) catalysed
by homoaconitate hydratase.3 S |

The next step in the process involves the reduction of
homoisocitrate (9) to  a-ketoadipate (11) .via the  proposed
intermediate  oxaloglutarate (10). This step is catalysed by
homoisocitrate dehydrogenase3 6 and needs the coenzyme
Nicotinamide Adenine Dinucleotide (NAD) for the reaction to take
place. The reaction is believed to proceed via oxaloglutarate (10),
which is an enzyme bound intermediate. Whilst bound to the
enzyme decarboxylation occurs to give 'the_product, a-ketoadipate
(11). This is then converted into a-aminoadipate (12) via the
enzyme aminoadipate aminotransferase3 7 with glutamate as the
amino group donor. Pyridoxal phosphate is used as a cofactor during
the transamination.

The processes detailed so far take place  within  the
mitochondria of the organism and all the enzymes used are found in
the mitochondria.  However the last three steps of the process take
place in the cytoplasm. This means that «-aminoadipate (12) must
be transported from the mitrochondria to the cytoplasm to be finally
converted into L-lysine (1).

The pathway to L-lysine (1) continues with the conversion of
a-aminoadipate (12) into a-aminoadipate semialdehyde  (13)
catalysed by aminoadipate semialdehyde dehydrogenase38.39 The
enzyme is cocatalysed by Nicotinamide Adenine Dinucleotide
Phosphate (NADPH) and Adenosine Triphosphate (ATP) and the

reaction is believed to happen in two stages. The first step involves



11

the conversion of «a-aminoadipate (12) into d-adenyl-a-aminoadipate
catalysed by ATP. In the second step the above enzyme bound
intermediate is converted into «a-aminoadipate semialdehyde (13)

co-catalysed by NADPH.

The  synthesis of  L-lysine (1) from a-aminoadipate
semialdehyde (13) is carried out in two steps which invove first of
all the condensation of a-aminoadipate semialdehyde (13) with
glutamate (15) followed by reduction to form saccharopine (14) in
the presence of NADPH. This step is catalysed by saccharopine
dehydrogenase <{glutamate forming).# 9 The final step in the = pathway
involves the conversion of saccharopine (1'4) into L-lysine (1) and a-
ketoglutarate (6) using  saccharopine  dehydrogenase (lysine
forming)? 0 in the presence of NAD. It is known that this enzyme has
a very ordered mechanism in which NAD and saccharopine (14) both
bind to the enzyme and L-lysine (1), a-ketoglutarate (6) and NADH
are released in that order. The a-aminoadipate pathway to L-lysine

(1) will not be discussed any further in this thesis.

The Diaminopimelate (DAP) Pathway to L-Lysine.

The use of radioactive precursors of lysine and intermediates
of the proposed pathway have confirmed that the synthesis of L-
lysihe (1) in bacteria is via me&o-2;6-diaminobimelate (28).‘“'}43

The first two enzymes of the pathway, aspartate kinase and
aspartate semialdehyde dehydrogenase, are common to the synthesis

of threonine (16), isoleucine (17) and methionine (18) (Scheme 4).
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These three are known as the aspartate family of amino acids.
Aspartate kinase catalyses the formation of aspartyl phosphate (20)
from aspartic acid (19). It has been detected in a variety of plant
tissues  including  maize,44-45 pead 6 barley,47:48 wheat,49,50
spinach5 ! and carrot.52,53 Aspartate semialdehyde dehydrogenase
catalyses the conversion of aspartyl phosphate (20) into aspartic
acid-f-semialdehyde (21). This enzyme has been shown ‘to be
present in pea’ 4 and a range of maize tissues.5 5

A further seven unique enzyme  catalysed reactions are
required for the synthesis of L-lysine (1) from pyruvate (22) and L-
aspartic acid-f-semialdehyde (21) (Scheme 5). These enzymes
have been characterised in Escherichia coli. However, only enzymes
catalysing the first two and last two steps have been isolated from
plants and characterised.

Dihydrodipicolinate Synthase (DHDPY) catalyses the
condensation of L-aspartic acid-B-semialdehyde (21) with pyruvate
(22) to give L-2,3-dihydrodipicolinic acid (23). The reaction
presumably proceeds in several steps. Carbon-carbon  bond
formation must occur between the aldehyde group of L-aspartic acid-
p-semialdehyde (21) and the methyl carbon of pyruvate (22) with
loss of the elements of water. Imine formation also takes place with
the loss of a second mole of the elements of water. = DHDPS has been
isolated from bacteria, such as E. coli5 6 and from plant systems, such
as maized 5 and wheat.5 7 The second stage in the biosynthesis is the
NADPH dependent reduction of L-2,3-dihydropicolinic acid (23)
to L-2,3,4,5-tetrahydrodipicolinic acid (24) catalysed by
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dihydrodipicolinate reductase (DHDPR). DHDPR has been isolated
from maize5 8

Enzymes which catalyse the next three steps in the pathway
have not been isolated from plants, but have been isolated from
micro-organisms. The NADPH dependent reduction of L-2,3-
dihydrodipicolinic acid (2) to L-2,3,4,5-tetrahydrodipicolinic acid (24)
is followed by succinylation of the amino group with succinyl CoA.
This reaction 1is catalysed by tetrahydrodipicolinate succinylase
(THDPS).  Succinylation serves to protect the amino group of (24)
during the synthesis of LL-2,6-diaminopimelate (27). The N-succinyl
intermediate (25) is aminated at the g-position in an amino
transferase reaction with glutamate as the amino group donor.  The
enzyme which catalyses this step is succinyl diaminopimelate
transferase. = Desuccinylation of N-succinyl diaminopimelic acid (26)
with succinyl diaminopimelate desuccinylase results in the formation
of LL-2,6-diaminopimelic acid (27). This is epimerised to meso-2,6-
diaminopimelic acid (28) catalysed by diaminopimelate epimerase.
Finally decarboxylation at the D-centre of meso-2,6-diaminopimelic
acid (28) gives L-lysine (1). Diaminopimelate decarboxylase has
been detected in E. coli5 9 and in maize6 © and wheat germ.61,62

An unusual enzyme, meso-diaminopimelate  dehydrogenase,
has been detected in maize$ 3 It seems in maize that there could be
an alternative biosynthetic route which bypasses several stages of
the proposed pathway and directiy converts L-2,3,4,5-
tetrahydrodipicolinic acid (24) into meso-2,6-diaminopimelate (28).
The diaminopimelate pathway to L-lysine (1) is discussed in more

detail in Chapter 2.
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The enzymic reactions that we have investigated are the
dihydrodipicolinate synthase (DHDPS) and dihydrodipicolinate
reductase (DHDPR) steps of the diaminopimelate pathway to L-lysine

(1) found in bacteria.

1.4. Design of Inhibitors of the DAP Pathway to L-Lysine.

meso-2,6-Diaminopimelic acid (28) is a building block of the
peptidoglycan of most Gram-negative as well as  Gram-positive
bacteria. It is introduced into this network as part of the cross-
linking moiety between polysaccharide fibres.64,65

Inhibitors of peptidoglycan biosynthesis such as f-lactams35
fosfomycin,6 6 D-cycloserine,5 7 L-alanyl-L-aminophosphonic  acid6 8
and vancomycin, for instance, have powerful antibiotic properties.
Hence, the enzymes of peptidoglycan processing appear to be g‘ood
targets for the rational design of new antibacterial agents.6 6 The
absence of the peptidoglycan network in mammals also implies that
such an approach to inhibitors of the DAP pathway to L-lysine (1)
should provide selective toxicity against bacteria. ,

It is noteworthy that LL-2,6;DAP (27), meso-2,6-DAP (28) and
L-lysine (1) are biosynthetically closely related (Scheme 5) as
lysine is formed from LL-2,6-DAP by epimerisation followed by
decarboxylation of meso-2,6-DAP  (28).64,69 Hence, potential
inhibitors  of '.the DAP pathway to L-lysine (1) should - have
antibacterial properties with no mammalian toxicity. It is assumed

that the DAP pathway to lysine in plants is analogous to the enzymic
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production of .lysine in Dbacteria. Therefore, inhibitors may be
produced which have antibacterial and/or herbicidal activity.

The synthesis of L-aspartic acid-B-semialdehyde (21) was first
reported by Black and Wright in 1955.79 In Chapter 3 we report an
improved synthesis of this starting substrate. Mechanistic studies
carried out using this compound and biological results obtained doing
this work will also be discussed in Chapter 3. Analogues of L-
aspartic acid-B-semialdehyde (21) have been synthesised and tested
as inhibitors of DHDP Synthase. This will be discussed in Chapter 4.
Derivatives of pyruvate (22) have been preparéd. The interesting
test results that they showed will be discussed in Chapter 5.

The first synthesis of the  proposed " intermediate  L-2,3,4,5-
tetrahydrodipicolinic acid (24) was achieved within our group by Dr.
L. Couper. This will be discussed in Chapter 2.  Analogues of L-
2,3,4,5-tetrahydrodipicolinic acid (24) and L-2,3-dihydrodipicolinic
acid (23) with an additional heteroatom in the ring, namely 1,4-
thiazines (29) and 1,3-thiazoles (30), have been synthesised. Their
preparation and test results will be discussed in Chapters 6 and 7

respectively.

S
L 1 _ Rozcj;f)\COzR'

RO,C” N7 COR'
29) S (30)
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Chapter [2] - The Diaminopimelate (DAP) Pathway to L-
Lysine.
trod ion

The diaminopimelate (DAP) pathway of lysine biosynthesis has
been mainly studied in bacteria and is also considered to be the
major pathway operating in higher plants. Among the seven
enzymes of Escherichia coli involved in the DAP pathway from L-
aspartic acid-p-semialdehyde (21) to L-lysine (1), only four of them
have been identified in plants. 1In this Chapter reported studies on
each of the enzymes of the DAP pathway in bacteria and in higher
plants will be reviewed. This will include a discussion on enzyme
isolation and putrification, mechanistic studies carried out on each
particular enzymic step, and compounds which have  been
synthesised and tested as substrates or inhibitors for individual

enzymes.

2.1 Dihydrodipicolinate Synthase,

Dihydrodipicolinate -synthase - (DHDPS) = catalyses the
condensation of pyruvic acid (22) and L-aspartic acid-g-
semialdehyde (21) to form L-2,3-dihydrodipicolinic acid (23). It is a
branch point enzyme in the aspartate family of ~amino acids

(Scheme 4), which leads to L-lysine (1) via 7 enzymic steps and the
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intermediate meso-2,6-DAP (28). DHDPS has been detected in a
broad range of species and tissues.45,71

In bacterié DHDPS is subjected to two different types of control:
the E. coli DAP pathway 1is characterised by a lysine feedback
inhibition of DHDPS, while Bacillus species have a lysine insensitive
form of DHDPS.72,73 DHDPS has been purified 5000-fold from crude
extracts of E. coli W74 The enzyme has been shown to be
homogenous by polyacrylamide gel electrophoresis and bears a
negative charge in the pH range 6.0 to 9.2. Its molecular weight was
determined as 134,000 daltons.

All plant DHDPS enzymes characterised at the regulatory level
belong to the lysine sensitive type. The plant enzyme has been
detected in chloroplasts of spinach leaves and is presumed, as are the.
other enzymes of the plant DAP pathway, to be active only in such
organelles.”5,76  There are four reports which focus on higher plant
DHDPS. The enzyme was first demonstrated by Cheshire and
Miflin?5 in 1975 using maize seedlings as the source of the enzyme.
The spinach leaf DHDPS was partially purified and characterised in
1981 by Wallsgrove and Mazelis.” 7 They succeeded in producing a
fraction of the enzyme from spinach leaves that was purified 87-fold
and had a specific activity of 836 units mg-1 protein.

Wheat DHDPS, in a semi-pure form, was more recently used to
investigate the kinetics and the inhibitory features of DHDPS.5 2 The
enzyme was purified about 5100-fold from suspension cultured cells
of wheat (Triticum aestivum var. Chinese Spring). The enzyme has
an average molecular weight of 123,000 daltons as determined by

gel filtration and exhibited maximum activity at pH 8.0.
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The most recent isolation of the enzyme was from Nicotiana
sylvestris by Ghislain er al78 The synthase was localised in the
chloroplasts and identified as a soluble stromal enzyme by enzymatic
and immunological methods. It has been purified and characterised
and the molecular weight of the enzyme was shown to be 164,000
daltons by an electrophoretic method. By carrying out isotopic
labelling experiments with 1“C.-pyruvate, the enzyme was shown to

be composed of four identical sub-units of 38,500 daltons.

2.2 Mechanism of Dihydrodipicolinate Synthase.

The sequence of steps in the mechanism of formation of L-2,3-
dihydrodipicolinic acid (L-2,3-DHDPA) (23) from L-aspartic acid-f-
semialdehyde (21) and pyruvate (22) has not yet been fully
established. Pyruvate binds to the enzyme via an amino group on
the lysine.57:74 One possible mechanism is a C-C bond formation
between the aldehyde group of (21) and the methyl carbon of (22) in
an addition reaction to give the enzyme' bound intermediate (31).
This would be followed by ring closure to give 4-hydroxy-L-2,3,4,5-
THDPA (34). Loss of a mole of the elements of water gives the
enzymic product (23) (Scheme 6). An alternative mechanism could
be first of all the formation of the imine intermediate (32). This
would be followed by a fing closing addition step to give 4-hydroxy-
L-2,3,4,5-THDPA (34). As before, the loss of a mole of the elements

of water would give the enzymic product (23) (Scheme 7).
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Kinetic studies carried out by Schedlarski and Gilvarg? 4 on
DHDPS isolated from E. coli suggest that the enzyme functions in C-C
bond formation by first of all forming an imine linkage with
pyruvate (22). They have shown that there is irreversible loss of
enzymatic activity upon the addition of sodium borohydride only in
the presence of pyruvate (22). This suggests that the formation of a
Schiff's base intermediate between DHDPS and pyruvate (22) takes
place in the enzymic reaction. = Moreover they have established by

chromatographic and electrophoretic methods that the Schiff's base is
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between ‘the carbonyl group of pyruvate (22) and an €-amino group
of a lysine group attached to the protein.

From kinetic studies caried out on DHDPS isolated from wheat
suspension cultures, Kumpaisal er aP’ 7 have proposed that the

reaction proceeds in a ‘ping-pong' mechanism. First of all pyruvate

(22) binds to the enzyme to form a Schiff's base (Km 11.76 mM). Ky

is the Michaelis constant. This is the«dissociation constant of the
enzyme-substrate complex. Water is then released, followed by
binding of L-aspartic acid;ﬁ-semialdehyde 21) (KM 0.88 mM).
Footnote

B . Laber _ F.X. Gomis- Ruth MT. Romao . andk  R.Hober,
Biochewt. T , 1992 , 388 , 691 repoct crystals of DHDP
580‘\"'7056 and Ky 0-52 P@FW\/CJVQ 0? 0:'57uM
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Nucleophilic attack of the pyruvyl enamine on the L-aspartic acid-p-
semialdehyde aldehyde group could then take place to give
intermediate (31). The mechanism of DHDPS will be discussed

further in Chapters 3 and 4.
The product of the enzymatic reaction catalysed by DHDPS was

found to be very labile, severely limiting efforts for its thorough
characterisation. It has been suggested that the proposed product, L-
2,3-DHDPA (23), would be expected to be in equilibrium with L-2,5-
dihydrodipicolinic acid (33) and 4-hydroxy-L-2,3,4,5-THDPA (34)
(Scheme 8).74 It is not clear which. of these compounds is the

immediate product of the enzymatic reaction.

OH
Ll — () —
P B - yl 7 - ” -~
0,c° N2 coH 0,C 1}\11.,. CO,H 0,C EJ, CO,H
H .
4 L-2.3-DHDPA
34 ’
33) (34) 23)
Scheme 8

2.3. Inhibition of Dihydrodipicolinate nthase

The DHDPS enzyme from N. sylvestris, isolated by Ghislain et
al’ 8 is strongly inhibited by lysine with an IDsq of 15 uM. The IDsg
value denotes the dose of inhibitor required to produce 50%
inhibition.” S-(2-Aminoethyl)-L-cysteine and y—hydrox-ylysine, two

*  As Lﬂnj as  [s]= Ky .
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lysine analogues, were found to be only weak inhibitors. An
analogue of pyruvate (22), 2-oxobutyrate, competitively inhibited
the enzyme and was found to act at the level of the pyruvate-
binding site.

With DHDPS isolated from wheat culturesS 1 allosteric inhibition
was observed with increasing concentrations of L-lysine (1) and its
structural analogues, includi_ng threo-4-hydroxy-L-lysine and S-(2-
aminoethyl)-L-cysteine, with respective IDsg values of 51, 141 and
288 mM. These amino acids were competitive inhibitors with
respect to L-aspartic acid-f-semialdehyde (21) and non-competitve
inhibitors with respect to pyruvate (22). The wheat enzyme was
also inhibited by Zn2*, Cd2* and Hg2* and  also by sulphydryl
inhibitors such as p-(hydroxymercuri)benzoic acid and p-
chloromercuribenzenesulphonic acid.

Within our group at Glasgow, Borthwickl 21 has tested
analogues of L-2,3-DHDPA (23) and L-2,3,4,5-THDPA (24) on DHDPS
isolated from E. coli. These compounds, which include dipicolinic acid
(36) analogues, chelidamic acid (35) analogues and piperidine-2,6-
dicarboxylic acid (37) analogues, were synthesised by Dr. L. Couper.

Chelidamic acid (35) and its N-substituted analogues showed
good inhibition of DHDPS at low concentrations. N-Methylchelidamic
acid showed the best inhibition, 63% was observed at 0.1 mM. The
diesters of chelidamic acid .and their} N-substifuted analogues also
showed good inhibition.

Dipicolinic acid (36) showed significant inhibition of DHDPS at
0.5 mM, as did some its analogues. Changing the diacid to a diester, a

dicyano, a diimidate or a ditetrazole derivative had little effect on
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the amount of inhibition. Poor inhibition was observed with the fully
saturated piperidine-2,6-dicarboxylic acid (37) analogues. However
piperid-4-one-2,6-dicarboxylic acid and its N-methyl derivative
showed good inhibition.

Compounds with only one carboxyl group such as pipecolinic
acid, proline and picolinic acid and their analogues showed little or
no inhibition of DHDFS, showing the importance of two carboxylic

acid groups in binding to the active site of the enzyme.

0

9!

HO,C” "N” ~CO.H
H

(35)

Inactivation of Wheat DHDPS by 3-Bromopyruvate3 0

3-lBromopyruvate was first introduced by Meloche’ 9 as an
active site directed alkylating reagent and has proved to be quite
versatile in labellling pyruvate binding sites of many enzymes.8 0
Kumpaisal et al81 have studied the inhibitory effects of 3-
bromopyruvate on DHDPS isolated from wheat cultures. The assay °
system they used was developed by Yugari and Gilvargs ¢ and
involved o-aminobenzaldehyde.  The chromophore of the product
formed from L-2,3-DHDPA (23) and o-aminobenzaldehyde was

observed by its spectrophotomeric absorbance at 540 nm.
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They have shown -that 3-bromopyruvate inhibits wheat DHDPS
considerably at 1 mM. Kinetic studies have shown that this
compound inhibits in a competitive manner with respect to pyruvic
acid (22) .and in a non-competitive manner with respect to L-aspartic
acid-f-semialdehyde (21). The calculated Kj for 3-bromopyruvate
was 1.88 mM. K is the dissociation constant of the non-productive
enzyme-inhibitor complex.

From the results of Kumpaisal et al it appears that 3-
bromopyruvate inactivates DHDPS by alkylating nucleophilic amino
acid residues at or }near the active sitg. The competitive type of
inhibition with respect to pyruvate and the protection by pyruvate
against inactivation indicate that reacting' groups at or near the
pyruvate-binding site of DHDPS are modified by 3-bromopyruvate.

The pseudo first order kinetics observed for the initial
inactivation with 3-bromopyruvate is consistent with a two step
binding process. The first process is probably a rapid, reversible
Schiff's base formation between the enzyme and the inhibitor,
followed by a slow, irreversible alkylation step. The Kym of pyruvate
(11.8 mM) is considerably larger than the Kj of 3-bromopyruvate
(1.8 mM). The electron withdrawing bromine in 3-bromopyruvate
promotes Schiff's base formation between the amino group of an
amino acid residue of the enzyme and the carbonyl carbon of 3-
bromopyruvate, | resulting ih a higher affinity of 3-'bfomopyrui1a.te

than of pyruvate.
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2.4. Biosynthesis of Dipicolinic Acid (36

In 1966 Bach and Gilvarg8 2 demonstrated that cell free
extracts prepared from sporulating cultures of Bacillus megaterium
can carry out the net synthesis of dipicolinic acid (DPA) (36) from
pyruvate (22) and L-aspartic acid-fB-semialdehyde (21). Subsequent
results on DPA (36) formation in spore forming Dbacteria have
suggested that the reaction leading to the synthesis of DPA (36) from
L-2,3-DHDPA (23), which is the reaction product of DHDP Synthase in
E. coli,5 6 occurs as a branch of the pathway for lysine biosynthesis in
bacteria83-85 (Scheme 9).

It is difficult to demonstrate the conversion of L-2,3-DHDPA
(23) into DPA (36) as an isolated reaction, since the substrate is
extremely unstable. It has not been confirmed whether the
conversion is an enzymic process or just spontaneous air oxidation of
L-2,3-DHDPA" (23).

The chemical synthesis of DPA (36) from oxaloacetic acid and
L-aspartic acid-f-semialdehyde (21) was investigated by Kimura in

197386 This work will be discussed in more detail in Chapter 3.

2.5. Dihydrodipicolinate Reductase.

The enzyme dihydrodipicolinate reductase (DHDPR) catalyses a
pyridine nucleotide ‘linked reduction of L-2,3-dihydrodipicolinic acid
(23) to L-2,3,4,5-tetrahydrodipicolinic acid (24) in the DAP pathway

to L-lysine (1) (Scheme 9).
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The enzymevwas first described by Farkas ‘and Gilvarg in 1965
from E. coli.89 Morev recently, Tamir and Gilvarg® 7 modified their
procedure by carrying out additional purification steps which led to a
preparation of this enzyme from E. coli that was homogeneous as

judged by sedimentation pattern and gel filtration and was at least
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95% pure as judged by gel -electrophoresis. The molecular weight
was found to be 110,000 daltons; the Kpm value obtained for L-2,3-
DHDPA (23) was 9.0 uM, and the pH optimum for the reaction was
7.0 with either NADH or NADPH as the co-catalyst.

DHDPR has also been isolated and partially purified by Tyagi et?
al5 8 from thrée week old maize kernels. The crude maize extract
and the partially purified enzyme were assayed for DHDPR by their
ability to restore the capability of crude extracts of a mutant E. cofito
synthesise meso-2,6-diaminopimelate - (28) from L-aspartic acid-B-
semialdehyde (21) and pyruvate (22). In a study ‘of its properties,
the Ky value obtained for L-2,3-DHDPA (23) was 0.43 mM and for
NADPH the Ky was 46 pM. The enzyme had a pH optimum close to
7.0 and was much ‘more  temperature labile than the bacterial

enzyme. Its molecular weight was 80,000 daltons.

2.6. Mechanism of Dihydrodipicolinic Reductase.

-2.3-Dihvdrodipicolinic Acid (2

The ' substrate for this enzymic step is the proposed product of
DHDP Synthase, L-2,3-DHDPA (23). As previously mentioned, this
product is very labile and is immediately oxidised by either an

enzymic or a chemical process to dipicolinic acid (DPA) (36) and, as

such, the purification and characterisation of L-2,3-DHDPA (23) has

proved very difficult.  Kimura8 6 suggested that L-2,3-DHDPA (23)
might exist in equilibrium with L-2,5-DHDPA (33) and 4-hydroxy-L-
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2,3,4,5-THDPA (34) (Scheme 8). Theoretically it is also possible for
L-2,3-DHDPA (23) to exist as an open chain compound. It has not
been established which is the true physiological substrate of the
reductase enzyme although it has been assumed to be L-2,3-DHDPA
(23).

For the studies carried out on maize DHDPR,53 L-2,3-DHDPA
(23) was synthesised by the condensation of L-aspartic acid-f-
semialdehyde (21) with oxaloacetic acid in alkali. = The reaction was
accompanied by evolution of a stoichiometric amount of CO,. L-2,3-
DHDPA (23) was partially purified and isolated as the barium salt.
The compound was stored in water at -80 °C due to its instability at
room temperature at neutral pH. As sucﬁ, only freshly synthesised
compound was used in the enzyme assays. This reaction will be

discussed further in Chapter 3.

Mechanism of Formation of 1-2.3.4.5-Tetrahydrodipicolinic Acid (24).

The enzymes that catalyse hydride transfer reactions have
been shown to fold into two disﬁnct domains with cofactor in one
domain and substrate in the other. When a substrate is reduced the
hydride anion is transferred from the nicotinamide ring of NADPH to
produce NADP*. The reduced co-enzyme has a prochiral centre and
the process is 'stereospecific. The hydride anion attacks at the 4-
position of L-2,3-DHDPA (23) (Scheme 10). It has not yet been
established whether the enzyme donates the pro-§ or the pro-R

hydrogen of its co-factor NADPH.



31

é/ CONH;. O/(,owz /—\L\l\/\j?

I 0.C° ) CO.H
o H
K R H"'

(R=c|m‘rmt)
L

0,C’ +N‘} COH \ Q

COH
L-2,3,4,5-THDPA (24)

Scheme 10

L-2.3,4.5-Tetrahvdrodipicolini Aci 24).

L-2,3,4,5-THDPA (24) is the second intermediate on the DAP
pathway to L-lysine (1). It is formed from the NADPH dependent
reduction of L-2,3-DHDPA (23) catalysed by DHDPR. There have been
several syntheses claimed of this intermediate.

Shapshak88 reported the synthesis of D-2,3,4,5-THDPA by
treatment of meso-2,6-diaminopimelic acid (28) with L-amino acid
oxidase isolated from Neurospora crassa. There was no chemical or
spectroscopic evidence given for the product he made.

Farkas and Gilvargd 9 investigated the enzymic feduction of L-
2,3-DHDPA (23) to L-2,3,4,5-THDPA (24). DHDPR was isolated from
E. coli and partially purified. Reduction of the enzymic reaction

product (24) with sodium borohydride gave piperidine-2,6-
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dicarboxylic acid (37). This was characterised by comparison of its
Rr value with authentic piperidine-2,6-dicarboxylic acid. @ The solvent
system used was methanol-water-pyridine (8:1:1). The Rr values

were identical.

L

0,C° N
2 H;
(37)

CO,H

Kimura and Sasakawa® 0 reported the formation of DPA (36)
and L-2,3,4,5-THDPA (24) on cyclisation of aa'-dioxopimelic acid (38)
with ammonia. Since the reaction rate was not affected by the
presence or absence of oxygen, they assumed that the presumed
ihitial.product, 1,4-dihydrodipicolinic acid (39), disproportionated to
DPA (36) and L-2,3,4,5-THDPA (24) (Scheme 11). The products
were identified by UV absorption (DPA at 270 nm) and by colour
reactions with ninhydrin and o-aminobenzaldehyde (L-2,3,4,5-
THDPA).
The potassium salt of L-2,3,4,5-THDPA (24)~ has been prepared
by the elimination of p-toluenesulphinic acid from the N-
toluenesulphonyl derivative of dimethyl N-tosyl-cis-piperidine-2,6-
dicarboxylate (42) by one of my co-workers Dr. L. Couper (Scheme
12)91
Dimethyl N—tosyl—cis-piperidine-2,6-dicarboxylate (42) was
synthesised from dimethyl cis-piperidine-Z,6-dicarboxy1gte (41) by

stirring it overnight in pyridine with toluenesulphonyl



NH;

Lok

00" CcoH
(38

HO,C

L

0,7 NI oM

DPA (36)

K*"0,C CO,K*

(4,3)

fl-——fl

K*-0,C

O

0o,C N
2 H;
(39)

Scheme 11

MeO CQCO Me

(40)

CO,K*

L-2,3,4,5-THDPA
(24)

I
L docoe

K*0,C7 N
H,

(44)

Scheme 12

33
A

I ~

0,7 N;

H
/ DPA (36)
0L Il\{lf CO.H

1-2,3,4,5-THDPA
(24)

MeO zc /(1 (60) 2Me

(41)

<
MeO,C I}I
Ts
(42)

COH

CO,Me



34
chloride. Hydrogenation of dimethyl dipicolinate (40) gave (41) in

good yield. Dimethyl dipicolinate (40) was made from dipicolinic
acid (36) by heating at reflux in methanol and conc. sulphuric acid.
The elimination was carried out using potassium ¢-butoxide in
dichloromethane at room temperature. The ester groups were
simultaneously cleaved during the reaction. Purification  was
achieved by stirring the reaction product in distilled water with the
weak anion exchanger Amberlite 1R-45 (hydroxide form) for 24
hours to remove p-toluenesulphinic acid. IH and !3C-NMR data
indicated that L-2,3,4,5-THDPA (24) exigts in solution in equilibrium
with the corresponding enamine (43) and an opén chain form (44).

THDPA (24) was shown to be unstable at neutral or acidic pH.9 !

2.7. Inhibition of Dihydrodipicolinate Reductase.

The DHDPR enzyme isolated from E. coli by Tamir and Gilvarg® 7 was
inhibited by DPA (36). It was found to be a competitive inhibitor
with the substrate with a Kj value of 1 mM. «a-Picolinic acid (45) and
isophthalic acid (46) were also found to be inhibitors of the reaction.
The latter was also shown to be competitive with the substrate with
a Ki of 15 mM. The high affinity and competitive nature of the

inhibition shown by DPA (36) and to a lesser extent, isophthalic acid

(46) strongly suggests that a cyclic form of the substrate binds to the

active site on the enzyme.

With the plant DHDPR isolated from maize by Tyagi et al.,58 a-
picolinic acid (45), L-pipecolic acid (47), isophthalic acid (46) and
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_ =
0,C7 N7

q CO.H
(45) - (46)
isocinchomeronic acid (48) all inhibited the enzyme activity. These

compounds all have similar structures to L-2,3-DHDPA (23) (Table
1).

INHIBITOR % INHIBITION
20mM  10mM  SmM = 15mM
o-Picolinic Acid (45) 24 4 8 0
L-Pipecolic Acid (47) 23 30 0 0
0,C’ (N,,j
H,

Isophthalic Acid (46) 44 20 0 0

Isocinchomeronic Acid (48) - - 50 0
| ~ - COH
0,7 N7
H
Dipicolinic Acid (36) - T - - 100
Table 1

Dipicolinic acid (36) was by far the most potent inhibitor that

they tested. It was a competitive inhibitor with a Kj value of 0.9
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mM. This is analogous to the inhibition shown by DPA (36) on
bacterial DHDPR. Similar to the conclusion reached with bacterial
DHDPR, competitive inhibition of the reductase reaction by DPA (36)
suggests tha-t the substrate for this enzyme is in the ring form rather

than the open chain form.

2.8. Succinyl CoA:Tetrahydrodipicolinate N-Succinyltransferase.

Succinyl CoA:Tetrahydrodipicolinate N—Succinylfransferase
(Succinyl CoA:THDPS) catalyses the N-suecinylation of L-2,3,4,5-
THDPA (24) by succinyl coenzyme A to f01;m L-2-(succinylamino)-6-
oxopimelic acid (25) (Scheme 13). Succinylation serves to protect
the amino group during the synthesis of LL-2,6-diaminopimelate
(27). Either acetyl CoA or succinyl CoA can be used for the acylation

step used in protection in micro-organisms.

H H

+H CO, Tetrah ipicoli
N ydrodipicolinate i
N 2 N-Succinyltransferase HO,C(CH;),CONH— "1 CO;

HO,C 4 / \ » 0]

Succinyl CoA CoASH HO,C
(24) (25)

Succinyl CoA:THDPS was first isolated from E. coli by Gilvarg in
196192 and more recently, enzyme activity has been demonstrated

in Brevibacterium by Tosaka and Takinami?3 However, the
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isolation, physical characterisation and initial kinetic studies of this
enzyme have only relatively recently been described by Simms er al.

in 19849 4

2.9, Mechanism of Succinyl CoA:Tetrahydrodipicolinate N-
Succinyltransferase.

In 1986 Gilvarg et al® 5 studied analogues of L-2,3,4,5-THDPA
(24) for their ability to act as substrates or inhibitors of the
'succinylase. From the results obtained and studies on the
interactions of these compounds at the active site of the enzyme they
were able to draw certain conclusions concerning the catalytic
mechanism of the enzyme and the structural requirements of the
catalytic site. From these conclusions they proposed a stereochemical
model for the succinylation of L-2,3,4,5-THDPA (24) (Scheme 14).
This involves the succinylase enzyme first binding L-2,3,4,5-THDPA
(24). This is followed by the hydration of the imine group where
water adds to ‘the double bond cis to the C-2 carboxyl group to give
2-hydroxypiperidine-2,6-dicarboxylic acid (49) in which the two
carboxyl groups are trans to each other. The hydrated product (49)
is then succinylated to give (50). This is followed by ring opening tor
give the acyclic prodhét L-2-(shccinylamin6)-6-oxopimelic acid (51).

The carboxyl groups are the primary ligands involved in the
binding of L-2,3,4,5-THDPA (24) to the succinylase enzyme. The
hydration of the imine occurs enzymically, but the enzyme does not

necessarily catalyse ring opening. .= Opening of the ring may occur in a
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concerted manner during or after succinylation. It is also possible
that ring opening occurs after dissociation of the succinylated THDPA
(50) from the enzyme. |

In aqueous solution, L-2,3,4,5-THDPA (24) can exist in a

number of forms which are shown in Scheme 15. In Section 2.10

2 1_&5 - "‘\'CCD'
oo \Ffooo * WO ST 00T
L-2,3,4,5-THDPA , H OH

Succinyl CoA

CoASH

- (80 0} e S0 ‘
e == TER
1 (9] ' IO
DOCCH,CH;” DOCCH,CHy” Y, \H
(51) (50)

Scheme 14

certain acyclic analogues of L-2,3,4,5-THDPA (24) will be shown to be
substrates for the succinylase enzyme and, as such, it is reasonable to
postulate that the open chain form (53) of L-2,3,4,5-THDPA could be
the true substrate of the enzyme. Gilvarg et al%5 however, have
proved that this is not the case. They carried out experiments to
measure the spontaneous rate of ring opening of L-2,3,4,5-THDPA
(24) using 2,4,6-trinitrobenzenesulphonic acid as a trapping agent for
primary amines. Their results showed that the non-enzymatic rate

of ring opening is insignificant compared to the enzyme-catalysed
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rate of succinylation. Hence, the acyclic form of L-2,3,4,5-THDPA

(53) is unlikely to be the true enzyme substrate although it
undoubtedly exists in aqueous solution, but only as a small fraction

of the total THDPA.

I

0,C° "N ~COH 0L’ g,, CO.H
2
(52) (24)
'H20 +H20
/Q # OCOZH
0,71, % “coH | 0L N, "oH
H, H
(53) : (49)
Scheme 15

2.10. Inhibition of Succinyl A:Tetrahvdrodipicolinate N-
Succinyltransferase.

As previously mentioned, inhibitor and substrate studies have
been carried out on succinyl CoA:THDPS by Gilvarg er al?5  In the
succinylase enzyme assay, transfer of the succinyl group from
succinyl CoA was folloWed by measuring the appearance of | the free
sulphydryl group of CoASH with §,5'-dithiobis-2-nitrobenzoic acid
(DTNB, Ellman's reagent). The enzyme assay contained 100 mM
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potassium phosphate, 0.5 mM DTNB, L-2,3,4,5-THDPA (24) | and the
succinylase enzyme. Compounds were tested initially at 5 mM. The
reaction was started with the addition of succinyl CoA and was
followed by looking at the spectrophotomefic absorbance at 412 nm.
The compounds which were tested could be} split into 2 categories:

acyclic and cyclic analogues of L-2,3,4,5-THDPA (24).
li n -2 -THDP

DL-2-Aminopimelic acid was previously found by Simms’ to
be both a substrate and an inhibitor of succinyl CoA:THDPS. Gilvarg
et ald5 investigated this further by resolving the racemic mixture of
DL-2-aminopimelic acid and testing the enantiomers separately. L-2-
Aminopimelic acid (54) w#s found to be a good substrate and showed
a2 Vpmax similar to the natural substrate, L-2,3,4,5-THDPA (24), but
had a KM approximately 50-fold higher. D-2-Aminopimelic acid was
not a substrate of the succinylase, showing that stereochemistry at
the a—éarbon is important in determining  substrate  activity.
However, D-2-aminopimelic acid was a competitive inhibitor of the
enzyme with respect to L-2,3,4,5-THDPA (24) with a K; value of 0.76
mM. . |

Related - acyclic compounds were also tested for inhibitor
activity in the succinylase assay. Increasing the chain length of (54)

by one methylene group as in DL-2-aminosuberic acid or by
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decreasing by one methylene group  as in DL-2-aminoadipic  acid
resulted in neither inhibition nor substrate activity. Substituting a
sulphur for a methylene as in L-2-amino-4-thiaadipic acid gave a
high Kj value of 125 mM and little, if any, substrate activity. DL- 2-
Aminothiapimelic acid gave a Kj of 1.1 mM, similar to the K; for (54).
Close investigation of this compound also rc?vealed that it had a low
level of substrate activity. 2-Oxopimelic acid was a weak inhibitor.
However, both enantiomers of 2-hydroxypimelic acid had better
affinity for the enzyme than the corresponding enantiomers of (54),
although L-2-hydroxypimelic acid did not have any substrate
activity. L-2-Amino-D-6-hydroxypimelic acid was found to be a
better substrate than (54). DL-2,6-Dihydroxypimelic acid was a

relatively good inhibitor with a lower Kj value than (54).

Cyclic_Analogues of 1-2,3.4.5-THDPA,

A number of cyclic compounds were also tested on succinyl
CoA:THDPS. Only one was found to be a substrate, namely 3,4-
dihydro-2H-1,4-thiazine-3,5-dicarboxylic acid (DHT) (55). | This
compound had a Vp,cabout one-half of that of the natural substrate
L-2,3,4,5-THDPA (24). Its Km was slightly higher than L-2-
aminopimelic acid (54). This can be explained by the fact that only

the enamine tautomeric form of DHT (56) (Scheme 16) was
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observed in the 'H NMR spectrum of the disodium salt in aqueous
solution. Hence, the high KM of DHT (55) may be explained because
the imine form, which is wused as a substrate of the succinylase,

makes up only a small fraction of the total DHT.

CO.H CO.H

S S

L — L1

0,7 N} 0.7 TN
H H

(55) (56)

Scheme 16

Other cyclic compounds were found to be inhibitors and are
listed ‘in Table 2. When compared to L-2,3,4,5-THDPA (24),
compounds containing fully unsaturated rings (eg. pyridine, benzene
and pyran analogues) were all weak inhibitors with Kj values at least
50-fold higher than the Ky for L-2,3,4,5-THDPA (24).

Fully saturated  rings (eg. piperidine, tetrahydropyran,
cyclohexane and tetrahydrothiopyran analogues) were also weak
inhibitors. A notable feature of these compounds is that trans-
isomers are better inhibitors than the corresponding cis-compounds.
As was found with the acyclic compounds, placing a hydroxy group
alpha to the carboxyl group greatly enhanced the inhibition. The
best inhibition was shown by 2-hydroxytetrahydropyran-2,6-
dicarboxylic acid (57). This was a competitive inhibitor with respect

to L-2,3,4,5-THDPA (24) with a Kj value of 0.06 uM.
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2,6-dicarboxylic Acid

STRUCTURE NAME K; M)
m N Dipicolinic Acid 12,800
HO,C X? > co H CH Benzene-z‘&?:-iccilicarboxylic 8,500
/“\/l Pyran-2,6-dicarboxylic 1,800
HO,C” ~0” “CO.H Acd
0O
NH Chelidamic Acid 2,600
| | ' o Chelidonic Acid 3,100
HO,C” X ~COH
NH rrans- Piperidine;i2,6-dimboxylic 2,000
. Aci
\\
HO,C* X~ "COH O  trans-Tetrahydropyran-2,6- 630
dicarboxylic Acid
Q NH cis- Piperidine-2,6-dicarboxylic =~ 63,000
Acid
HO,C” X~ YCO,H 0 cis-Tetrahydropyran-2,6- 3,900
dicarboxylic Acid
Y =H(57) 2-Hydroxytetrahydropyran- 0.06
: Hoz&.'(], COH 2,6-dicarboxyl¥: Acidmn
o)
Y OH Y=0H 2,6-Dihydroxytetrahydropyran- 0.20
2,6-dicarboxylic Acid
trans-2-Hydroxycyclohexane- 5,600
' ' OH cis-2-Hydroxycyclohexane- 12,000
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2.11. N-Succinyl Diaminopimelate Aminotransferase.

N-Succinyl diaminopimelate aminotransferase catalyses the
conversion of L-2-(succinylamino)-6-oxopimelic acid (25) into L-2-
(succinylamino)-6-aminopimelic acid (26). The succinylated
intermediate is aminated at the e-position with glutamate as the

amino group donor (Scheme 17).

H CO,
.\“‘C 2 N-Succinyl
HO,C(CH,),CONH Miste opibr’n clate  HO2C(CH,);,CONH——H
aminotransferase_ (CHys
o) > H——NH;,
HO,C ]
(25) Glutamate a-Ketoglutarate CO,
' (26)
Scheme 17

N -Succinyl DAP aminotransferasé has been isolated from E. coli
and has been partially purified and characterised by Peterofsky and
Gilvargt® 7 The aminotransferase is pyridoial phosphate dependent
and like most pyridoxal dependent enzymes the aminotransferase is
inhibited by h'ydroxylamine. Treatment of the enzyme at 0 °C with

0.05 M hydroxylamine causes an inhibition of 95%.
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2.12. N-Succinyl Diaminopimelate Desuccinylase.

N-Succinyl diaminopimelate desuccinylase catalyses the
formation of LL-2,6-diaminopimelic acid (27) by the desuccinylation
of L-2-(succinylamino)-6-aminopimelic acid (26) (Scheme 18).

The enzyme was detected in E. coli by Gilvarg? 8 and has been
partially purified by Kindler and Gilvarg.9? The enzyme requires

Co2* for activity.

COy Co,
HO,C(CH,),CONH——H N-Succinyl H,N—}—H
(CHZ)3 + Ml.m_elﬁte_» ' (CHL,),
H—— NH; desuccinylase He—l ItIH3
COy COo,
(26) (27)
Scheme 18

2.13. LL-Diaminopimelate Epimerase.

Several variations of meso-?,6-DAP (28) biosynthesis exist in
different bacterial strains.!00  Most bacteria (and higher plants)
convert LL-‘2,6-DAP (27) into the mes.o-form (28) catalysed. by‘ LL—
diaminopimelate  epimerase,101-103 byt some bacteria, such as
Bacillus sphaericus, bypass the LL-form (27) by directly converting

L-2,3,4,5-THDPA (24) into meso-2,6-DAP (28) using meso-
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diaminopimelate dehydrogenase (Scheme 19).100,104-106 o0

Diaminopimelate dehydrogenase will be discussed in Section 2.15.

/Qcoz' —— SN

HO,C~ N '~
* Y H NH; NH;
L-2,3,4,5-THDPA LL-DAP (27)
(24)
Epimerase
Dehydrogenase
- - H,N. COy
02CM%02 Decarboxylase - 2 \/\/\le 2
H
NE  NE Wi
meso-DAP (28) L-Lysine (1)
Scheme 19

LL-Diaminopimelate epimerase was detected over 30 years ago
in E. coli, but was only recently purified and fully characterised by
modification of the method of Wiseman and Nichols.101 A
purification of 2500-fold was achieved in overall 31% yield. The
purified LL-DAP epimerase had a specific activity of 35 units mg-l.
It exists as an active monomer of molecular weight 34,000 daltons
and requires no co-factor and no metal. Tyagi and co-workers! 02
have isolated LL-diaminopimelate epimerase from two to three week
old maize leaves.

The mechanism of LL-DAP epimerase resembles that of proline

racemase.l97 It uses an active site thiol group in the deprotonation-
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protonation process of diaminopimelate epimerisation. Therefore,
some anionic character might be expected to develop at the a-carbon
centre and hence, the carbon framework at that site should be planar

in the transition state (Scheme 20).

B,
H - - By
B, H
[ R - H _
H C}/ — OGS R — OZC—}\ R
Ny N7 Hal
B B, H
2 | _ B2
Ty Planar Ty
Scheme 20

2.14. Inhibition of LI-Diaminopimelate Epimerase,

Lam et al!08 investigated the interaction of analogues of meso-
2,6-DAP (28) with diaminopimelate epimerase from E. coli The
ahalogues ~ which were testc‘:d‘ for enzyme activity are shown in
Scheme 21. A coupled enzyme assay was used to measure the
amount of inhibition. The conversion of LL-2,6-DAP (27) into meso-
2,6-DAP (28) by the epimerase 'was  measured by  further
transformation of meso-2,6-DAP (28) into L-2,3,4,5-THDPA (24) by
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excess meso-DAP dehydrogenase with formation of NADPH. NADPH

formation was followed by observing the absorbance at 340 nm.

ozc\(\ X/\( COy

H3N NH, HzMR NH,
X=S (58 R=0H (61)
X= SOZ (60)
a. 2R, 6S c. 25, 6S
b. 2S, 6R d. 2R, 6R
< - 0]
0, CO, o,
RN ‘H
HN NH; HN  HN
(63)
R=H (64)

R =Me (65)

Scheme 21

- None of the DAP analogues tested irreversibly inactivated the
epimerase. meso-Lanthionine (58ab) and LL—lanthionine (58c) were
both good competitive inhibitors with Kj values of 0.67 mM and 0.42
mM respectively. The corresponding DD-isomer (58d) was at least 20
times less effective as an inhibitor. ~ This is in accord with the
stereochemical requirements of the enzyme for its natural
substrates. |

The LL- and DD-isomers of both lanthionine  sulphoxides (59¢
and 59d) and lanthionine sulphones (60c and 60d) showed no

detectable effects on the epinﬁerase, but their corresponding meso-



49
isomers (59ab and 60ab) were very weak competitive inhibitors
with respective Kj values of 11 mM and 21 mM. The reduced
activity of the lanthionine sulphoxides and sulphones could be due to
electronic effects or to changes in the overall geometry.

N-Hydroxydiaminopimelate (61) proved to be an extremely
potent competitive inhibitor with a Kj value of 5.6 pM for the
mixture of isomers. The reason for this extremely good inhibition is
unknown, but it may be that elimination of water from (61) occurs to
genérate an a-imine bound to the enzyme as a planar transition state
analogue (Scheme 22). This could then be attacked by the active
site thiol at the a-carbon in a reversible fashion.

N-Arhinodiaminopimelic acid (62) was a less effective
competitive inhibitor with a Kj value of 2.9 mM. This may be due to
the inability of the terminal hydrazine amino group to leave through
elimination. 4-Methylenediaminopimelic acid (63) was found to be
a non-competitive inhibitor with a Kj .value of 0.95 mM. Neither (64)

or (65) showed any significant inhibition of the epimerase.
2.15. m -Diaminopimelate Dehydrogenase
meso-Diaminopimelate (DAP). dehydrogenase catalyses the

direct conversion of L-2,3,4,5-THDPA (24) into meso-2,6-DAP (28) in

one enzymatic step. The reaction is reversible and is co-catalysed by
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By B
H 21
; 1?1 H
0G4 R -~~~ H -H,0 -
—_— - L& o > 0, R
HN H N H,N
A 2
HO HO
B2 B2
B,
(61)
B,
H
-02 R
H.N
3
B,
Scheme 22
NADPH and ammonia. It has been described as a reductive
transamination reaction (Scheme 23).
CO,
meso- Diaminopimelate +
dehydrogenase HN— H
NH; NADPH _ (CHy;
= — H3I:_I—— H
CO,

meso-Diaminopimelic Acid (28)
Scheme 23
In 1976, Misono and co-workers! 09 demonstrated meso-DAP

dehydrogenase activity in Bacillus sphaericus. This work was

further extended in 1983 by Whitel 10 and was extensively studied
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by Misono and co-workers.105,109,111 They purified the enzyme to
homogeneity. SDS-polyacrylamide gel electrophoresis showed the
enzyme to consist of two identical subunits, each with a molecular
weight of 41,000 daltons.  The enzym.e showed maximum activity at
pH 10.5. The occurrence of meso-DAP dehydrogenase has also been
described for a few other bacterial species.!105 It is worth noting
that the enzyme has not been detected in E. coli.

In plant systems, Wenko er alll2 have isolated and purified
meso-DAP dehydrogenase from Glycine max embryos. | Maximum
enzyme activity was observed at pH 8.0. From preliminary
molecular weight determinations the enzyme was found to have no
subunit structure and had an appe,lrent molecular weight of 67,000
daltons.

The mechanism of meso-DAP dehydrojenase has not yet been
fully established. Careful studies by Misono and Sodal®5 on the
dehydrogenase from B. sphaericus showed that it donates the 4-pro-
S hydrogen of its co-factor NADPH to the substrate in the reductive
reaction and is highly specific for the meso-isomer of DAP. In the
active site of the dehydrogenase there is a non-essential thiol
groupl13 and a tryptophan residue.l®5  Product inhibition studies
indicated that the sequence of addition of substrates in the. oxidative
d?amination is NADP* followed by meso—2,6-DAP} (28)7 and that} the
ord‘er} of release of products is ammonia, then L-2,3,4,5-THDPA (24)
and finally NADPH.



52
2.16. Inhibition of meso-Diaminopimelate Dehydrogenase,

Lam et al.l08 tested analogues of meso-2,6-diaminopimelic acid
(28) for substrate and inhibitor activity on the dehydrogenase
enzyme from B. sphaericus!05 The dehydrogenase assay system
monitored NADPH formation spectrophotomerically at 340 nm.
 From substrate studies they found that the enzyme is
stereospecific for  meso-isomers and  barely accommodates
substituents on the carbon chain. meso-Lanthionine (58ab) was a
poor substrate (Kpm 5.8 mM) compared to meso-2,6-DAP (28) (Km 1.1
mM), with a relative Vpax 1% of that observed for the natural
substrate. The sulphoxide (59) and the sﬁlphone (60) of lanthionine
were even poorer substrates. However, the meso-isomers of N-
hydroxy- (61ab), N-amino- (62ab) and 4-methylenediaminopimelic
acid (63ab) were found to be good substrates of the dehydrogenase
enzyme.
The sulphoxides (59¢ and d), sulphones (60c and d) and DD-
lanthionine (58d) showed very slight competitive inhibition. LL-
Lanthionine (58c) is a weak non-competitive inhibitor with respect

to meso-2,6-DAP (28) with a Kj of 38 mM.

2.17. meso-Diaminopimelate Decarboxylase

meso-Diaminopimelate (DAP) decarboxylase catalyses the final

step in the synthesis of L-lysine (1) by the pyridoxal phosphate
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dependent decarboxylation of meso-2,6-DAP (28) exclusively at the
D-centre to give L-lysine (1) (Scheme 24).62,114  The enzyme is
highly specific for the meso-isomer, and the DD- and LL-isomers of
2,6-DAP are neither substrates nor effective inhibitors. meso-DAP
decarboxylase is the only pyridoxal dependent a-decarboxylase

4

known to act on a D-amino acid.

CO, meso-Diaminopimelate>
+ CO,
H;N——F—H 2 minonimela +
meso-Diaminopime
H,N (CJE?iH decarboxylase > H;N H
+
' (CHp)4NH,
CO, .
L-Lysine (1)

meso-2,6-DAP (28)
Scheme 24

meso-DAP decarboxlase has been studied in bacteria69,115 and
in higﬁer plants,59-61,116 where it is localised solely in the
chloroplasts.? 35 White and Kellyl 17 have purified the enzyme from E.
coli and have shown that it has a native molecular weight of 200,000
daltons as calculated from its sedimentation coefficient.

The molecular weight of the enzyme in higher plants varies

'between 75,000 daltons for wheat germ6é ! and 85,000 daltons for

- maize endosperm.6 0 Estimates of the Ky for meso-2,6-DAP (28)

vary between 0.1 and 0.3 mM. The wheat enzyme was extracted
from a wheat germ acetone powder in 50 mM potassium phosphate

buffer (pH 7.0). The enzyme had a specific activity of 283 pkat mg'_1
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protein. A particularly rich source of the maize enzyme came from
maize endosperm harvested 28 days after pollination. After
purification this enzyme had a specific activity of 783 nkat mg-1
protein. (Katal is the SI Unit of enzyme activity and is the amount of
enzyme that converts 1 micromole of substrate into product per
second. It is an inconveniently large unit and is used much less than

the international ‘unit' of enzyme activity.)

2.18. Mechanism of meso-Diaminopimelate Decarboxylase

Kelland er al62? carried out a detailed analysis of this plant
enzyme mechanism by two-dimensional IH-13C heteronuclear NMR

shift correlation spectroscopy with 2H decoupling.  From their results

they proposed that the mechanism of meso-DAP decarboxylase in

plants was comparable to the known mechanism operating in Bacillus
sphaericus®® (Scheme 25).

During  decarboxylation of a-amino acids by  pyridoxal
phosphate-dependent  decarboxylases the bond between the a-
carbon and the carboxyl carbon of the substrate is expected to be
nearly perpendicular to the plane of the cofactor's conjugated n-
system.118-120 '

The first step in thé mechanism is the formation of the Schiff's
base (66) between the co-factor and meso-2,6-DAP (28) (Scheme
25). Addition of meso-2,6-DAP (28) gives the imine (67). The
carboxyl group is trans-antiparallel with the imine. Carbon dioxide is

then lost to give the intermediate (68). The co-factor essentially
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Scheme 25

stores the electrons of the cleaved bond until protonation- from the

solvent can occur to give (69). The resulting imine (69) is then
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hydrolysed to give L-lysine (1). All pyridoxal phosphate dependent

a-decarboxylases proceed with retention of configuration except for

meso-DAP decarboxylase which shows inversion.62,69

2.19. Inhibition of meso-Diaminopimelate Decarboxylase.-

With higher plant meso-DAP decarboxylase Mazelis and
Crevellingt ' and Sodek6 ¢ have shown that at concentrations up to 1
mM lysine has little effect on enzyme activity. At 20 mM however,
lysine inhibited the wheat germ meso-DAP -decarboxylase by 60%. It
is unlikely that inhibition at this high cbncentration would indicate
any physiological feedback regulation.

Vederas et all22 have synthesized and tested analogues of
meso-2,6-DAP (28) for enzyme activity with meso-DAP
decarboxylase from Bacillus. sphaeriéus”-" and from wheat germ
(Triticum vulgaris).,6 1 Enzyme activity was assayed by measuring
the release of 1400, from [1,7-14C]-DAP.62 Rates of 1400, production
were analysed by the statistical method of Wilkinson.124

There are two potential modes of inhibition of pyridoxal
phosphate-dependent a-decarboxylases, B-elimination and N-

modification. Both will be discussed below.
B-Elimination

Substrate analogues which have a leaving group attached to a

B-carbon of the a-amino acid can undergo elimination to generate an
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electron-deficient conjugated system (70) (Scheme 26).
Stereoelectronic considerations for elimination reactions123 recjuire
that the bond between the f-carbon and its attached leaving group
must be aligned nearly perpendicular to the plane of the conjugated
co-factor-inhibitor complex. The leaving group may be above or

below this plane, depending on the side chain R.126

(04

N—
l‘gEF

O gy

(70)

Scheme 26

The electron-deficient conjugated system is highly reactive and

is prone to attack by nucleophilic species at the B-carbon or at C-4 of

the co-factor.!27,128 This would result in direct covalent attachment
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of the co-factor-inhibitor complex to a group in the enzyme active
site, and as such, would result in irreversible loss of enzyme activity.

a-Difluoromethyldiaminopimelate was expected to be a potent
inhibitor due to extensive precedent with other pyridoxal phosphate-
dependent a-decarboxylases. However, Vederas er al.l22 found no
irreversible or even strong competitive inhibition. This suggested
that a-difluoromethyldiaminopimelate cannot bind to the enzyme
active  site. Apparently both plant and Dbacterial meso-DAP
decarboxylases enforce the stringent stereochemical requirement for
the DL-isomer of the substrate by a ‘'tight-fit' in the region
surrounding the a-carbon and do not pérmit replacement of the a-H
by a larger group.

To solve this problem, Vederas et all22 investigated the
elimination of a group 'X' at the f-carbon of the side chain (Scheme
27). The sulphoxides (59) and sulphones (60) were investigated
because a number of pyridoxal phosphate-catalysed f-eliminations
of sulphur-containing groups are known!29,130 and the parent
me s o-lanthionine (58) is decarboxylated by meso-DAP
decarboxylase. The LL- (59 and 60c) and meso-isomers (59 and
60ab) of lanthionine sulphoxide and sulphone are competitive
inhibitors but did not show inactivation of the decarboxylase. The
sulphoxides were found to be better inhibitors than sulphones,

possibly due to secdnda:y bindihg of the sulphoxide functionality.
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N-Modification

An alternative approach to inhibition of the decarboxylase is
modification of the substrate nitrogen. Cooper and Griffiths! 31 have
observed that N-hydroxyglutamate irreversibly inhibits pyridoxal
phosphate-dependent glutamate decarboxylase. |

N-hydroxydiaminopimelate was tested for inhibition of meso-
DAP decarboxylase by Vederas er all22 They found it to be a good

competitive inhibitor of both the wheat germ and the bacterial
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enzyme. However the compound showed no irreversible

"inactivation.

N-Aminodiaminopimelate has been found to have inhibition
constants in the range 1-2 uM with a pyridoxal phosphate-dependent
histidine decarboxylasel 32 and with aspartate aminotransferase.l33
With meso-DAP decarboxylase this compound was found to be a good
competitive inhibitor with a Ki of 100 uM for the bacterial enzyme

and a Kjof 84 pyM for the wheat germ enzyme.

Conclusion

The diaminopimelate pathway to L-lysine (1) has been
reasonably well studied in bacteria. However, in higher plants the
pathway is not completely understood. In Dbacteria all seven
enzymes of the pathway have been isolated and characterised. In
higher plants only four of the enzymes have been isolated. Although
the main intermediates in the pathway, in both bacteria and plants,
have been established, the mechanisms and stereochemistry of some
of the steps are not fully understood.

The synthesis and testing of potential inhibitors has been
carried out in some detail for the latter enzymes in the pathway.
HoWevér,. very few inhibitor ‘.studieS héve béeh undertaken for the
earlier steps in the pathway, particularly the first and second steps,
catalysed by DHDPS and DHDPR.

The syntheses of two important intermediates in the pathway,

L-2,3-DHDPA and L-2,3,4,5-THDPA, have been attempted by many
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groups. However, the purification and characterisation of these
intermediates has proved very difficult due to their instabiltiy.

The synthesis of the starting substrate in the pathway, L-
aspartic acid-f-semialdehyde, has been carried out by Black and

Wright.
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Chapter [3] - Synthesis of L-Aspartic Acid-f-semialdehyde and

Analogues,
Introduction
L-Aspartic acid-f-semialdehyde (21a) is an important

intermediate in the biosynthesis of L-lysine (1), L-threonine (16) and
L-methionine (18) (Scheme 4). The biosynthesis of L-threonine
(16) and L-methionine (18) proceeds via L-homoserine  after
reduction of L-aspartic acid-f-semialdehyde (21a) catalysed by |
homoserine  dehydrogenase.l34-136  Furthermore, in the DAP
pathway to L-lysine (1) (Scheme §), which occurs in bacteria and
higher plants, the most intriguing step is the condensation of L-
aspartic acid-B-semialdehyde (21a) with pyruvate (22) catalysed by
DHDP Synthase to give L-2,3-DHDPA (23). Further enzyme -catalysed
reactions of L-2,3-DHDPA (23) lead to L-lysirie (1).

L-Aspartic acid-B-semialdehyde (21a) is derived
biosynthetically from L-aspartic acid (19) (Scheme 4) via L-aspartic
acid-pB-phosphate (20). Formation of L-aspartic acid-f-phosphate
(20) from L-aspartic acid (19) is catalysed by aspartate kinase.44-53
Aspartate  semialdehyde  dehydrogenase catalyses the  pyridine
nucleotide reduction of L-aspartic acid-f-phosphate to give L-
aspartic acid-f-semialdehyde (21a).54,55

L-Aspartic  acid-f-semialdehyde (21a) has also become an
increasingly important synthetic intermediate.!37 The aldehyde
function provides a useful handle for manipulation, and this allows

access into a range of polyfunctional non-protein and unnatural

-amino acids. The use of L-aspartic acid-B-semialdehyde (21a) as a
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synthetic intermediate will be discussed in more detail in Sections
3.3 and 3.6.

The first reported chemical synthesis of L-aspartic acid-g-
semialdehyde (21a) was by Black and Wright in 1955.70 However,
very little chemical evidence was provided for the compound. In
this chapter there will be described a brief selection of synthetic
methods and the use of protecting groups in a-amino acid synthesis.
The Black and Wright synthesis of L-aspartic acid-f-semialdehyde
(21a) will be reviewed followed by a discussion on our improved
synthesis of this compound and biochemical results obtained with L-
aspartic acid-fB-semialdehyde (21a). " Finally, the synthesis of
analogues of L-aspartic acid-f-semialdehyde. (21a) will be discussed
along with the test data obtained on DHDP Synthase with these

compounds.

3.1. a-Amino Acid Synthesis,

The synthesis, resolution and physiochemical characterisation

of a-amino acids and their derivatives continue to be areas of highly
active research. There are many well established and, more recently,
newer methods for the synthesis of a-amino acids.!38-140 These can
be grouped into three main categories: alkylation of glycine
derivatives; - condensation and substitution reactions in which the
amino- or carboxyl-function is introduced to complete the synthesis;
and lastly rearrangement reactions. Each of these synthetic

strategies will be briefly discussed in this section.
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Asymmetric  synthesis of «-amino acids is  undergoing
considerable development and several successful methods have been
established.l14! However, asymmetric synthesis of a-amino acids
will not be discussed in this séction. The use of a-amino acids as
starting materials for the synthesis of other «-amino acids is an
increasingly important technique. Examples of this strategy will be
shown in the Black and Wright” ¢ synthesis, and in our modified
synthesis of L-aspartic acid-B-semialdehyde in Sections 3.2 and 3.3

respectively.

Alkylation of Glycine Derivatives to give a-Amino Acids.

Alkylation  of  acetamidomalonate esters and other N-
acylaminomalonates remains the most frequently chosen route to a-
amino acids with side chains which can withstand the hydrolysis step
involved at the end of the synthesis (Scheme 28).

A typical procedure ffom diethyl acetamidomalonate (71)
involves reaction of the alkyl halide with it to give the crystalline
aikylated malonate (72). This is hydrolysed with refluxing dilute
aqueous sodium hydroxide. @ Excess alkali is removed with a strong
cation exchange resin.  This brings about hydrolysis to the malonic
acid,vwhich is decarboxylated by boiling in water.

Another well documented alkylating method for the synthesis
of a-amino acids 1is alkylation of benzylidene glycine ester (73), a
Schiff's base. However, overalkylation problems arise with this
method giving mixtures of mono- and di-alkylated products. The

yields of these reactions are not very good.
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AcNH—cl;—cozEt — AcNH—(lz—COaEt
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(71) (72)
Scheme 28
PhCH=NCH;-CO,R
(73)
ondensation and _Substitution Reaction ive _a-Amino__Acids

The Strecker synthesis (Scheme 29) is a well established
condensation reaction yielding «-aminoalkanenitriles (75) which, on
hydrolysis, | give the corresponding «-amino acid. There are many

variations of the Strecker synthesis and the yields are variable.l42
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,OH ,NHZ NH3+
R—CHO —>R—CH —»R—CH —> R—cf
CN “CN “co,
(74) (75)
Scheme_ 29

The first step in the Strecker synthesis involves the formation
of the cyanohydrin (74) from the aldehyde using sodium cyanide,
acetic acid and methanol. @ The aminonitrile (75) is formed from the
cyanohydrin (74) by treatment with ammonium hydroxide and
ammonium chloride. Hydrolysis of the aminonitrile (75) with 10M
HCI gives the a-amino acid.

Substitution reactions leading to a-amino acids, which have
been used over many years, are based on the easy availability of a-
halogeno;alkanoic acids and a-hydroxy- or epoxy-alkanoic acids.
The introduction of the nitrogen function can either be as the free
amino group using ammonia to give the a-amino acid, or if an amine

is used, N-alkylated a-amino acids can be prepared.

Rearrangement Reactions leading to «o-Amino_Acids.

The Curtius, Hofmann and Schmidt rearrangements!42a have
all been wused for the synthesis of «-amino acids via the
corresponding isocyanate (Scheme 30). However, these

rearrangement reactions are now only rarely used for this purpose in
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view of the availability of efficient, more convenient, alternative

general methods for amino acid synthesis.

0O 0O
R—CL R—C_
Schmidt OH NHN Hz
Curtius
HN3 NaNO,, HCI
,C= 0]
HoN Hofmann ®_ "
C
N+ e
Bra ) \y N=N=N-

{

-No|heat

N

C:0 9 : -
> L Q—P[R—N=.C=O<—> R—N—E:O]
Br (;Br Isocyanate

z
‘T
Z

Scheme 30

Protectin Tou in_a-Amino_Acid Synthesis

Protecting groups are of paramouni importance in «a-amino acid
synthesis. = Temporary protection of the o-amino group and of the a-
carboxyl group eliminates the dipolar character of the starting
zwitterionic amino acids. This allows the synthesis of a-amino acids
to be carried out in organic solvents, and not under more difficult
aqueous conditions. The protecting group must fulfil a number of

requirements. It must react selectively in good yield to give a
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protected substrate that is stable to the conditions used in the rest of
the planned synthesis. The protecting group must also be selectively
removed in good yield by readily available reagents which do not
attack the rest of the molecule. Finally, the protecting group should
have a minimum of additional functionality to avoid further sites of

reaction.

The protecting groups which have been mainly used in our
amino acid synthesis are the ¢-butoxycarbonyl (BOC) group and the
benzyloxycarbonyl or carboxybenzyl (CBZ) group for N-protection
and the r-butyl and benzyl esters for protecting the carboxyl group.
These protecting groups meet all of the "above requirements.

There are many reagents available - for the formation and
removal of the widely used BOC group. The two most common
reagents for putting on the BOC group are di-z-butyl dicarbonatel 43
and 2-(r-butoxycarbonyloxyimino)-2-phenylacetonitrile! 44  under
basic conditions. The yields vary between 70 and 95%. The
mechanisms for putting on the BOC group using. both these reagents
are shown in Scheme 31.

Removal of the BOC group is carried out under mild acidic
conditions. The most common method of removal is stirring the
protected compound in trifluoroacetic acid at room temperature for
one hour (Scheme  32).145 Thiophenol is sometimes used with
trifluoroacetic acid to act as a scavenger for r-butyl cations.  This

prevents possible alkylation of the deprotected product.
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t-Butyl esters are stable under mild basic conditions and are
very popular for the protection of the carboxyl group. There are
several reagents used to form t-butyl esters.  The most common
procedure used is isobutylene and conc. sulphuric acid at room
temperature for one day.l46

t-Butyl esters are cleaved under similar conditions to the BOC

group and so the BOC/t-butyl ester protecting groups for a-amino
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acid synthesis are commonly used together since they can be both

removed in one synthetic step.

H
+ 7
r. @ | CRiCOH  R\_ & & ,,
N—C-—-O | > N-c-®+ -

R2”

H
R\U+ CF4COH 1 /—A’
,NH, CFiCOy F‘\N' + O@ + =<
+ CO, o
Scheme_32

The CBZ group is widely used in peptide synthesis since it can
easily be removed by catalytic hydrogenolysis.!47 It is usually put
on using benzyl chloroformate under basic conditions (Scheme 33).

Benzyl esters are easily prepared using benzyl bromide in
dimethylformamide.! 48 They are cleaved under the same catalytic
hydrogenolysis conditions as the CBZ group and so the CBZ/benzyl
ester protecting groups for a-amino acid synthesis are commonly
used together since, like the BOC/t-butyl ester protecting groups,

they can both be removed in one synthetic step.
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Scheme 33

3.2. Black and Wright Synthesis of L-Aspartic Acid-B-semialdehyde.

Black and Wright reported the first synthesis of the separate
enantiomers of  aspartic acid-B-semialde_hyde (21)  from DL-
allylglycine (76) (Scheme  34).70 Resolution was achieved by
enantioselective enzymic hydrolysis of the WN-acetyl derivatives of
DL-allylglycine. @ N-Acetyl-DL-allylglycine (77) was prepared from DL-
allylglycine (76) by Sorrenson's method using 2M sodium hydroxide
and acetic anhydride. Hydrolysis of N-acetyl-DL-allylglycine (77)
using hog kidney acylase gave L-allylglycine (76a) and unchanged N-
acetyl-D-allylglycine (77b). L-Allylglycine (76a) crystallised on
cooling. N-Acetyl-D-allylglycine (77b) was hydrolysed by heating at
reflux in 2M hydrochloric acid to give D-allylglycfne (76b). Upon
ozonolysis of D- (76b) and L-allylglycine (76a), D- (21b) and L-
aspartic acid-f-semialdehyde (21a) were fqrmed. Only the L-isomer
(21a) was found to be a substrate of DHDP Synthase. Black and
Wright found that L-aspartic acid-p-semialdehyde (21a) was
reasonably stable in acid solution at 0 °C. However it deteriorated

rapidly in neutral solution or in the dry state. Attempts by them to
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dry the acid solution of L-aspartic acid-f-semialdehyde (21a) by
evaporation at low temperatures also resulted in substantial losses of

the enzymatically reactive compound.

NHg* NH-COCHj,4
7 co, NeoH > Z CO.H
(76) (77)
Hog kidney
acylase
N H3+ ' COZH
/\/}‘~ co, * N~ NH-COCH;
H : H
(76a) (77b)
03, IMHCI 2M HCI,
reflux
NHz*Cr CO.H
OHC -~ COZH = = NH3*CI'
H H
(21a) (76b)
| O3, IM HCI
CO.H
H
(21b)
Scheme 34

Black and Wright found that the usual aldehyde derivatives did

not form readily with this substance and hence, the identity of L-
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aspartic acid-B-semialdehyde (21a) rested largely on the fact that it
could be converted into L-homoserine. This enzymic process was
catalysed by homoserine dehydrogenase.134-136 |

When the Black and Wright procedure was repeated by us, i.e.
ozonolysis of DL-allylglycine (76) in 1M HCI at 0 °C, we found that DL-
aspartic acid-p-semialdehyde (21) was formed, along with a mixture
of other products. To identify these products the reaction was
repeated in DO and DCl and followed by !H NMR spectroscopy.
There were signals present which were consistent with the presence
of DL-aspartic acid-f-semialdehyde (21), formaldehyde (78) and DL-
aspartic acid (19) (Scheme 35). 'DL-Aspartic acid (19) s
presumably formed by oxidation of DL-aspartic acid-f-semialdehyde
(21). No aldehyde proton was observed in the IH NMR spectrum

therefore the aldehyde probably exists as the hydrate.

NH5* OH NHg*Cr
PO .U
Z CO, o°c HO CO,H

. 1) (78)

(76)

NHg*Cr
HO,C
< COH
a9

Sghgmg' 35
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Ion-exchange column chrdmatography was attempted to purify
the mixture. However the concentration of DL-aspartic acid-B-
semialdehyde (21) was found to be less after ion-exchange
chromatography. This is probably due to the instability of DL-
aspartic acid-B-semialdehyde (21) at room temperature.

The concentration of DL-aspartic acid-p-semialdehyde (21) in
the acid solution mixture was calculated by converting DL-aspartic
acid-f-semialdehyde (21) into DL-homoserine catalysed by
homoserine dehydrogenase.l34-136 This work was carried out by
Emma Borthwick in the Biochemistry Dept. at Glasgow University.
The enzyme activity was monitored by the decrease in absorbance at
340 nm due to the oxidation of NADPH to'NADP“. The change in
concentration of NADPH during the reaction could be calculated.
Since 1 mole of NADPH reacts with 1 mole of L-aspartic acid-§-
semialdehyde  (21a), the concentration of L-aspartic acid-g-
semialdehyde (21a) is equivalent to the change in concentration of
NADPH. The concentration of the solution prepared under similar
conditions with different batches of material was between 0.3 M
and 0.4 M.

A possible mechanism of formation and decomposition of the
ozonide is shown in Scheme 36. The secondary ozonide (79)
decomposes as it is formed in the acidic solution. The mechanism of
decomposition involves hydrolytic cleavage of the ether linkage of
(79) followed by decomposition to the aldehyde and formaldehyde.
Aspartic acid-p-semialdehyde (21) and formaldehyde (78) can then
bé further oxidised to aspartic acid and formic acid by hydrogen

peroxide.
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3.3. Modified Synthesis of L-Aspartic Acid-f-semialdehyde.

In order to study the mechanism of DHDP Synthase and to
carry out precise kinetic and inhibitor studies with this enzyme we
required a synthesis of pure L-aspartic acid-f-semialdehyde (21a).
We also required to make L-aspartic acid-f-semialdehyde (21a) in a
protected form which was easy to handle, could be stored for long
periods of time, and the protecting groups could be easily removed
under mild reaction conditions in one synthetic step.

Our initial strategy was to start with the naturally occurring
amino acid DL-homoserine. = Double protection at the a-amino and a-
carboxyl groups followed by oxidation of the primary hydroxyl group
to the aldehyde would give protected DL-aspartic acid-B-
semialdehyde derivatives. Purification could be carried out at this
stage.  Finally careful deprotection would give the desired DL-
aspartic acid-B-semialdehyde (21).

The oxidation of .the primary hydroxyl group of DL-homoserine
analogues has been reported in the literature by several groups.
Ramsamy et al.l49 carried out the oxidation of N-z-butoxycarbonyl-
L-homoserine ¢-butyl ester to give N-z-butoxycarbonyl-L-aspartic
acid-f-semialdehyde ¢-butyl ester using a chromium (VI) trioxide-
pyridine complex in methylene chloride.! 59 These compounds were
intermediates in the  synthesis of N-t-butoxycarbonyl-L-a-
aminoadipic acid 1-z-butyl 6-ethyl diester ‘(80), a suitably protected
amino acid for use in peptide synthesis. Keith and co-workers used

the same oxidising conditions to prepare N-carboxybenzyl-L-aspartic



77

acid-f-semialdehyde benzyl ester from its homoserine analogue in

the total synthesis of the  naturally occurring amino  acid

rhizobitoxine (81).151

BOC—NH
2 H
CO.t-Bu HoN 2
Ho\)’\/o\/ycoz
CO.Et HNG “H
2 (81)
(80)

Baldwin and Flinn! 37 prepared N-f-butoxycarbonyl-L-aspartic
acid-p-semialdehyde p-methoxybenzyl estér from its homoserine
analogue using pyridinium chlorochromate and sodium acetate in
methylene chloride.l 52 This protected aspartic acid-p-semialdehyde
derivative was further converted into the more complex amino acids,
L-2-aminohept-4,6-dienoic acid (82) and 2§5,4R,55-2-amino-4,5,6-

trihydroxyhexanoic acid (83).

(82)

Unfortunately when we tried to prepare N-z-butoxycarbonyl-
DL-homoserine (84), the first intermediate in our proposed synthetic

pathway to N-z-butoxycarbonyl-DL-aspartic acid-p-semialdehyde -
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butyl ester, the reaction yields were low and TLC analysis showed
two strong spots. IH and !3C NMR and IR spectroscopic Aanalysis
showed that we had a 50/50 mixture of the desired product (84) and
the lactone (85) (Scheme 37). Thé IH NMR spectrum had two ¢-
butoxycarbonyl signals, there were 3 carbonyl absorption bands in
the IR spectrum: 1777 (lactone), 1725 (acid) and 1705 (broad)
(carbamate) and the 13C NMR spectrum had double the expected
amount of signals. Ozinskas and Rosenthall 53 have previously
prepared the lactone (85) in their synthesis of L-calanine and y-
functional 2-aminobutyric acid derivatives. A variety of conditions
using di-z-butyl dicarbonate and 2-(s-butoxycarbonyloxyimino)-2-
phenylacetonitrile were tried with no better results. At this stage it
was decided to abandon homoserine as the starting material and go

back to allylglycine and modify the Black and Wright method.

HO NH-COst-Bu -H,0
\/Y — o NH-COut-Bu
+H,0

CO,H ul

(84) (85)
Scheme 37 |

DL-Allylglycine (76) was converted into its f-butyl ester us_ing_
2'—methy}lpropene and} sulphuric acid (S_c.he‘me‘ 38).143  The product
was precipitated as the hydrochloride salt (86). The N-t-
butoxycarbonyl (BOC) derivative (87) was prepared in 90% yield by
treatment of (86) with di-r-butyl  dicarbonate under  basic

conditions.! 63  The doubly protected material (87) was subjected to
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ozonolysis at -78 ©C in methylene chloride and the ozonide was
decomposed with triethylamine to give the protected aspartic acid-f-
semialdehyde  derivative  (88). The  mechanism of  ozonide
decomposition is shown in Scheme 39. Purification of (88) was
carried out using flash column chromatography and elution with

ether to give a clear oil in 80% yield.

IZ’Hs 1.Isobutylene, c.H,SO, NH, CF
CH.(Cl,, -78°C
- >
/\/k CO, 2. Ether / HCI(g) Ncozt-BU
(76) (86) [33%]
aHCO,, NaCl,
(BOC),0,
H,CI, / H,0,
eflux, 2h.
NHCOxt-Bu  1.05;, CHCl,, -78°C NHCO,t-Bu
-
OH COt-Bu 2.Et;N (2eq),-78-0°C & : CO,t-Bu
[80%]1 (88) 87 [90%]
TFA, CH,Cl,

room temp., 1h

+ -
OH NH; CF,C0, Overall vield : 17%
HOT NN COH | | |
74%1 &

Scheme 38
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The L-isomer of  N-t-butoxycarbonylaspartic acid-p-
semialdehyde t-butyl ester had identical spectroscopic data to the
aldehyde prepared by Ramsamy and co-workersl4? from oxidation
of N-z-butoxycarbonyl-L-homoserine ¢-butyl ester using a chromium

trioxide-pyridine complex.

EtsN ]
NH-COxt-Bu taN ) NH-CO.t-Bu
- — P (7
L CO,t-Bu 4 CO.t-Bu
O O :
Secondary ozonide :
NH-COt-Bu
*—-0O + H,C=0 + OH
EtSN © 2 COgt-BU
(88)

Scheme 39

Deprotection of the BOC group and the z-butyl ester was carried
out in one step by stirring (88) in trifluoroacetic acid in methylene
chloride for one hour at room temperature under a nitrogen
atmosphere. Removal of the solvent in vacuo gave a yellow oily
residue which solidified giving a light yellow solid when ether was
added. The yield was 74% and the solid had mp 64-66 °C. IH. and
13C NMR data indicated that the product exists as a hydrate (91), i.e.
no aldehyde proton was obsevaed and there was a double doublet at
dy 5.1 for the 4-H and a signal d¢c 89.4 for C-4. The 1H NMR spectrum

of (89) is shown in Figure 1. The product has correct
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agreement with the general rule that aliphatic D-amino acids give

negative CD curves around 203 nm, and vice-versa for L-amino acids.

/-0¢k-01 rrrrvrm memwmrﬁﬁﬂﬂ-ﬁm'nmﬁ
) ' . 1

[ tve NJ\.\< L-ASA . ]
L .

=2.0608-0t | 4, a0 aaatasasaaatatissassasalaiiasasaatisaaaassataasaiaas
450.0 WL [nm} 250.0
L-sspartate semi-slcenhyce imm (0,Smg/ml)
D-sspartste ssmislcshyce, O.4cm, 0,686mg/ml

R H
I H

The overall yield of formation of DL-aspartic  acid-f-
semialdehyde hydrate (89) from DL-allylglycine (76) was 17%. The

reason for this low overall yield is the poor yield of the first step in

 the synthesis, ‘namely formation of the s-butyl ester of -allylglyéine

(86) using isobutylene and conc. sulphuric acid. This step was
repeated several times under various different "reaction conditions,
but no yield higher than 33% was obtained. @~ The low yield is

presumably due to formation of isobiltylene polymers. These remain
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in the organic solvent when the z-butyl ester is precipitated as the
hydrochloride salt.

To overcome this problem it was decided to change slightly the
synthesis by replacing the ¢-butyl ester with the anisyl (p-

methoxybenzyl) ester (Scheme 40).154

. NH-CO,t-Bu
NHs (BOC),0, KHCO .
. T HOldm > < 00, K
Z Co, 0) [91%]
(76)
'MeO-C6H4—CH2Br,
DMF, room temp.
NHCOzt—BU 1_03’ CH2C12’ _780(: NHCOzt-Bu
OH N Z CO,CH;CgH,-OM
CO.CH.-C.H,-OMe 2.Et:N (2¢q), -78 - 0°C 2LHyCe
75%]  ©2) 0z Cetl O (194
TFA, CH,CL,
room temp., 2h
OH NH, CE,00
2T Overall yield : 42%
HO” <"~ COH
(19%1 &

Scheme 40

This ester was put on in 79% yield giving an overall yield of

formation of DL-aspartic acid-f-semialdehyde hydrate (89) of 42%.
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The p-methoxybenzyl ester can also be easily removed by treatment
with trifluoroacetic acid.! 56

The potassium salt of N-z-butoxycarbonyl-DL-allylglycine (90)

~was prepared in 91% yield from DL-allylglycine (76) using di-s-butyl

dicarbonate and potassium bicarbonate in a water/dioxan mixture.
This procedure was used by Baldwin er al. to prepare the potassium
salt of N-z-butoxycarbonyl-L-homoserine.l57 Compound (90) was
converted into the p-methoxybenzyl ester (91) in 79% yield using p-
methoxybenzyl bromide in DMF. The same ozonolysis procedure was
used as before to give the aldehyde (92). The L-isomer of this
aldehyde has already been prepared by Baldwin and Flinnl37 as an
intermediate in their total syhtheses of the more complex amino
acids (82) and (83).

Deprotection was carried out in one step by stirring (92) in
trifluoroacetic acid for two hours to give the hydrate of the
trifluoroacetate salt of DL-aspartic acid-p-semialdehyde (89). This
product had identical physical properties and spectroscopic data to

those formed from the synthesis using the z-butyl ester.

DHD th

DHDP Synthase used in our biochemical experiments was

purified and over expressed from E. colil2l This work was
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The E. coli DHDP Synthase has previously been sequenced and
the mass calculated as 31 372.3. The difference between the mass
calculated and that observed is within the resolution of the VG BioQ
mass spectrometer (0.1%).

The molecular mass of 31 272.3 is taken as correct for all
subsequent studies of DHDP Synthase. The masses of all enzyme-

substrate complexes analysed by ESMS are based on this mass.
L-Aspartic Acid-f-semialdehyde

The trifluoroacetate salts of DL- (89) and L-aspartic acid-p-
semialdehyde hydrate (89a) were shown to act as substrates for the
DHDP Synthase reaction. The D-isomer (89b) did not act as a
substrate.  This is in agreement with the results obtained by Black
and Wright.7 0

The DL- (89) and L-isomers (89a) were also shown to be
substrates for homoserine dehydrogenase!34-136 by incubation with
the enzyine and observation of the disappearance of NADPH. The D-
isomer (89b) did not act as a substrate. Homoserine dehydrogenase

was partially purified using the method of Bachi and Cohen! 55
iff's Base Formation B n_DHDP h .and ruvat

One of my co-workers, Susanne Connell, has shown that there is
irreversible 1loss of enzymatic activity of DHDP Synthase upon the
addition of sodium borohydride only in the presence of pyruvate

(22). This suggests that the formation of a Schiff's base intermediate
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between DHDPS and pyruvate (22) takes place in the enzymatic
reaction. This is in agreement with the results reported by
Schedlarski and Gilvarg’ 4 and by Kumpaisal et al. 57

Andrea Schneier and Dr. C. Abell (University of Cambridge)l57a
have obtained direct evidence for Schiff's Base Formation Between
DHDP Synthase and Pyruvate (22). A sample of catalytically
active DHDP Synthase was incubated with pyruvate (22) for (five
minutes at 0°C. Sodium borohydride was then added, resulting in 85
% inactivation of the enzyme.

ESMS of this sample (Figure 4) showed a single protein species,
indicating that all the active sites were modified and confirming that
the tetrameric enzyme does not exhibit half-sites reactivity. The
molecular mass of the protein, 31 347.1 (4 determinations)
corresponds to that of the reduced Schiff's base with pyruvate and
DHDP Synthase. The calculated molecular mass of this species is 31
345.4. The ESMS of DHDP Synthase, pyruvate and borohydride is

shown in Figure 4.

Component anzlysis of DHDPA synthase + pyruvate + BHg

31342.9
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An identical sample of DHDP Synthase was treated with sodium
borohydride in the absence of pyruvate (22). No loss of enzyme
activity was observed and the ESMS analysis showed only
unmodified enzyme.

Similar studies were carried out in which DHDP Synthase was
incubated with L-aspartic  acid-f-semialdehyde  hydrate (89a).
However, no loss of enzymatic activity was observed upon the
addition of sodium borohydride and the ESMS of the sample sﬁowed
only unmodified DHDP Synthase. This suggests that there is no
Schiff's formation base between DHDPS and L-aspartic acid-f-
semialdehyde hydrate (89a) in the enzymic ‘reaction.

Further work must be carried out using ESMS to investigate the

mechanism of formation of L-2,3-DHDPA (23).

Borthwickl 2! set up a standard assay screen for DHDP
Synthase by monitoring the rate of formation of dipicolinic acid (36)
at 270 nm. The product of the reaction, in vivo, is L-2,3-DHDPA (23)
which is unstable and could not be the product absorbing at 270 nm.
L-2,3-DHDPA (23) is oxidised in air to DPA (36) which absorbs at 270
nm (Scheme 9). This assay has enabled us to test analogues of both -

substrates, L-aspartic acid-p-semialdehyde hydrate (89a) and

‘pyruvate (22), and the pathway intermediates L-2,3-DHDPA (23) and

L-2,3,4,5-THDPA (24) for substrate or inhibitor activity.
The standard 1 ml assay consisted of 100 mM imidazole buffer,

1 mM 'L-aspartic acid-p-semialdehyde (89a), 1 mM pyruvate (22)
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and 16 units of DHDP Synthase. Three concentrations of compound

were studied, I mM, 0.5 mM and 0.1 mM, unless other dilutions were

required. Each result shown is an average over three assay runs.
The level of inhibition was measured by a percentage of the

standard rate as shown in the following equation and graph :

a-x o
X 100 = Inhibition (%)
A a = rate of standard assay (3mdien*)
0\0sorban ce
x = rate of assay plus compound
time >

Significant inhibition was taken to be about 10% inhibition at
0.5 mM of the compound being tested.  All test data obtained is
shown in Section 6.4 - Experimental Chapter. Due to the lack of time
no Kj or Ky values for any of the compounds tested have been

obtained.

3.5. NMR_Spectroscopic Studies.

Our Biochemistry co-workers have shown that by incubating L-

aspartic acid-pB-semialdehyde hydrate (89a) and pyruvate (22) with
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DHDP Synthase and following the reaction by UV spectroscopy the
product obtained has a UV spectrum with Apax at 270 nm.

To identify the absorbing species a portion of the assay solution
was freeze dried, dissolved in D20 and a !H NMR spectrum at .200
MHz was run at room temperature. The spectrum was very noisy
and several impurities were present. A strong singlet at d 7.95 ppm
correspondéd to DPA (36). The standard 'H NMR spectrum of DPA
(36) is a singlet at d 8.35 ppm. The difference in & may be due to pH
differences.  Further study of this product from the enzymic reaction
in an NMR spectrometer with higher field strength would be
desirable to see if splitting of the signal can be observed.

A similar non-enzymic reaction between DL-aspartic acid-f§-
semialdehyde hydrate (89a) and oxaloacetic acid under basic_:
conditions in DO was followed by 1H NMR spectroscopy (Scheme
41). |

The product from this reaction was DPA (36) (singlet & 8.35
ppm) after a period of two hours via some intermediate which has a
vinyl signal at ® 5.47 ppm. This intermediate signal was formed
instantaneously then slowly disappeared as the aromatic (DPA)
signal increased over the two hour period. A 13C NMR spectrum of
the reaction product was consistent with the authentic !3C NMR
spectrum of DPA (36), i.e. there were 4 signals at dc 127.7 (C-3 and
-5), 139.4 (C-4), 1482 (C-2 and -¢) and 165.6 (2 x acid groups).
Unfortunately due to lack of time this interesting result was not

studied further.
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OH

CO,H .
OH . L NaOD/ D;0 J\/j
.—' *
HO,C” ™ NHy* CF,COy O Z

CO;H DO,C N CO,D
(89) Oxaloacetic acid R
DL-2,3-DHDPA (23)
L
2
DO,C N
DPA (36)
Scheme 41
3.6. nthesis _and Test Results of Analogu f L-Asparti id-B-
semialdehyde,

Analogues of DL-aspartic acid-B-semialdehyde hydrate (89)
have been synthesised and preliminary testing for substrate or
inhibitor activity on DHDP Synthase has been carried out.

DL-Allylglycine (76) and the intermediates in the synthetic
pathway to _DL—aspartic acid-B-semialdehyde hydrate (89) (Scheme
38), DL-allylglycine ¢-butyl - ester hydrochloride (86), DL-N-¢-
butoxycarbonylallylglycine t-butyl ester (87) and  DL-N-t-

butoxycarbonylaspartic acid-B-semialdehyde -butyl ester (88) have

CO,0
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been tested for inhibitor activity. DL-Allylglycine (76) showed poor
inhibition (14% at 1 mM) and compounds (86), (87) and (88) showed

no inhibition.

Trifl cetat -Asparti id-B-semialdeh et

Ester rat

The trifluoroacetate salt of the methyl ester of DL-aspartic acid-
B-semialdehyde hydrate (93) was prepared . in a similar manner to
DL-aspartic acid-p-semialdehyde (89) (Scheme 42), starting from
DL-allylglycine (76). The overall yield of formation was 40%.

DL-Allylglycine methyl ester hydrochloride (94) was prepared
in 91% yield by stirring DL-allylglycine (76) in methanol and flushing
the solution with HCl gas at 0 °C. Protection of the nitrogen using di-
t-butyldicarbonate gave (95). Ozonolysis was carried out as before
to give .the aldehyde (96).

However problems arose with the deprotection of (96). Under
the same conditions as before, using trifluoroacetic acid at room
temperature a yellow syrup was obtéined which proved to be the
lactone (97) by !H NMR and IR analysis, i.e. no methyl ester signal
was observed in the !H NMR spectrum and the IR spectrum had a
Umax at 1770 cml. To solve this problem the deprofection was
carried out with the same reagents at -78 ©°C. Removal of the
solvent in vacyo gave a yellow solid in 60% yield which was shown

by spectroscopic analysis to be the methyl ester (93), i.e. there was a
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singlet at dy 3.63 and a signal at 3¢ 171.3 for the methyl ester and

the IR spectrum had a vmax at 1750 cm- 1l

N NI'13+C1'
/\)\Ha MeOH, HCl(g), /\/k
Z CO; 0°C Z CO,Me
(76) %4) [91%]
aHCO;, NaCl,
BOC)ZO’
H,Cl, / H,0,
eflux, 2h.
NHCO,t-Bu  1.03 CHCl,, -78°C - NHCO4t-Bu
OHC\/l\COZMe ‘Z.Et:;N (2eq), -78 - 0°C == CO,Me
[75%]1 (96) 95) (98%]
TFA, CH,Cl,
-78°C, 1h
OH NH,; CF,00, Overall yield : 40%
HO % CO,Me
60%] >
Scheme 42
Ho
O. NH;* CF4COy
8]

(@7
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When tested as a substrate, no rate was observed for the
methyl ester (93), but, 14% inhibition was found at 0.5 mM.
Similarly DL- N-t-butoxycarbonylaspartic acid-B-semialdehyde

methyl ester (96) showed 5% inhibition at 0.5 mM.

DI-N-Formyl-, DL-N-Acetyl- and DIL-N-Trifluoroacetyl-aspartic acid-
B-semialdehyde Hydrates,

The same synthetic route was used to form the N-amido
analogues DL-N-formyl- (98) and DL-N-trifluoroacetylaspartic acid-§-
semialdehyde hydrates (100) (Scheme 43). The ¢-butyl ester (86)
has been previously described. The N-formyl- (101) and N-
trifluoroacetyl amides (103) were prepared in 98% and 36% yields
using formic acid and trifluoroacetic acid respectively with the
coupling agent, 1-(3-dimethylaminopropyl)-3-ethyl carbodiimide.l58
This is a particularly good coupling agent to use as the resultant urea
compound can be easily removed as the acid salt of the amine by
washing the reaction mixture with 5% aqueous citric acid in the
work-up. The mechanism for the coupling reaction is shown in
Scheme 44

Ozonolysis of the trifluoroacetyl amide (103) gave the aldehyde
(106) in 54% yield. However, with the ozonolysis of the N-formyl
amide (101) under the same conditions and the same reductive
work-up using two equivalents of triethylamine at -78 ©°C no
aldehyde was formed. Instead, spectroscopic analysis showed that

the ozonide (107) had been isolated in 14% yield, i.e. the 1H and 13C
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NHg* NH;* Cr
/\)\
/\)\ Coz- / COzt' Bu
(76) (86)
RCO,H, CHCl5,

Et-N=C=N-(CH2)»-NMe,.HCI,
N-methyl morpholine

NH-CO-CHy =< NH-CO-R R=H (101) [98%]
/\)\ H.SO /\)\ R=Me (102) [47%)]
Z CO,H ¢HS0, =~ CO.t-Bu R=CF3(103) [36%]

(109)
oo NH-CHO NH-CO-R o 1 10 wawg
OHC\/k R =Me (105) [57%]
L \ CO.t-Bu CO.t-Bu R=CF3(106) [54%]

NH-CHO QH  NH-CO-R R=H (98) [80%]
0-Q /K/k R =Me (99) [22%]
( CO,H HO CO,H  R=CF3(100) [68%]
0

NMR spectra showed no aldehyde signals. The 13C NMR spectrum
had signals at 3¢ 67.3 ppin for C-5 and dc 91.2 ppm for C-4 (Figure

5). There was no possibility of this product being starting material

(101) because the expected signals for C-5 and C-4, at d¢c 118.9 and

131.9 respectively, were not observed in the 13C NMR spectrum.
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H* : H*
H
Et—N=C:=N— (CH,)5~NMe,.HCI ——>» Et—N-'Cz N— (CHp)3—NMe,.HCI
O

O-H S\
R— O-H
0 R—

O

NHZ/\OO
/\)\ L A -GN

+ — - - ———
cox-Bu R 97 "R Et—N-C-N—(CH)5-NMe, HC

0]
N-Methyl
morpholine
NHz*Cr
NH-CO-R o)
Z CO,t-Bu /\)\ * J
| ? F CO,t-Bu HO R

heme 4

To solve this problem,} the reductive work-up was changed to
four equivalents of triethylamine at room temperature. This gave
the desired aldehyde (104) in 57% vyield. Compounds (104), (106)
and (107) were all deprotected by stirring in trifluoroacetic acid and
dichloromethane at room temperature for one hour to give the
products (98), (100) and (108) in 80%, 68% and 54% yields
~ respectively. The IR spectra of (98) and (100) showed vmax at 1665

and 1655 cm! respectively for the amide carbonyl bands.
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N-Acetyl-DL-allylglycine ¢-butyl ester (102) was prepared from
the commercially available N-acetyl-DL-allylglycine (109) using
isobutylene as previously described.  Purification was achieved on a
silica gel column eluting with 15% ethyl acetate in hexane to give a
clear oil in 47% yield. Ozonolysis followed by deprotection gave first
of all the aldehyde (105) ‘in 57% vyield, i.e. there was a signal at dy
9.68 for the aldehyde proton and a signal at d¢ 199.4 for C-4, and
then the desired product (99) in 72% yield.

Unfortunately due to lack of time only DL-N-formylaspartic
acid-p-semialdehyde  hydrate (98), DL-N-formylaspartic acid-p-
semialdehyde z-butyl ester (104) and DL-N-formylaspartic acid-f-
semialdehyde ozonide ¢-butyl estef (107) have been tested for

inhibitor activity. Compounds (98) and (104) both showed poor
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activity with approximately 10% inhibition at 1 mM. The ozonide

(107) showed no inhibition.

DL-Aspartic _Acid-B-semialdehyde Dimethyl Acetal.

Acylation of DL-allylglycine (76) with benzyl- chloroformate
yielded the corresponding N-protected amino acid (110) in 71% yield
(Scheme 45). Treatment of (110) with benzyl bromide in
dimethylformamide at room temperature gave an 84% yield of N-
carboxybenzyl-DL-allylglycine benzyl estéer (111).148  Ozonolysis of
(111) in dichloromethane at -78 ©°C led to the aspartic  acid-f-
semialdehyde derivative (112) in 58% yield. The corresponding
dimethyl acetal (113) was formed in 82% yield upon heating the
aldehyde (112) in methanbll}trimethyl orthoformate  solution  at
reflux temperature for two hours.159  Catalytic reduction of (113)
gave DL-aspartic acid-fB-semialdehyde  dimethyl acetal in 58%
yield.160 The overall yield from DL-allylglycine was 16%. |

Thé L-isomers of the protected dirhethyl acetal (113) and the
aspartic acid-pB-semialdehyde derivative (112) have been previously
prepared by Keith er all51 in their total synthesis of the naturally
occurring amino acid rhizobitoxine (81). They started with L-
homoserine and used the same protecting groups to give N-
carboxybenzyl-L-homoserine  benzyl ester. Oxidation of this
protected homoserine derivative with chromium trioxide-pyridine
complex! 50 in dichloromethane gave the aldehyde (112). The

corresponding dimethyl acetal (113) was formed in essentially
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NH, NHCO,CH,Ph
/\)\ PhCH,COClI, > /\)\
Z Co; 2M NaOH Z CO,H
(76) (110) [71%]
Cs,CO;, MeOH,
BzBr, DMF
Y
NHCO,CH,Ph 1.0, CH,Cl,, -78°C NHCO,CH,Ph
<€
OH COCHph  2ELN (260, 78-0°C 27" CO,CHPh
[58%] (112) - 1D (849
p-TsOH, CH(OMe)s,
MeOH
OMe NHC02CH2Ph OMe NH3+
Y
- Overall vield : 16
Scheme 45 Overall yield - 16%

quantitative yield upon heating the aldehyde (112) in
methanol/trimethyl orthoformate solution at reffux temperature in
the presence of a catalytic amount of ammonium chloride.

The compounds prepared by Keith er all51 had identical
spectroscopic and physical data to the aldehyde (112) and the
dimethyl acetal (113) pfepared in our synthesis of DL-aspartic acid-
p-semialdehyde dimethyl acetal (114). Unfortunately, due to lack of

time (114) has not been tested for substrate or inhibitor activity.
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Trifluoroacetate Salt of DI-Aspartic acid-f-semialdehvde Oxime,

Reaction of N-z-butoxycarbonylaspartic acid-B-semialdehyde
(88) with  hydroxylamine  hydrochloride and triethylamine in
dichloromethane gave a 2 : 1 mixture of the Z (115) and E- oxime
(116) in 73% yield (Scheme 46). The !H NMR spectrum showed a
doublet of doublets at dy 6.80 for 4-H (Z-isomer) and at dy 7.39 for
4'-H (E-isomer). The Z-isomer (115) 4-H is shielded by the lone pair
on the adjacent nitrogen and, as expected, comes at a lower chemical
shift than that of the E-isomer (116) 4'-H.

Deprotection of (115) and (116) using trifluoroacetic acid as
previously described gave the Z- (117) and the E-isomer (118) of the
desired ‘product in 69% yield. @ The oximes have not been yet tested

for inhibitor activity.

Trifluoroacetate Salt of DL—2-Amino-4-6xopentgngic Acid and DL-2-
Amino-4-epoxypentanoic Acid,

Treatment of a solution of (88) in ethyl acetate with a solution
of diazomethane in ether gave a mixture of the methyl ketone (119)
and the epbxide, (120) in 77% and 8% yields respectively (Scheme
46).161 Separation was achieved on a silica gel column eluting with
50% ether in hexane. The !H NMR spectrum of (119) had a singlet at
Ox 2.17 for the methyl ketone, and a signal at dc 206.6 C-4 in the 13C
NMR spectrum. The !H NMR spectrum of (120) had a multiplet at dy
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CO,H
[80%] (121)
TFA, CHClp
room temp.
0  NH-COt-Bu NH-CO,t-Bu
. O
! CO,t-Bu ‘ CO,t-Bu
CHoNo / ether,
EtOAc, 0°C
NH;* -NH-CO.t-Bu
—3—3p—3p OHC
Mcoz- ~CO,t-Bu
(76) ' (88)
HONH,.HCI, EtN,
CHJCl,
H NH-CO,t-Bu H NH-CO,t-Bu
4 + 4
HO ~
NT CO,t-Bu N CO,t-Bu
oH (@2 [73%] (E) 1
(115) (118)
TFA, CHxClp,
room temp.
Y .
H  NH;* CF,CO, H  NHy*CF,CO,
+ HO_ ~
ll\l/ CO.H ~N - CO.t-Bu
@ 2 ' (E) 1
OH [69%)] |
(117) (118)

heme 4
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2.45-2.63 for the protons at C-5 and at dy 2.91-3.00 for the protons
at C-4. The 13C NMR spectrum had signals at dc 48.1 for C-5 and d¢
49.8 for C-4. |

The mechanism of the reaction of the aldehyde (88) with
diazomethane involves attack at the aldehyde carbon to give the
intermediate (122) (Scheme 47). This compound can either lose
nitrogen to form the epoxide (120) or hydrogen can migrate with the

loss of nitrogen to give the methyl ketone (119).

- o+ 7_ .
[N=N=CH2<—> N=ﬁ-c|-|2] -/b\‘ b
CHs—N=N
CO NH-COxt-Bu H'S NH-COt-Bu
H CO,t-Bu (122) CO.t-Bu
(88)
a
b
0  NH-COxt-Bu NH-CO,t-Bu
CO,t-Bu CO,t-Bu
(119) (120)

heme 4

Deprotection of the methyl ketone (119) was easily carried out
using trifluoroacetic acid to give the trifluoroacetate salt of DL-2-
amino-4-oxopentanoic acid (121) in 80% yield. However, there was

not enough material to carry out the deprotection of the epoxide
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(120). 1t was decided to prepare 2-amino-4,5-epoxypentanoic acid
(124) by an alternative route.

Treatment of DL-N-carboxybenzylallylglycine benzyl ester
(111), previously described in the synthesis of DL-aspartic acid-B-
semialdehyde  dimethyl acetal (114), with a solution of m-
chloroperbenzoic acid in dichloromethane at 0 ©°C followed by
bringing the pH of the reaction to 8 with NayHPO4 buffer and stirring
at room temperature for three hours gave the epoxide (123) in 76%

yield (Scheme 48).162 There was a doublet of doublets at dy 2.69

Ny /\,/"ﬂ‘COzCHzph
| /\)\ COy, & CO,CH,Ph
(112)
(76)
‘ m-CPBA, CHxClp,
NaoHPO4

NHy* H NH-CO,CH,Ph
?>\)\H3 ‘Hz- i H Ok e
COy MeOH/AcCOH ''b CO,CH,Ph

[63%] (124) H, (123) [76%]

for the 5b-H in the IH NMR spectrum. The coupling constants were J
48 Hz and J 2.6 Hz. There was a doublet of doublets at dy 2.69 for
the Sa-H with coupling constants J 8.7 Hz and J 4.8 Hz and a multiplet
at Oy 2.88-3.02 for the 4-H. The 13C NMR spectrum had signals at 3¢
46.7 for C-5 and dc 48.9 for C-4. Catalytic hydrogenolysis of (123)
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gave the desired epoxide (124) in 63% yield. The methyl ketone
(121) showed no inhibition at 1 mM. The epoxide (124) has not yet

been tested for inhibitor activity.

Conclusion.

L-Aspartic acid-p-semialdehyde  (21a) is an important
intermediate in the biosynthesis of L-lysine (1), L-threonine (16) and
L-methionine (18). It has also become an important intermediate in
the synthesis of more complex non-protein and unnatural amino
acids. .

The first synthesis of L-aspartic acid-f-semialdehyde (21a)
was reported in 1955 by Black and Wright.7® This is the only
reported chemical synthesis of this compound. We now report an
improved synthetic route to both the pure L- (89a) and D-isomers
(89b) of the trifluoroacetate salt of aspartic acid-B-semialdehyde
hydrate starting from the commercially available amino acid
allylglycine (76). It appears as a lightv yellow solid and can be stored
at 0 °C for several months.

Having L-aspartic acid-B-semialdehyde hydrate (89a) in pure

form has enabled us to set up a more accurate and reliable assay .

- system to carry - out kinetic studies on potential substrates or

inhibitors of DHDP Synthase. Using this assay system we have
confirmed that L-aspartic acid-f-semialdehyde hydrate (89a) is a
substrate for the enzyme and that the D-isomer (89b) is not. We

have also shown that L-aspartic acid-B-semialdehyde hydrate (89a)
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does not form a Schiffs base with DHDP Synthase in the enzyme
reaction whereas, as previously reported in the literature, pyruvate
(22) does. Having pure L-aspartic acid-p-semialdehyde  hydrate
(89a) has also allowed us to carry out precise NMR spectroscopic
experiments to investigate the mechanism of DHDP Synthase. We
have confirmed that the product which can be isolated after carrying -
out the enzymic reaction is DPA (36). |

Manipulation of the synthetic route to DL-aspartic acid-f-
semialdehyde hydrate (89) has allowed us to prepare a range of
aspartic acid-B-semialdehyde analogues and derivatives. Most of
these compounds have ©been tested for potential inhibitor or

substrate activity.

3.7. Future Work,

Accurate kinetic studies to get reliable Kj values should be
carried out with compounds which are showing at least 10%
inhibition at 0.5 mM. It must also be determined if the inhibition is
competitive or non-competitive.

Using 'H NMR spectroscopy to look at the mechanism of DHDP

Synthase is important to establish the structures of intermediates

- which are formed during the enzymatic reaction. Identification of

enzyme intermediates will help in proposing synthetic targets which
may have useful enzymic activity. More NMR  spectroscopic
experiments are required at low temperatures under oxygen free
conditions. = This may slow down the enzymic reaction, thus giving

more time to identify the enzyme intermediates.
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From the test data which we already have it appears that
substitution at the nitrogen group, as in the N-amido aspartic acid-p-
semialdehyde analogues, does not lead to any inhibition. However,
the methyl ester (92) showed slight inhibition and as such, larger
ester groups should be investigated. = Aldehyde derivatives should be
prepared. ‘

The gem-difluoro analogue (125) would be an interesting
compound to test for gctivity. This could be prepared from (112)
using diethylaminosulphur  trifluoride =~ (DAST)!62 to give the
protected gem-difluoro compound (126). Catalytic hydrogenolysis

should give the desired product (125) (Scheme 49).

NH-COCHPh (oo F NH-CO,CH,Ph
OHC\)\ >
CO,CH,Ph F “™ CO,CH,Ph
(112) (126)
F NH
F)\/k COZ.
heme 4 (125)

The enol ether (127) would also be an interesting compound to
test for substrate or inhibitor activity on DHDP Synthase. The
protected enol ether (128) has already been prepared by Keith et
all51 from the dimethyl acetal (113) (Scheme 50).
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Treatment of acetal (113) with acetic anhydride and dry
cationic exchange resin at 50 °C afforded the more labile hemiacetal
ester (129). Pyrolysis of this compound under reduced pressure at

180 oC gave a mixture of the trans- and cis-enol ether (128).

OMe CO,CH,Ph OMe CO,CHyPh
(CH3CO)0, "y
“'H o > CH,CO0
MeO NHCO,CH,Ph catnorr;z:change Hy NHCO,CH,Ph
(113) (129)
180°C
CO, . : CO,CH,Ph
2 Hp, Pd-C 2 H2
CH3O \ iy - CH30 N MY
, NH,* NHCO,CH,Ph
(127) (128)
Scheme 50

Finally substitution at C-3 of DL-aspartic acid-f-semialdehyde
hydrate (89)A has not yet been considered. This might be possible
starting from the enol ether (128). DL-3-Methylaspartic  acid-f-
semialdehyde (130) and DL-3-fluoroaspartic acid-B-semialdehyde

(131) would be interesting targets.

(130) (131)
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Chapter [4] - Synthesis of Derivatives of Pyruvate and
Bromopyruvate.

Introduction

All cells have the capacity to metabolise glucose (132) from the
photosynthesis of carbon dioxide and water. Glucose (132) is by far
the most important sugar. It can be converted into adenosine
triphosphate (ATP), as well as small organic molecules which are the
building blocks of other biosynthetic pathways. In the absence of
oxygen, glucose (132) is converted into pyruvate (22) (Scheme 51,
via a process known as glycolysis; but in the presence of oxygen,
glucose (132) may be completely oxidised to carbon dioxide via the
citric acid cycle,164 with concomitant production of ATP. The
products of the citric acid cycle are simple keto-acids, dicarboxylic
acids, carbon dioxide and most important of all ATP. The simple
keto-acids react with ammonia or its equivalent to produce aliphatic
amino acids.

A product of glycolysis, pyruvate (22), can be further
converted into acetylcoenzyme A, which is of pivotal importance for
both primary and secondary metabolism. Acétylcoenzyme A may be
used as a building ‘block fof the biosynthesis of fatty acids and
polyketides which can be further coverted into triglycerides,
polyphenols, polyacetylenes, prostaglandins and macrocyclic
antibiotics. It can also be used as a building' block for the

biosynthesis of isoprenoids. Pyruvate (22) may also enter the
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citric acid cycle to combine with oxaloacetate to produce citrate and
other keto-acids such as a-ketoglutarate, which can be converted
into glutamate and other amino acids.

As previously mentioned, pyruvate (22) and the products of
the citric acid cycle can be converted into aliphatic amino acids,
which are the building blocks for peptides, proteins, alkaloids and
penicillins. One such example of pyruvate (22) being converted into
an aliphatic amino acid is the DAP pathway to L-lysine (1).  Pyruvate
(22) and L-aspartic acid-f-semialdehyde (21a) are the two
substrates involved in this pathway. @ DHDP Synthase catalyses the
condensation of pyruvate (22) with L-aspartic acid-f-semialdehyde
(21a) to give L-2,3-DHDPA (23). A furtﬂer six enzyme catalysed
reactions of L-2,3-DHDPA (23) lead to L-lysine (1) (Scheme 5).

The sequence of steps in the mechanism of formation of L-2,3-
DHDPA (23) from pyruvate (22) and L-aspartic acid-ﬁ'-semialdehyde
(21a) has not yet been fully established. However, Schedlarski and
Gilvarg’4 and Kumpaisal et al57 have shown that the ‘enzyme
functions in carbon-carbon bond formation by first of all forming an
imine linkage with pyruvate (22), i.e. DHDP Synthase forms a Schiff's
base intermediate with pyruvate (22) in the enzymic reaction.

In this Chapter a range of pyruvate and bromopyruvate
analogues have been synthesised and tested for either substrate or
inhibitor activity with DHDP Synthase. @ The results obtained with

these compounds will be discussed at the end of each section.



4.1. Synthesis of Pyruvate Derivatives.

A number of imine and hydrazine derivatives of pyruvate (22)
and methyl pyruvate have been synthesised and tested with DHDP
Synthase.

The oxime (133), methyloxime (134), semicarbazone (135),
thiosemicarbazone (136) and methyl hydrazinocarboxylate (137)
derivatives of methyl pyruvate were all prepared under the same
reacfion conditions in 38%, 17%, 11%, 60% and 69% yields
respectively (Scheme  52), ie. a solution of methyl pyruvate in
dichloromethane was added to a solution of the respective amine
hydrochloride in water and the two—pﬁase mixture was rapidly
stirred for 24 hours. Extraction of the resultant mixture  with
dichloromethane, followed by drying and concentration gave the
desired products.

Thiosemicarbazide was . prepared in 47% yield by heating
ammonium thiocyanate and hydrazine hydrate at reflux in water for
three hours.

The ethyl hydrazinoacetate derivative of methyl pyruvate
(138) was prepared by treatment of methyl pyruvate with ethyl
hydrazinoacetate hydrochloride and triethylamine in
dichloromethane under a nitrogen atmosphere. The yield of the
reaction was 23% vafte‘r purification using column chromatography.

The 2,4-dinitrophenylhydrazones (2,4-DNPs) of methyl
pyruvate (139) and pyruvic acid (140) were prepared according to

the method of Vogell 5 in 37% and 18% yields respectively.



CH;,
N—NH-CH,CO,Et :
MeOZC (138) CH3*
N—NH NO
23% 2
123%] R'O,C
NO,
EtO,CCHNHNH,HCI,
EtaN, CHCl, 24.DNP, R'=H (140) [18%]
C.H,S04, Me (139) [37%)
CH3 MeOH
>o
R'O,C
RNH.HCI,
CH,Clo, H20
R=0OH (133) [38%)
CHs R=0OMe (134) [17%)
>=N"R R=NHCONH, (135) [11%]
MeO,C R=NHCSNH, (136) [60%]
R=NH-CO.Me (137) [69%]
Scheme 52
Test Results,

The oxime (133) and methyloxime (134) showed no inhibition
at 0.5 mM with DHDP Synthase. The thiosemicarbazone (136) and
semicarbazone (135) were both very good inhibitors showing
approximatély 10% inhibition at 0.1 mM. - However, by far the best
inhibition was shoWn by the ethyl hydrazinoacetate derivative (138).
This compound showed 62% inhibition at 0.1 mM. Unfortunately due
to lack of time K; values have not yet been obtained. It has also not
yet been established if (138) is a competitive or a non-competitive

inhibitor.
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The methyl hydrazinocarboxylate derivative (137) showed
100% inhibition at 0.5 mM, but at 0.1 mM no inhibition was
observed. This sudden loss of activity is wunusual and further
biochemical experiments must be carried out to establish why this
happens.

The 2,4-DNP derivatives (148) and (149) did not dissolve
particularly well in water/ethanol mixtures. These compounds did
not show very good inhibition. This may be due to the fact that they
were only poorly soluble and that they might interfere with the
assay system at 270 nm, due to their extensive conjugation.

Methyl pyruvate has been shown to act as a substrate with
DHDP Synthase.  This compound shows h'alf as good a rate in the

enyme assay as that of the natural substrate pyruvate (22).

4.2. Synthesis of Bromopyruvate Derivatives,

A range of imine and hydrazine derivative§ of ethyl
bromopyruvate and bromopyruvic acid hydrate have also been
synthesised and tested for inhibitor activity with DHDP Synthase.

The oxime (141), methyloxime (142) and semicarbazone (143)
derivatives of ethyl ‘bromopyruvate (Scheme ~ 53) were all prepared
in a> dichloromethanelwater two-phase reaction with the respective
amine hydrochloride, in the same manner as the methyl pyruvate
derivatives. The respective yields for each of the products were ,32%’
92% and 41%. The 2,4-DNP derivatives (144) and (145) were

prepared according to the procedure of Vogel.l63
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BrCH2
>=N—NH NO,
Br OMe _ R'O,C
3( NO,
RO,C OMe R'=H (144) [38%]
(149) CH(ggﬁseg;, §é4(-)DNP. Rt (145] [490/3]
. C. 4 c.H )
R' = Me [20%] fleord
Br
3: .
R'O,C
CH(OEt)a, 2Clz, H0
C.HQSO4 (R’ E)
AR'=EE
' | N—R
R'O,C OEt ~ RO,C
(150)
R'=H [81%]
R=OH (141) [32%]
R=OMe (142) [92%]

R=NHCONH, (143) [41%)]

Attempts to  prepare the thiosemicarbazone of ethyl
bromopyruvate (146) using the dichloromethane/water two-phase
system proved unsuccessful. Instead !H NMR analysis of the reaction
product showed a 1 : 1 mixture of the cyclic products (147) and
(148) (Scheme 54). The 1H NMR spectrum of'the mi‘xturé ’s};lowevd
an AB system for the methylene group at the 2-position in (147) at
Oy 5.33 and 6.28 and the vinyl proton in (148) appeared at dx 6.97
(Figure 6). The 13C NMR spectrum showed all the expected signals

for the two cyclic products. TLC analysis of the mixture showed one
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spot. Column chromatography proved unsuccessful in separating

two products. The

compounds presumably proceeds

shown in Scheme 54.
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wheat DHDPS considerably at 1 mM using an assay system devised
by Yugari and Gilvarg’ ¢ involving o¢-aminobenzaldehyde. Further
kinetic studies by Kumpaisal er al81 showed that bromopyruvic acid
hydrate inhibits wheat DHDPS in a competitive manner with respect
to pyruvate (22) and in a non-competitive manne‘r' with respect to L-
aspartic acid-f-semialdehyde (21a). They found the Kj value for
bromopyruvic acid to be 1.82 mM.

The oxime (141) showed very little inhibition at 1 mM.
However, the methyloxime (142) showed very good inhibition with
14% at 0.1 mM. Further kinetic studies are required with the
methyloxime (142). The semicarbazone (143) was a very impressive
inhibitor showing 50% inhibition at 0.1 mM. Further investigations
are required with this compound to obtain an accurate Kj value and
to determine whether it is a competitive or  non-competitive
inhibitor.

Like the pyruvate 2,4-DNP derivatives, the bromopyruvate
2,4-DNP derivatives (153) and (154), showed very little inhibition.
Unfortunately due to lack of time the dimethyl acetal (149) and
diethyl acetal (150) have not yet been tested for enzyme activity
with DHDP Synthase.

Commercially available phenylpyruvic acid (151) and sodium

mercaptopyruvate (152) showed no inhibition with DHDP Synthase.

SH
O . COQ'N a

(151) | (152)
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Conclusions,

A range of pyruvate and bromopyruvate derivatives have been
synthesised and tested, along with commercially available pyruvates,
for enzyme activity with DHDP Synthase.

Methyl pyruvate has shown substrate activity with DHDP
Synthase, whereas bromopyruvic acid hydrate, phenylpyruvic acid
and sodium mercaptopyruvate showed no substrate activity. Further
investigations are required to obtain an accurate Ky value for methyl
pyruvate. Other pyruvate esters should be tested for substrate
activity.

The bromopyruvates were better inhibitors than the pyruvates
i.e. the bromopyruvate oxime (141), methyloxime (142) and
semicarbazone (143) all showed better inhibition than their
corresponding pyruvate derivatives, (133), (134) and (133).

In particular, the ethyl hydrazinoacetate derivative of methyl
pyruvate (138) and the semicarbazone of ethyl bromopyruvate (143)
were very good inhibitors. Accurate Kj values should be calculated
for these compounds and the nature, competitive or non-compétitive,
of the inhibition should be determined.

Further imine and hydrazone derivatives of pyruvate and

»bromopmeate should be synthesised and tested for inhibitor "

activity with DHDP  Synthase. The simple hydrazine (153),
methylhydrazine (154) and dimethylhydrazine (155) derivatives of
ethyl bromopyruvate would be intéresting targets which should be

tested for enzyme activity with DHDP Synthase.
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~ Chapter [5] - Synthesis of Sulphur Analogues of 1-2,3-DHDPA (23)
and L-2.3.4.5-THDPA (24).

Introduction.

1,4-Thiazine (156) was first reported in 1948 by Barkenbus
and Landis.167 They obtained a 13% yield of 1,4-thiazine (156) by
passing thiodiglycolic acid imide (157) over alumina on pumice at
450 ©°C (Scheme 55). Since that early discovery considerable
attention has been given to the synthesis of compounds containing a
tetrahydro-1,4-thiazine (158) or, as it is more commonly known, a
thiamorpholine ring system.168,169 1In particular, there are many
drugs which are widely used in mediciﬁe based on the dibenzo
derivative of 1,4-thiazine (159). These drugs have the trivial name
of phenothiazines. They are important in the management of
psychiatric illness and have other useful properties which enable
them to be used as sedatives, anti-histamines and in the treatmeht of
nausea. Phenothiazines have also shown good specificity and high
potency as tranquillisers for animals. Burke er all169a have reported
that 1O-(A3-dimethylaminopropyl)-z-(trifluoromethyl)-phenothiazine

hydrochloride shows very good tranquillising activity.

S S
_ ~ Alumina,
450°C > I :
0] N~ O - N/ ,
H

(156)

(157)
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Two important phenothiazine drugs are chlorpromazine (160)
and triflupromazine (161). The synthesis of triflupromazine (161) is

shown in Scheme 56.

H (CHQ)3NM92
: N ‘ N R
7 ) 3
6 § 4 . S
(160) R=Cl
((159) (161) R=CF,
1N, A _CF
PhHN CF, Se.lo, . a CFs
————»
150°C , 3
' 5 9 4

Me,NH(CH,)5Cl

9 nw 1
) 8 2
C H2)3N Mez 7 a 3
| . . . . S 4

N CF, 5

S

(161)
Scheme 56
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The reaction of diarylamines with sulphur, with iodine being
used as a catalyst,]70 is one of the oldest and most widely used
methods of synthesis of phenothiazine drugs. A major disadvantage
of this method is the 1:1 formation of both the 2-(trifluoromethyl)-
phenothiazine and the  4-(trifluoromethyl)-phenothiazine isomers.
The 2-isomer has a melting point of 187-188 ©C, whereas the 4-
isomer has a melting point of 72-73 ©C. The 2-isomer is also less
soluble than the 4-isomer and so separation can be quite easily
achieved.

The 1,3-thiazole ring system is quite commonly found in
natural products, since it can be produced by the cyclisation of
cysteine residues in peptides. The most important of these is
vitamin B;j (thiamine) (162), which contains both a pyrimidine and a
1,3-thiazole ring system. The bleomycin antibiotics, which have
antitumour  properties, are complex aminoglycosidic  structures
containing  1,3-thiazole  units. Firefly luciferin (163) is a
benzothiazolyl derivative: the bioluminescence is produced b.y photo-
oxygenation at the asymmetric  centre. Several modern
semisynthetic f-lactams, such as cefotaxime (164), contain 2-amino-
1,3-thiazole units in the side chain.

The most general synthetic route to 1,3-thiazoles is based on
the cyclisation of interme;diates formed from the reaction of a-
h>alocarbony1 compounds' and thioamides. This. Strategy was ﬁfst
introduced by Hantzsch!71 and is commonly known as the 'Hantzsch
thiazole synthesis'. The reaction has been carried out not only with .
thioamides, but also with thibureas, thiosemicarbazides and other

compounds containing the -N-C=S structural unit. An example of the

\
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Hantzsch thiazole synthesis to produce 2,4-diphenyl-1,3-thiazole

(165) is shown in Scheme §7.

HOCH,CH; )
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)\ 2Cr
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The mechanism of the reaction goes by way of nucleophilic
attack by sulphur on the carbon atom bearing the halogen to form an
acyclic intermediate (166), which has been isolated in a few cases.
Cyclisation, followed by dehydration, takes place to give the desired

1,3-thiazole (165). The reaction is normally carried out in ethanol.
Another important method of 1,3-thiazole synthesis is the
cyclodehydration of «-acylaminoketones (168) with  phosphorus
pentasulphide.! 72 An example of this method is the synthesis of 4-

(4-methylphenyl)-1,3-thiazole as shown in Scheme S58.

. H
HCO,H —4/__N
4'Me'CGH4'COCH2N H2 2 Y ant 4‘Me'C5H4 0 g_ H

(168)

| 4-Me-CaH4—[; 3

(167)
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5.1. Synthesis and Test Results of 1.4-Thiazine Derivatives.
3.4-Dihydro-2H-1.4-Thiazines.

3,4-Dihydro-2H-1,4-thiazine-3,5-dicarboxylic acid_ (3,4-DHT)
(169) hydrobromide was first reported by Ricci er all73 in their
studies on the products of L-lanthionine (170) oxidation with snake
venom L-amino acid oxidase (L-AAOQ). They showed that L-
lanthionine (170) was oxidised by snake venom L-AAO with the
release of one mole of ammonia gas per .mole of L-lanthionine (170).
From spectrophotomeric, chromatographic and analytical data they
identified the mono-keto derivative of lanthionine (171) as the first
enzymatic product of the reaction (Scheme 59). This then cyclised
into 2,3-dihydro-6H-1,4-thiazine-3,5-dicarboxylic acid (ketimine
form) (172) which tautomerised to the more stable 3,4-DHT
(enamine form) (169).

Ricci et all73 prepared authentic 3,4-DHT (enamine form)
(169) by stirring equimolar concentrations of bromopyruvic acid
hydrate and L-cysteine hydrochloride in water (Scheme 60). The
product crystallised in the monomeric form from the aqueous
solution.  The properties of the synthetic material were found to be‘
similar to those exhibited by the enzymatic product.
| We ‘prepared 3,4-DHT (169) | in 55% yield accofding to the
procedure of Ricci et all’3 (Scheme 60). The !13C NMR spectrum
showed only the enamihe form (169) i.e. there was a signal at d¢c 97.7
for C-6 and at dc 128.6 for C-5. No signal was observed for the
methylene group at C-6 of the ketimine form (172). The !H NMR
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spectrum showed a singlet at dy 5.94 for the proton at C-6 of the
enamine form (169). The 13C NMR spectrum of 3,4-DHT (enamine

form) (169) is shown in Figure 7.

NH, O

+
(170) (171)

l
L) ol

HOZC HO,C

(1 69) (1 72)

1
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— |
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(169) : R=R=H - HO0 55%
(175)  : R=R'=Ethyl CH,Cl, / Et;N 96%
(176) . R=Ethyl, R=H | CHCl,/ Et;N 20%
(177) . R=H, R=Ethyl CHCl, / Et,N .

Scheme 60
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There are two possible mechaniﬁms for the formation of 3,4-
DHT (169) from L-cysteine and bromopyruvic acid. One possibility is
nucleophilic attack by sulphur on the carbon atom bearing the
bromine to form an acyclic intermediate (173) (Scheme 61). This
could then undergo cyclodehydration to give 3,4-DHT (169). An
alternative meéhanism is to reverse these two steps i.e. first of all
formation of the imine intermediate (174) by attack of the amino
group on the keto group of bromopyruvic acid with the loss of the
elements of water. This could be followed by cyclisation via
nucleophilic attack by sulphur on the carbon atom bearing the
bromine (Scheme 61). It has not yet been established which of

these mechanisms actually occurs,
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Diethyl (R)-3,4-dihydro-2H-1,4-thiazine-3,5-dica1_'boxylic acid
(175), the diethyl ester derivative of 3,4-DHT, was prepared in 90%
by treating L-cysteine ethyl ester hydrochloride  with  ethyl
bromopyruvate in dichloromethane in the presence of triethylamine
(Scheme 60). The compound exists as a golden brown syrup and

was first reported by Berges and Taggart! 74 from their studies on
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3-Carboethoxy-3,4-dihydro-2H-1,4-thiazine-5-carboxylic acid
(176) (Scheme 60), the 3,4-DHT derivative containing one free and
one esterified carboxyl group, was prepared in 20% yield by treating
L-cysteine ethyl ester hydrochloride and bromopyruvic acid hydrate
in chloroform in the presence of triethylamine. @ The work-up for the
reaction involved extracting the product from chloroform as the
sodium salt using 5% aqueous sodium bicarbonate solution. The
aqueous layer was then acidified and the product was extracted into
organic solvent.  Evaporation in vacuo and drying gave the desired
product as a yellow oil. This extensive work-up may contribute to
the reaction being low yielding. .The spectrophotomeric  and
analyiical data of this compound are compatible with those of the
diester (175).
3-Carbomethoxy-3,4-dihydro-2H-1,4-thiazine-5-carboxylic
acid, the methyl ester derivative of (176), was previously reported
by Strokovl 75 from his studies on the condensation of methyl esters
of a-amino-B-mercaptocarboxylic acids with bromopyruvic acid.
Attempts to prepare 5-carboethoxy-3,4-dihydro-2H-1,4-
thiazine-3-carboxylic acid (177) (Scheme 60), the other derivative
of 3,4-DHT (169) containing one free and one esterified carboxyl
group, proved unsuccessful. Treating L-cysteine hydrochloride with
ethyl bromopyruvate in chloroform in the presence of  triethylamine
under various reaction conditions gave a dark brown résidue Whiéh
showed several spots on TLC analysis and had no vinyl signal for the
proton at C-6 in the lH NMR spectrum.
3,4-Dihydro-2H-1,4-thiazine-3,5-dicarboxamide (178)
(Scheme 62), the diamide derivative of 3,4-DHT (169), was
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prepared in 37% yield by stirring the diester (175) in a solution of
methanolic ammonia. The diamide (178) is insoluble in organic

solvents and precipitated as an orange solid from the methanolic

solution.

L

H,NOC CONH,
H
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[79%)] (182)
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Me (319
(179)
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Diethyl 3,4-dihydro-4-methyl-2H-1,4-thiazine-3,5-
dicarboxylate (179) (Scheme 62), the N-methyl derivative of the
diester (175), was prepared in 31% yield by treating the diester
(175) with methyl iodide in dimethyl formamide (DMF). Excess DMF
was removed by azeotroping the reaction mixture with two volumes
of water and concentrating the solution in vacuo. Excess methyl
iodide and hydroiodic acid, formed in situ during the reaction, were
removed by dissolving the reaction mass in ethyl acetate and then
washing the organic phase with aqueous ammonia solution. The 1H
NMR spectrum of the product showed a signal at dy 2.70 and the 13C
NMR spectrum had a signal at 3¢ 42.3 for the N-methyl group.

Diethyl trans-3,4-dihydro-1-oxo0-2H-1,4-thiazine-3,5-
dicarboxylate (180) (Scheme 62), the sulphoxide derivative of the
diester (175), was prepared in 77% yield according to the procedure
of Berges and Taggartl74 A solution of the diester (175) in
dichloromethane at -78 ©°C was treated with one equivalent of meta-
chloroperbenzoic acid (m-CPBA). The product' was purified on a silica
gel column eluting with 50% chloroform in methanol to give an
amber - syrup. The spectrophotomeric and physical data of the
product obtained were identiéal to those obtained by Berges and
Taggart.174 |

Berges and Taggart! 74 assigned the rrans-stereochemistry to
the sulphoxide (180) by comparing the !H NMR spectrum of the
sulphoxide (180) with the spectra obtained by Kitchen and
Stoodleyl”®  for  trans-3,4-dihydro-1-oxo-2H-1,4-thiazine-3,6-
dicarbbxylates (181). To confirm this assignment they carried out

NMR aromatic solvent induced studies on the sulphoxide (180).
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It was previously reported by Strom er all77 and Fraser er

all78 that benzene solvates the positive end of the sulphoxide

St . _CO,R'

dipole and is therefore closer to the vicinal proton frans (2a-H) to the
sulphoxide (Figure 9) and shields it more than the proton cis (2b-
H) to it. Hence 2a-H Oy 2.25) has a lower chemical shift than 2b-H
(dy 3.41). The large coupling of 3-H to 2a-H and its small coupling to
2b-H indicates that 3-H is frans to 2a-H and is therefore cis to the
sulphoxide. Hence the ester group at C-3 must be trans to the

sulphoxide.

FIGURE 9
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Bérges and Taggart! 74 found that the sulphoxide (180) is
remarkably labile. On standing overnight in dichloromethane at
room temperature it was transformed into the 1,4-thiazine (182)
(Scheme 62). The !H and !3C NMR spectra of the 1,4-thiazine (182)
were quite different from those of the sulphoxide (180). The !H NMR
spectrum of the 1,4-thiazine (182) had a doublet at dy 3.33 for the
protons at C-2 [J 1.2 Hz] and a triplet at dy 7.59 for the proton at C-6
[/ 1.2 Hz]. The 13C NMR spectrum had a signal at d¢c 20.17 for C-2 and
a signal at d¢c 128.22 for C-6. There were also two signals at d¢
136.92 and137.57 for C-3 and C-5.

No such precedent for such a mild sulphoxide dehydration was
found in the literature. = However, Stoodley-;-md Wilkins! 79 reported
the thermal (ca. 40 °C) racemisation of trans-3,4-dihydro-1-oxo0-2H-
1,4-thiazine-3,6-dicarboxylates (181) and provided evidence that
this reaction involves a cycloelimination to produce an achiral
sulphenic acid (183) which recloses to give back the. rrans-sulphoxide

as a racemate (Scheme 63).

400C COZR'
‘ A
. N . _
H

RO,C”

(183)
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Since the sulphoxide (180) obtained by Berges and Taggart! 74

was racemic it would be reasonable to conclude that the mechanism

for dehydration of the sulphoxide (180) must go via the sulphenic

acid (184) (Scheme 64). In addition to being able to reclose to give

racemised sulphoxide, the ring-opened sulphenic acid (184) can also

undergo 1,4-elimination of ‘water to give the 1,4-thiazine (1
Yoshida er all80 reported the 1,2-elimination of water from
sulphenic acid intermediate. However Stoodley did not report

dehydration reactions for his sulphoxides.

((I)H
|

L — P
EtO,C” = CO,Et N
H

EtO,C CO,Et

0) (184)

1,4-elimination

of
/El
N

H,0
EtO,C
(182)

CO,Et

Scheme 64

82).
a

any

To ‘confirm that the 1,4-thiazine (182) is the sulphoxide

dehydration product Berges and Taggart174 prepared authentic

thiazine (182) by treating a solution of the diester (175)

1,4-

in
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dichloromethane  with the khydride abstractor, 2,3-dichloro-5,6-
dicyanobenzoquinone (DDQ) (Scheme 62). They obtained a yellow
oil which gave !'H NMR, IR and UV spectra identical with those
obtained for the sulphoxide dehydration product.

We repeated the synthesis of the 1,4-thiazine (182) in 79%
yield according to the procedure of Berges and Taggart.!74 Both the
sulphoxide (180) and 1,4-thiazine (182) will be tested for inhibitory
activity on DHDP Synthase.

Attempts to prepare the sulphone (185) (Scheme 62) from
the diester (175) using oxone (potassium peroxymonosulphate),! 8!
and two equivalents of m-CPBA proved unsuccessful in both cases.
The reason for this may be due to stereochemical bulk at the sulphur

centre of the 3,4-dihydro-1,4-thiazines.
4-Di -2.2-di hyl-2H-1,4-

DL-3,4-Dihydro-2,2-dimethyl-2H-1,4-thiazine-3,5-dicarboxylic
acid (186) hydrobromide, the 2,2-dimethy1 derivative of 3,4-DHT,
was prepared by treating DL-penicillamine with bromopyruvic acid
in glacial acetic acid (Scheme 65). Removal of the solvent in vacuo
gave a brown solid. The 1H NMR spectrum of this material showed
two signals at 8y 1.20 and Oy 1.37 for the geminal methyl groups at
C-2 and a signal at Oy 5.98 for the proton at C-6. Purification of this
compound proved very difficult. To confirm that this browﬁ solid
was the correct product, the compound was converted into the
dimethyl ester (187) using a solution of diazomethane in ether. The

yield of the dimethyl ester (187) from DL-penicillamine was 61%.
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yield of the dimethyl ester (187) from DL-penicillamine was 61%.
The 13C NMR spectrum of this compound showed two signals at dc
24.8 and 27.5 for the geminal methyl groups at C-2, two signals at d¢

52.0 and 52.1 for the saturated and unsaturated methyl esters, and a

signal at d¢c 102.3 for C-6.

SH Br S
- L AcOH j\
+ — |
NH, O N S Coy
H,

0,C NH, CO.H HO,C

(186)

CH2N2,
EtOAc/Ether

.

MeO,C N CO.,Me
H

(187)

Ethyl 3-Carbomethoxy-3,4-dihydro-2,2-dimethyl-2H-1,4-
thiazine-5-carboxylate (188) was prepared in 90% yield by treating
DL-penicillamine methyl ester hydrochloride with ethyl

bromopyruvate in dichloromethane in the presence of triethylamine

(Scheme 66). This compound had similar !H and !3C NMR spectra

to those of the dimethyl ester (187) apart from the. ester signals. The
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geminal methyl groups at C-2 and a signal at Oy 6.19 for the proton

at C-6.
£ SO .
NH;CI

MeO.C CO.R MeOZC N CO,R
H

R=Et [90%] (188)
R=H [24%] (189)

Scheme 66

Methyl 3,4-dihydro-2,2-dimethyl-2H-1,4-thiazine-5-carboxylic
acid-3-carboxylate (189) (Scheme 66), a derivative of the di-acid
(186) containing one free and one esterified carboxyl group, was
prepared in 24% yield by treating DL-penicillamine methyl ester
hydrochloride with bromopyruvic acid in chloroform in the presence
of triethylamine, Like the half-acid/half-ester derivative of 3,4-DHT
(176) the yield of this reaction was Tow presumably due to the
extensive work-up involved. The !H and 13C NMR spectra of this
compound were similar to those obtained for the diesters (187) and
(188).

The mechanism of formation of the 2,2-dimethyl 3,4-DHT
derivative is presumably the same as that proposed for the 3,4-DHT

derivatives (Scheme 61).
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3,4-Dihydro-2H-1,4-thiazine-5-carboxylic acid hydrochloride
(190) (Scheme 67), a = derivative of 3,4-DHT (169) with no carboxyl

SH Br |
o L0555 QL
+ -

NH,CI O” “co,R [R=H

CO,H
i ZCI
_ CH,Cly, (190)
Rl |G R
CH,N,,
EtOAc/Ether

()
H .
(192)  [26%] [ 1

COzMe

(191) [70%]

group at C-3, was prepared by stirring. a solution of 2-
aminoethanethiol hydrochloride and bromopyruvic acid in glacial
acetic acid at room temperaiure for 1 hour. Removal of the solvent
in vacuo gave an off-white solid which showed a signal at dy 6.25 for
the proton at C-6 in the !H NMR spectrum.  Purification of this
material proved difficult and, as in the case of the diacid (186), the
compound was converted into the methyl ester (191) by adding a

solution of diazomethane in ether to a solution of the acid (190) in
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ethyl acetate. The yield of the methyl ester (191) from 2-
aminoethanethiol hydrochloride was 70%. The 'H NMR spectrum
showed multiplicities at 3y 2.86 for the protons at C-2 and at dy 3.62
for the protons at C-3 and a singlet at dy 6.05 for the proton at C-6.
The !3C NMR spectrum showed a signal at dc 40.4 for C-2, a signal at
¢ 62.5 for C-3 and a signal at 8¢ 102.3 for C-6.

Ethyl 3,4-dihydro-2H-1,4-thiazine-5-carboxylate (192)
(Scheme 67) was prepared in 26% yield by treating 2-
aminoethanethiol = hydrochloride  with  ethyl bromopyruvate in
dichloromethane in the presence of triethylamine.  The !H and 13C
NMR spectra of (192) were similar to those obtained for the methyl
ester (191).

Tes esults,

The 3,4-dihydro-1,4-thiazines showed very strong inhibition
with DHDP  Synthase. The  diethyl ester (175) and the
dihydrothiazine derivative with one free and one esterified carboxyl
group (176) both showed approximately 10% inhibition at 0.1 mM
with DHDP Synthase. Further kinetic studies are required to
determine whether the inhibition is competitive or non-competitive.
The diacid (169) showed 88% inhibition at 0.5 mM; however, at 0.1
mM no inhibition was observed. The reasons for this sudden loss of
inhibition going from 0.5 mM to 0.1 mM are not fully understood and
further ixivestigation is required. The diamide (178) has not yet

been tested for inhibitory activity with DHDP Synthase.
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The N-methyl derivative (179) showed just as good inhibition
as the diester (175) with 11% inhibition at 0.1 mM. However, the
sulphoxide (180) and the 1,4-thiazine (182) were poorer inhibitors.
The sulphoxide (180) showed no inhibition with DHDP Synthase and
the 1,4-thiazine (182) only showed 30% inhibition at 0.5 mM.

The  3,4-dihydro-2,2-dimethyl-1,4-thiazines showed sligﬁtly
more inhibition than the 3,4-dihydro-1,4-thiazines. The dimethyl
ester (187) and the half acid/half ester derivative (189) both showed
approximately 20% inhibition at 0.1 mM. Further kinetic studies are
required to determine thé type of inhibition involved.

The mono-carboxylate 3,4-dihydro-1,4-thiazine analogues
were poor inhibitors with respect to the .dicarboxylate 3,4-dihydro-
1,4-thiazine derivatives. @ The ethyl ester (192) showed 5% inhibition
at 0.1 mM. with DHDP Synthase.

5.2. Synthesis of 1.4-Thiazepine Derivatives,

4,5,6,7-Tetrahydro-4H-1,4-thiazepine-3,5-dicarboxylic acid
hydroéhloride (193) (Scheme 68), a seven-membered analogue of
3,4-DHT (169), was prepared by treating DL-homocysteine  with
bromopyruvic acid in water. The compound was isolated as a yellow
solid. The !H NMR showed a signal at 8y 6.27 for the proton at C-2.
Purification of this diacid proved difficult and so the compo‘und was
converted into the dimethyl ester (194) by treating a solution of the
diacid (193) in ethyl acetate with a solution of diazomethane in

ether.  The diester (194) was easily purified on a neutral alumina



143
column eluting with 25% ethyl acetate in hexane to give a yellow oil.
The yield of the diester (194) from DL-homocysteine was 21%.

The 'H NMR spectrum of the dimethyl ester (194) showed a
multiplet at 8y 2.07 for the 6b proton and a multiplet at dy 2.40 for

the protons at C-7. There is an interesting signal at dy 2.72 for the

BORyd

COzH | COZH
HO,C H2 cr
(193)
CH,N,,
EtOAc/Ether
b\\ )
MeOZC COaMe
[21%)]
(194)
Scheme 68

6a proton. It appears as a doublet of double double doublets (dddd)
showing a long range coupling with the vinyl proton at C-2 (J 1.2 Hz),
a coupling with the proton at C-5 (J 3.0 Hz), a coupling with the
adjacent protons at C-7 (J 5.5 Hz) and a geminal coupling with the 6b
proton (J14.2 Hz). The 13CNMR spectrum of this compound shows a
signal at d¢c 29.9 for C-6, a signal at dc 33.1 for C-7 and a signal at d¢
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57.5 for C-5. The vinyl signal at dc 107.2 corresponds to C-2. The 13C

NMR spectrum of the diester (194) is shown in Figure 10,

The mechanism of formation of the 1,4-thiazepine diacid (193)
from DL-homocysteine and bromopyruvic acid is presumably similar
to that proposed for the 1,4-thiazines (Scheme 61). The 4,5,6,7-
tetrahydro-1,4-thiazepine diacid (193) and dimethyl ester (194)
have not yet been tested for inhibitory activity with DHDP Synthase.
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FIGURE 10:!3C NMR SPECTRUM OF THIAZEPINE DIESTER.
5.3. Synthesis and Test Results of 1,3-Thiazoles.

Ethyl  4-carbomethoxy-1,3-thiazole-2-carboxylate  (195) was
prepared in 40% yield by cyclisation of the mercapto-amide (196)

(Scheme 69). The cyclisation was induced by treatment of the
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mercapto-amide (196) with phosphorus pentasulphide in
pyridine.l! 72 The product was purified on a silica gel column eluting
with 5% ethyl acetate in hexane to give the desired 1,3-thiazole (195)
as a yellow oil. The 'H NMR spectrum of the 1,3-thiazole (195)
showed a singlet in the aromatic region at dy 8.40 for the proton at

C-5 and the 13C NMR spectrum showed a signal at d¢c 132.4 for C-5.

SH °SH

/E /?\ CH,Cl,, ;[ o
Me0,c” Riner ©7  CO2Et N Meo,c Qm)zl\cizant

(196)

P4S1o,
pyridine, A

5— 8
Meozc—[; _COLEt
3

(195)
Scheme 69

The mechanism of the cyclisation presumably involves attack
of the amide carbonyl group on phosphorus pentasulphide to give
the intermediate  phosphorus complex (197) (Scheme 70).
Cyclisation then takes place via nucleophilic attack by the mercapto
group at position 6 on the carbonyl at C-2 to givé the 4,5-dihydro-
1,3-thiazole intermediate (198). The driving force for the cyclisation
is Athe formation of the strong phosphorus-oxygen double bond in the

phosphorus complex which is eliminated. The mechanism is
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completed with spontaneous aromatisation of the 4,5-dihydro-1,3-
thiazole intermediate (198) to the 1,3-thiazole (195) in air.

The mercapto-amide (196) was prepared in 94% yield by
treating L-cysteine methyl ester hydrochloride with ethyl oxalyl
chloride in dichloromethane in the presence of triethylamine. The
compound was purified on a silica gel column eluting with 25% ethyl
acetate in hexane to give a clear oil. The !H NMR spectrum of (196)
showed a multiplet at dy 3.07 for the protons at C-5 and a multiplet

at dy for the proton at C-4.

S
<} HS‘\) S—:
Ik /P—S pr

MeOZC N 2 CO4E! MeO,C COQEt

‘_l

S S
[O]
MeOZC—[N />—C02Et *——_H MeOZC—[— />—C02Et
-H2 N

(195) ' (198)

Scheme 70
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1,3-Thiazole-2,4-dicarboxamide (199) was prepared in 90%
yield by treating diethyl 1,3-thiazole-2,4-dicarboxylate (200) with a
saturated solution of methanolic ammonia at room temperature
(Scheme 71). The 13C NMR spectrum of (199) showed two signals
at 8c161.9 and 163.1 for the two amide carbonyls. The IR spectrum

showed two signals in the carbonyl region at 1680 and 1590 cm-1,

Br
/E i )S’\ s _['S
-QH
CO,Et
EIOZC O HzN COgEt A . Et02C N/ 2
(200)
NH,,
MeOH, rt
HzNOC‘_[; ;——CONHZ

(199)

Scheme 71

The diethyl ester (200) was prepared in 92% yield by treating
ethyl thioxamate with ethyl bromopyruvate in ethanol. The
compound was purified on a neutral alumina column eluting with
25% ethyl acetate in hexane to give a yellow oil. The !H NMR and 13C
NMR spectra of the diethYl ester (200) were 'simillar to thosé of the
ester (195). The mechanism of formation of (200) is similar to. that
of 2,4-diphenyl-1,3-thiazole (165) (Scheme 57). This is an example
of the Hantzsch thiazole synthesis.f71
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Test Results

The 1,3-thiazole derivatives showed strong inhibition with
DHDP Synthase. The methyl/ethyl ester 1,3-thiazole (195) produced
21% inhibition at 0.1 mM with DHDP Synthase and the diethyl ester
1,3-thiazole (200) showed 15% inhibition at 0.1 mM. Kinetic studies
have still to be carried out to determine whether the 1,3-thiazole
derivatives are competitive or non-competitive inhibitors. The
diamide (199) has not yet been tested for inhibitory activity with
DHDP Synthase.

5.4. Conclusions and Future Work

A range of sulphur analogues of L-2,3-DHDPA (25) and L-
2,3,4,5-THDPA (24) have been synthesised and tested for inhibitor
activity with DHDP Synthase.

The 3,4-dihydro-1,4-thiazines displayed good inhibition at 0.1
mM with DHDP Synthase. In particular the diethyl diestgr (175) and
the N-methyl derivative (179) showed 10% inhibition at 0.1 mM.
Further biochemical experiments must be carried- out to determine
whether the inhibition is competitive or non-competitive.

The diamide (178) has not yet been tested for inhibitor activity
with DHDP Synthase. However, the diacid (169) was not as good an
inhibitor as the diester (175). This suggests that changes in the
carbonyl group functionality may have an effect on the level of

inhibition with DHDP Synthase. Larger diesters . should be
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investigated. The dinitrile (201) and ditetrazole (202) could be
synthesised from the diamide (178) and the diol (203) and
dialdehyde (204) could be prepared from the diester (175) (Scheme

72).
S
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LA e [
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The N-methyl derivative (179), as previously mentioned,
showed good inhibition at 0.1 mM with DHDP Synthase. Further N-
alkyl 1,4-thiazines should be synthesised where the alkyl group is
sequentially increased in size to see what effect this has on the level
of inhibition with DHDP Synthase.

Substitution at the 2-position of the 1,4-thiazine ring caused an

~increase in the level of inhibition observed with DHDP Synthase. The

2,2-dimethyl-3,4-dihydro-1,4-thiazines showed 20% inhibition at 0.1
mM whereas the 3,4-dihydro-1,4-thiazines showed 10% inhibition at
0.1 mM. Further substitution at the 2-position and at the 6-position
should be investigated.

The 1,4-thiazine diester (182) was not as good an inhibitor
with DHDP Synthase as the 3,4-dihydro-1,4-thiazine diester (175).
The fully saturated 2,3,4,5-tetrahydro-1,4-thiazine diester (205)

should be synthesised and tested for inhibitory activity with DHDP

I

Et0,C~ N7 “CO,Et
H

Synthase.

(205)

~So far only 1,4-thiazines have been investigated for inhibitory
activity with DHDP Synthase.  Further thiazine derivatives should be
synthesised and tested for inhibition of DHDP Synthase on the basis
of the good inhibition results ‘obtainéd with the 1,4-thiazines. These

include the 4,5-dihydro-1,3-thiazines (206) and the 1,3-thiazine
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(207) starting from DL-homocysteine ethyl ester and ethyl oxalyl

chloride (Scheme 73).

NH, SH

0o EtsN,
/K/\ * /U\ e 0o
EtO,C SH CI” NCO,Et CH,Cl, i

Et0,C~ N~ “CO,Et

| P2Ss,
! pyridine

Replacing the sulphur atom with an oxygen or a nitrogen would
give the respective oxazines and pyrazines. A range of oxazine and
pyrazine analogues should be synthesised and tested for inhibitory
activity with DHDP Synthase.  Possible targets are shown in Scheme
7 4.

The 1,3-thiazoles showed very good inhibition with DHDP
Synthase. - The level of inhibition observed was 20% at 0.1 mM. As -
with  the  3,4-dihydro-1,4-thiazines, changes in the carboxyl
functionality produced slight changes in the level of inhibition, i.e.
the methyl/ethyl ester (195) showed 21% inhibition at 0.1 mM
whereas the diethyl ester (200) showed 15% inhibition at 0.1 mM.
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Hence, the diacid (208), dinitrile (209), ditetrazole (210), diol (211)

and dialdehyde (212) should be synthesised and tested for inhibitory

activity with DHDP Synthase (Scheme

X X
hn

Z0

X X
o

Z0

CO,R'

X

Lj\
RO,C” N
H

4 5-dihydro-1,4-oxazine
4,5-dihydro-1,4-pyrazine

L

RO, N “coR

4 ,5-dihydro-1,3-oxazine
4,5-dihydro-1,3-pyrazine

Scheme 74
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The 4,5-dihydro-1,3-thiazole (213) «could be prepared by
treating a solution of L-cysteine ethyl ester with ethyl cyanoformate

in ethanol in the presence of triethylamine (Scheme 76).

SH S

N=C—CO.E Eon, )\
+ N=C—CO,Et -=-====---
=UTTEN T B0 # " CO,Et

Et0,C7  NH,CI
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Chapter [6] - Experimental

6.1. General Notes.

All melting points were measured with a Kofler hot-stage
apparatus and are uncorrected. The optical rotations were measured
with an optical Activity Ltd. AA-10 polarimeter. Infra-red spectra
were obtained on a Perkin Elmer 580 spectrometer. Nuclear
magnetic resonance spectra were recorded with a Perkin Elmer R32
spectrometer operating at 90 MHz (On) or with a Bruker WP-200 SY
spectrometer operating at 200 MHz @@y) or 50 MHz (®¢). Low
resolution mass spectra were determined with a VG updated A.E.L

MS 12 spectrometer and high resolution mass spectra were

~determined with a VG updated MS 902 spectrometer.

Analytical TLC was carried out on Kieselgel 60 F;s4 plastic
sheets of 0.25 mm thickness. Spots were viewed under a UV lamp
and developed by iodine vapour. Column chromatography was
carried out using 70-230 mesh silica gel.

All solvents and reagents were of analytical grade unless
otherwise stated. Organic solvents were dried using magnesium
sulphate and evaporated on a Buchi rotary evaporator under water-
pump vacuum with slight heating.' Dichloromethane  was disfilled
from calcium hydride; methanol was distilled from ma'gnesium
turnings and iodine; triethylamine was distilled from  potassium

hydroxide; and dimethylformamide was distilled from silica gel.
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Sodium deuteroxide was prepared by adding sodium metal
(115 mg) to a cooled solution of D0 (5 ml). It was stored under

nitrogen at 0 °C

6.2. Experiment to hapter

Synthesis _of L-Asparti id-B-semial nd Analogues.

General Procedure [1] - Ozonolysis of Protected Allylglycine
Analogues,

A solution of the protected allylglycine analogue (1.0 mmol) in
dichloromethane (20 ml) was  flushed with ozone until a palev blue
colour persisted for 10 min. Excess ozone was removed by flushing
the reaction flask with nitrogen. The ozonide was decomposed with
triethylamine (2.0 mmol) at -78 °C with continued stirring for Sh at
room temperature. Dichloromethane was removed in vacuo and
ether (25 ml) was added to precipitate triethylamine N-oxide. The
mixture was filtered and ether removed in vacuo to give a gluey oil.
Puriﬁcatibn was échievéd using a silica gel column eluting with ether

to give the desired aldehyde.
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General Procedure _ [2] - Deprotection of Aspartic Acid-8-
semialdehyde Analogues using Trifluoroacetic Acid.146

Trifluoroacetic acid (1 ml) was added to a solution of the
aspartic acid-B-semialdehyde analogue (1.0 mmol) in
dichloromethane (1 ml) under a nitrogen atmosphere. The mixture
was stirred for 1 h and removal of the solvent in vacuo gave a yellow
residue.  Trituration with ether precipitated a light yellow solid. The
solid was filtered and dried under vacuum to give the desired

product.

The' Hydrochloride Salt of DL-Aspartic Acid-f-semialdehyde hydrate
(21) 70

HO NH;*Cr
HO™™"2 00 H

Ozone was bubbled through a solution of DL-allylglycine (0.50
g, 4.30 mmol) in IM HCI (4.3 ml) at 0°C for 3 h to give DL-aspartic

acid-p-semialdehyde. The product was not isolated or purified as it is

very unstable. The acidic solution was stored at O °C
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The ozonolysis reaction was repeated in D0 and DCl and a H
NMR spectrum of the product was taken; dy (200 MHz) (D0 + DCl)
1.38 (2H, m, 3-Hz) and 3.37 (1H, m, 2-H) and impurities at dy 2.24
(m) and 3.51 (m).

Attempted Preparation of DI-N-¢-Butoxycarbonylhomoserine (84).

To a cooled solution of DL-homoserine (1.19 g, 10 mmol) in
dioxan (20 ml) and water (10 ml) was added 1IN sodium hydroxide
(10 ml) with stirring. Di-z-butyl dicarbonate (1.1 equiv) was added
to the cooled solution with continuous stirring for 30 min. The
solution was concentrated in vacuo to a volume of 10 ml, cooled in an
ice bath, covered with a layer of ethyl acetate (20 ml) and acidified
to pH 2-3 with a dilute solution of KHSO4. The mixture was extracted
with ethyl acetate (2 x 10 ml) and the combined ethyl acetate
extracts were washed with water. The organic layer was dried,
filtered and the solvent was removed in vacuo to give a clear oil,

1.97 g (90%). The !'H NMR spectrum of the product showed two ¢-

 butoxycarbonyl groups and the spectrum contained many. peaks.

The !3C NMR spectrum had double the expected number of signals.
The IR spectrum had three carbonyl absorptions at 1777 cm-!

(lactone), 1725 cm! (acid) and 1705 cm! (broad) (carbamate).
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DL-Allylglycine ¢-Butyl Ester Hydrochloride (86).146

NH,*CI

5///4\3/2k 90 Z‘Fs 8

7

2-Methylpropene (50 ml) was added to a stirred suspension of
DL-allylglycine (824 mg, 7.16 mmol) in dichloromethane (50 ml) at
-78 °C. Conc. sulphuric acid (1 ml) was added dropwise over 10
min. The mixture was stirred for 15 min at -78 °C then gradually
warmed to room temperature and continually stirred for 24 h. The
resultant clear solution was carefully basified to pH 8 with sodium
bicarbonate solution.  The organic layer was separated, washed with
brine solution (2 x 20 ml), dried (NazSO4), filtered and concentrated
to give a yellow oil. A white precipitate resulted on addition of é
solution of dry HCl gas in ether (10 ml). The white solid was filtered
and dried under vacuum, 490 mg (33% yield), mp 134-135°C; vmax
(KBr disc) 2980, 2880, 1735, 1570 and 1500 cm-l; dg (200 MHz)
(D,0) 132 9H, s, 7,8 and 9-Hj3), 2.54 (2H, dd, 3-H3), 3.94 (1H, dd, 2-
H), 5.15 (2H, m, 5-Hy), 5.60 (1H, m, 4-H); d¢c (50 MHz) 28.3 (C-7, 8
and 9), 35.4 (C-3), 53.8 (C-2), 86.9 (C-6), 122.7 (C-5), 131.2 (C-4) and
169.6 (C-1); m/z 130, 70 (100%), 57, 43 and 41 (Found: M*,
172.1342; C, 52.05; H, 8.80; N, 6.74. GH1sgNO, requires M, 172,1338;
C, 52.05; H, 8.67; N, 6.75%).

The L-isomer had [a]p!® -16.50° (¢ = 1.4 in Hz0), mp 133-136 °C.

The D-isomer had [a]p!4 +16.07° (¢ = 1.4 in H0), mp 135-138 °C.
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DL- N-t-Butoxycarbonylallylglycine ¢-Butyl Ester (87).163

14

NH-cozil—n
/\/k N g
5/4 3 ?Oz_s‘F 8

7

To a solution of sodium bicarbonate (121 mg) in water (7 ml),
sodium chloride (253 mg) and di-z-butyldicarbonate (0.331 ml, 1
equiv.) was added a solution of (86) (300 mg, 1.44 mmol) ‘in
dichloromethane (20 ml) with stirring. The mixture was heated at
reflux for 1.5 h then cooled to room temperature and the organic
layer was separated. The aqueous layer was extracted with
dichloromethane (2 x 20 ml) and the combined organic extracts were
dried (NazSOy4), filtered, and concentrated in vacuo to give an oil, 355
mg (90% yield), Rr 0.42 (25% EtOAc / hexane); vmax (CHCl3) 3425,
2980, 1710 and 1495 cm-l; dy (200 MHz) 1.41 (18H, br s, 7-, 8-, 9-,
12-, 13- and 14-H3), 2.45 (2H, m, 3-Hy), 4.20 (1H, m, 2-H), 5.06 (3H,
m, 5-Hz and NH) and 5.67 (IH, m, 4-H); dc (50 MHz) 27.9 (C-7, -8 and
-9), 28.3 (C-12, -13 and -14), 37.0 (C-3), 53.2 (C-2), 79.5 and 81.8 (C-
6 and -11), 118.7 (C-5), 132.5 (C-4), 155.1 (C-10), 171.0 (C-1); m/z

1230, 170, 130, 114, 70, 57 (100%) and 41 (Found: C, 61.95; H, 9.01; N,

5.25. C14HzsNO, requires C, 61.91; H, 9.21; N, 5.16%).

The L-isomer had [a]pl® +20.58° (c = 2.2 in CH;Ch).

The D-isomer had [a]pl4 -20.32° (¢ = 2.2 in CHaCl).
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DL- N-t-Butoxycarbonylaspartic Acid-B-semialdehyde z-Butyl Ester
(88).

13

NH go;‘ll:—n
onc. K\ ‘

4 3 2C025
1 6

A solution of (87) (300 mg, 1.106 mmol) in dichloromethane
was saturated with  ozone according to general procedure [1].
Purification was achieved on a silica gel column eluting with ether to
give a ciear oil, 243mg (80% yield), RF 0.5 (ether); vmax (CHCI3)
3425, 2980, 1710 and 1495 cml; ¥y (200 MHz) 1.44 (18H, br s, 6-,
7-, 8-, 11-, 12- and 13-H3), 2.98 (2H, m, 3-Hj), 4.48 (1H, m, 2-H),
5.40 (1H, br d, NH) and 9.74 (1H, s, 4-H); d¢c (50-MHz) 27.9 and 28.2
(C-6, -7, -8, -11, -12 and 13), 46.3 (C-2), 80.0 and 82.6 (C-5 and -10),
155.3 (C-9), 169.9 (C-1) and 199.4 (C-4); m/z 172, 118, 72, 57
(100%) and 41 (Found: C, 56.92; H, 8.21; N, 5.31. C;3H33NO5 requires
C, 57.07; H, 8.41; N, 5.12%).

The L-isomer had [a]pl® +7.97° (¢ = 2.0 in CH,Cl).

The D-isomer had [a]pl4 -7.80° (¢ = 2.0 in CH,Ch).

Triﬂuoroacétaie Salit of DL-Aspartic Acid-8-semialdehyde Hydrate
(89).,

+ -
HO NH; CF,CO0
HO™+™y" COH
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Compound (88) (100 mg, 0.73 mmol) was deprotected with
trifluoroacetic acid (1 ml) according to general procedure [2] to give a
pale yellow solid, 67 mg (74% yield), mp 64-66 °C; vmax (KBr disc)
3420 (broad), 2925, 1675 and 1645 cm1; dg (200 MHz) (D,0) 1.98
(2H, m, 3-Hz), 3.84 (lH, dd, 2-H) and 5.11 (1H, t, 4-H); 8¢ (50 MHz)
379 (C-3), 52.0 (C-2), 894 (C-4) and 1739 (C-1); m/z 137 (MHY,
13.2%), 120, 92, 69, 44 (100%) and 43 (Found: MH*, 137.0435.
C4H 1NO4 requires M, 137.0450).

The L-isomer had [a]p!6 +3.33° (c = 1.5 in H0), mp 63-64 °C.

The D-isomer had [a]pl4 -3.15° (¢ = 1.5 in H;0), mp 63-65 °C.

Potassium Salt of DL-N-f-Butoxvcarbonylallyl ine  (90),157

0
NH- C02—7r-9
6 8

5/ 4 3 2 902-K+

To a solution of DL-allylglycine (1 g, 8.69 mmol) in water (25
ml) waS-added dioxan (12 ml), potassium bicarbonate (957 mg, 1.1
equiv) and di-sz-butyl dicarbonate (2 ml, 1 equiv) with continuous
stirring at room temperature for 18 h. The solvents were removed
with ethanol in vacuo to give a white solid, 2.0 g (91% yield); Vmax
(KBr disc) 3360, 2980, 1675, 1595 and 1530 cm'l; 8y (200 MHz)
(D;0) 1.26 (94, s, 8-, 9- and 10-H3), 2.25 (2H, m, 3-Hz), 2.78 (1H, m,
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2-H), 4.97 (2H, m, 5-Hz) and 5.60 (1H, m, 4-H); dc (50 MHz) 28.6 (C-
8, -9 and -10), 37.3 (C-3), 56.5 (C-2), 81.9 (C-7), 118.9 (C-5), 134.9
(C-4), 166.5 (C-6) and 180.2 (C-1); m/z 214 (M*, 0.3%), 112, 59
(100%) and 41. |

L- N-t-Butoxycarbonylallylglycine p-Methoxybenzyl Ester (91).157

NH— com

To a solution of (90) (1.50 g, 5.92 mmol) in DMF (10 ml) was
added 4-methoxybenzyl chloride (0.9 ml, 1.04 equiv) with
continuous stirring for 48 h. DMF was removed with xylene in
vacuo and the resulfant residue  was  partitioned between
dichloromethane (20 ml) and agq. spdium carbonate solution (20 ml).
The organic portion was washed with water (2 x 10 ml), dried
(MgSO4) and the solvent was removed in vacuo to give a yellow oil.
Purification was achieved on a silica gel column eluting with 60%
ether in hexane to give a clear oil, 1.56 g (79% yield), Rf 0.37 (50%
ether / hexane); vpax (CHCl3) 3440, 3020, 2980, 1715, 1620, 1515
and 1500 cm-1;dy (200 MHz) 1.43 (9H, s, 16-, 17- and 18-H3), 2.51
(2H, dd, 3-Hp), 3.80 (3H, s, 13-H3), 439 (IH, m, 2-H), 5.10 (5H, m, 5-
Hj, 6-Hy and NH), 5.66 (1H, m, 4-H), 6.89 (2H, d, J 8 Hz, 9- and 11-H)
and 7.29 (2H, d, J 8 Hz, 8- and 12-H); dc (50 MHz) 28.3 (C-16, 17



163
and 18), 36.8 (C-3), 53.0 F(C—2), 55.3 (C-13), 66.9 (C-6), 79.8 (C-15),
113.8 (C-7), 113.9 (C-8 and 12), 119.1 (C-5), 127.5 (C-11), 130.2 (C-9
and 11), 132.2 (C-4), 159.8 (C-14) and 171.9 (C-1); m/z 335 (M,
1.0%), 279, 170, 121 (100%), 70 and 57. (Found: M*, 335.1718.
Ci18H25NOs requires M, 335.1732).

DL-N-t-Butoxycarbonvlaspartic Acid-B-semialdehvyde
Methoxvbenzyl Ester (92).

NH-CO

l 1
OH
C\/k cozcuﬁO— OMe

A solution of compound (91) (1.20 g, 3.58 mmol) in
dichloromethane was saturated with ozone according to general
procedure [1]. Purification was achieved on a silica gel column
eluting with ether to give a clear oil, 900 mg (75% yield), Rfr 0.36
(ether); vmax (CHCl3) 3440, 3030, 2980, 1715, 1620 and 1515 cm-l;
oy (200 MHz) 1.42 (9H, s, 15-, 16- and 17-H3), 3.03 (2H, t, 3-H>),
3.80 (3H, s, 12-H3), 4.58 (1H, m, 2-H), 5.10 (2H, s, 5-Hz), 5.42 (1H, br
d, NH), 6.89 (2H, d, J 8 Hz, 8- and 10-H), 7.26 (2H, d, J 8 Hz, 7- and
11-H) and 9.69 (I1H, s, 4-H); dc (50 MHz) 28.2 (C-15, -16 and -17),
46.0 (C-3), 48.8 (C-2), 55.3 (C-12), 67.5 (C-5), 80.2 (C-14), 114.0 (C—7'
and -11), 115.1 (C-6), 128.6'(C-9), 130.2 (C-8 and 10), 159.8 (C-13),
171.1 (C-1) and 199.4 (C-4); m/z 337 (M+, 0.7%), 281, 202, 137, 121
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(100%), 72 and 57. (Found: M*, 337.1538. C;7H23NOs requires M,
337.1525).

Trifluoroacetate Salt of DI-Aspartic Acid 8-Semialdehyde Hydrate
(89).

+ -
HO  NH, CF,C00
HO™4™y"7"COH

A solution of (92) (10‘3 mg, 0.30 nimol) in trifluoroacetic acid
(2 ml) was stirred at room temperature for 2 h. The solvent was
removed in vacuo to give an oily residue. This was partitioned
between water (10 ml) and ethyl acetate (10 ml). The aqueous layer
was separated and washed with ethyl acetate (2 x 10 ml). Removal
of the solvent in vacuo gave a yellow solid, 60 mg (79% yield); Vmax
(KBr disc) 3420, 300, 1675, 1630 and 1400 cm-1;8y (200 MHz) (D20)
2.01 (2H, m, 3-H), 3.80 (1H, dd, 2-H) and 5.18 (1H, m, 4-H); d¢c (50
MHz) 37.8 (C-3), 51.8 (C-2), 89.7 (C-4) and 1742 (C-1); m/z 137
(MHY, 17.5%), 119, 107, 93, 86, 69 and 44 (100%). (Found: MH"*,
137.0442. C4H{1NOs4 requires M, 137.0431)¢
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NMR Experiments with L-Aspartic Acid—ﬁ-serhialdehyde (89) and

Oxaloacetic _Acid.

A solution of the trifluoroacetate salt of L-aspartic acid-B-
semialdehyde (25 mg, 0.1 mol) in D0 (1 ml) in a NMR tube was
brought to pH 8 with sodium deuteroxide. Oxaloacetic acid (13 mg, 1
equiv.) was added to the tube with shaking and the reaction was
followed by !H NMR spectroscopy (200 MHz). After 10 min two new
signals appeared; a singlet in the vinyl-H region at 3 5.48 ppm and
an aromatic singlet at d 8.35 ppm in the integral ratio 3 : 1. Over a
period of 2 h the strong vinyl signal gradually disappeared and the
aromatic signal got stronger. The aromatic signal was shown to be

dipicolinic acid (36) by 13C NMR spectroscopy.

DL-Allylglycine  Methyl Ester Hydrochloride (94).

NH;*Cr
s/4 3 ? ?OMC

- A solution of DL-allylglycine (2.46 g, 0.021 mol) in methanol
(60 ml) at 0 °C was saturated with dry HCl gas. The solution was
brought to room temperature with continuous stirring for 1 h.
Removal of the solvent in vacuo gave a clear oil, 3.2 g (91% yield);
v@ax (CHCl3) 3350, 2980 (broad), 1745 and 1500 c¢m-1;dy (200 MHz)
2.72 (2H, dd, 3-Hp), 3.72 (3H, s, 6-H3), 4.17 (1H, dd, 2-H), 5.17 (2H, m,
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5-Hz), 5.73 (1H, m, 4-H) and 8.37 (2H, br s, NH2); d¢c (50 MHz) 34.2 (C-
3), 495 (C-6), 53.1 (C-2), 121.0 (C-5), 130.0 (C-4) and 169.2 (C-1);
m/z 130 (MHY, 129 (M*, 0.1%), 88, 70, 43, 33 and 28 (100%).
(Found: M*, 129.0779. CgH;1NO,; requires M, 129.0789).

DL- N-t-Butoxycarbonylallylglycine  Methyl  Ester (95).163

1
NI‘I‘COZ_sr_‘o

/\/k ’ ?

s/4 Y 2 (l:ozr\ge_

To a solution of sodium bicarbonate (1.52 g) in water (20 ml),
sodium chloride (3.17 g) and di-f-butyl dicarbonate (4.16 ml, 1
equiv.)” was added a solution of (94) ,(3'0 g, 0.018 mol) in

~dichloromethane (40 ml) with stirring. The mixture was heated at

reflux for 1.5 h, cooled to room temperature and the organic layer
was  separated. The aqueous layer was extracted with
dichloromethane (2 x 20 ml). The combined organic portions were
dried (NaZSO4), filtered, and the solvent removed in vacuo to give a
clear oil, 4.66 g (98% yield, R 0.46 (25% FEtOAc / hexane); vmax
(CHCI3) 3430, 3020, 2980, 1805, 1740, 1710 and 1495 cm1;3y (200
MHz).l.SO. (9H, s, 9-, 10- and 11-H3), 2.53 (2H, dd, 3-Hz), 3.72 (3H, s,
6-Hs), 4.30 (1H, dd, 2-H), 5.15 (3H, m, 5-H; and NH) and 5.60 (1H, m,
4-H); 6¢c (50 MHz) 27.2 (C-9, -10 and -11), 28.1 (C-6), 36.6 (C-3), 52.8
(C-2), 85.0 (C-8), 118.9 (C-5), 132.2 (C-4), 146.6 (C-7) and 172.4 (C-
1); m/z 188, 173, 170, 128, 113, 88, 70, 57 (100%) and 41.
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DL-N-t-Butoxycarbonylaspartic Acid-8-semialdehyde Methyl Ester
(96).

0
NH- gOﬁF”
OH ’

4 3 2 ?Ost'Ie

A solution of compound (95) (8.17 g, 0.016 mol) in
dichloromethane was saturated with ozone according to general
procedure [1]. Purification was achieved on a silica gel column
eluting with ether to give a clear oil, 934 mg (26% yield), R 0.15
(ether); Umax (CHCl3) 3440, 3010, 2980, 1710 and 1500 cml; dy
(200 MHz) 1.39 (9H, s, 8-, 9- and 10-H3), 3.05 (2H, m, 3-Hy), 3.70
(3H, s, 5-H3), 4.05 (1H, m, 2-H), 5.40 (1H, br d, NH) and 9.68 (1H, 5,
4-H); d¢c (50 MHz) 28.2 (C-8, -9 and -10), 45.9 (C-3), 485 (C-2), 52.7
(C-5), 80.2 (C-7), 171.4 (C-1) and 199.4 (C-4); m/z 172, 130, 115, 72,
59, 57 (100%) and 41.

Trifluoroacetate Salt of DL-Aspartic Acid-8-semialdehyde Hydraté
Methyl Ester 3

+ -
HO NH; CF;,CO0
2
HO™ 4 (13021\5/Ie
Trifluoroacetic acid (0.5 ml) was added to a solution of (96)

(90 mg, 0.39 mmol) in dichloromethane at -78 °C with stirring under
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a nitrogen atmosphere. The mixture was brought to 0 °C with
continued  stirring for 1h. Removal of the solvent in vacuo gave a
yellow oil, 61 mg (60% yield); vmax (KBr disc) 3425 (broad), 2960,
1750, 1675, 1520 and 1440 cm l;dy (200 MHz) (D;0) 2.05 (2H, m,
3-Hj), 3.63 (3H, s, 5-H3), 4.09 (1H, dd, 2-H) and 5.11 (1H, dd, 4-H); d¢
(50 MHz) 37.5 (C-3), 51.1 (C-2), 54.8 (C-5), 88.8 (C-4) and 171.3 (C-
1); m/z 151, 150 (MH*, 1.4%), 91, 89, 69 and 45 (100%). (Found
MH*, 150.0550. CsHi,NO4 requires M, 150.0555).

DL- N-Formylallylelycine -Butyl . Ester (101),158

NH-CHO

10
f‘t\s)z\g)z—{’;‘ s
7

1-(3-Dimethylaminopropyl)-3-ethyl carbodiimide (911 mg, .2
equiv.) was added to a solution of formic acid (0.359 ml, 4 equiv.) in
dichloromethane (15 ml) at 0 °C with stirring for 15 min. A cooled
solution of (86) (570 mg, 2.38 mmol.) and N-methylmorpholine
(0.523 ml, 2 equiv.) in dichloromethane (15 ml) was added and the
resultant mixture was stirred in a water bath for 20 h. The reaction
mixture was washed with 5% aq. citric a_cid (2 x 20 ml), aq. sodium
bicarbonate soln. (2 x 20 ml) and brine soln. (2 x 20 ml). The organic
portion was dried (MgSO4), filtered and removal of the solvent in

vacuo gave a clear oil, 468 mg (98% yield, Rr 0.55 (25% EtOAc /
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hexane); vmax (CHCI3) 3405, 3010, 1725, 1685 and 1490 cm-!; dy
(200 MHz) 1.47 (9H, s, 7-, 8- and 9-H3), 2.55 @H, m, 3-Hp), 4.67
(14, dd, 2-H), 5,14 2H, m, 5-Hp), 5.69 (IH, m, 4-H), 6.63 (IH,
br d, NH) and 821 (IH, s, 10-H); 5c (50 MHz) 27.8 (C-7, -8 and -9),
36.5 (C-3), 50.6 (C-2), 823 (C-6), 1189 (C-5), 1319 (C4), 160.5
(C-10) and 170.3 (C-1); m/z 199 (M*, 0.1%), 158, 143, 126, 98, 70
and 57 (100%). (Found: M*, 199.1202. C;oH;7NO3; requires 199.1208).

DL- N-Formylaspartic Acid-B-semialdehyde r-Butyl Ester (104),

NH-CHO .

O corf -
6

A solution of compound (101) (828 mg, 4.16 mmol) in
dichloromethane was saturated with ozone according to general
procedure [1]. The ozonide was decomposed with triethylamine (232
mg, 4 -equiv.) at room temperature with stirring for 12 k.
Purification was achieved on a silica gel column eluting with 50%
ethyl acetate in hexane to give a clear oil, 362 mg (43% yield), Rf
0.50 (ether); vmax (CHCl3) 3415, 3025, 2985, 1735, 1685 and 1500
cml; 8y (200 MHz) 1.44 9H, s, 6-, 7- and 8-H3); 3.08 (2H, dd, 3-
Hy), 475 (IH, dd, 2-H), 6.58 (1H, brs, NH), 8.17 (IH, s, 9-H) and
9.70 (1H, s, 4-H); d¢c (50 MHz) 27.8 (C-6, -7 and -8), 45.7 (C-3), 46.7
(C-2), 83.3 (C-5), 160.6 (C-9), 169.1 (C-1) and 199.1 (C-4); m/z 172,
158, 128, 100, 72, 57 (100%) and 41.
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DL- N-Formylaspartic Acid-B-semialdehyde Hydrate (98).

HO NH-CHO
HO™™ "2 COH

Compound (104) (50 mg, 0.25 mmol) was deprotected with
trifluoroacetic acid (0.5 ml) according to general procedure [2] to give
a yellow syrup, 29mg (80% yield); vmax (KBr disc) 3420 (broad),
2920, 1770, 1725, 1665 and 1520 cm-1!;dy (200 MHz) (D;0) 1.70 (ZH,
m, 3-H;), 4.20 (1H, m, 2-H), 4.70 (1H,” m, 4-H) and 7.68 (1H, s, 5-
H); 5¢c (50 MHz) 389 (C-3), 49.3 (C-2), 88.8 (C-4), 164.9 (C-5) and
175.5 (C-1); m/z 163 (M*, 0.8%), 144, 135, 119, 118, 44 and 28
(100%). (Found: M*, 163.0488. CsH9NOs requires M, 163.0481).

zonide 107) from -N-Formyvlallylglycne ¢-Butyl  Ester.

0-Q NH—ICOIHO

5(0)‘~\‘3/2L?05TF—8
7

A solution of compound (101) (400 mg, 2.01 mmol) in
dichloromethane waS saturated Wivth} ozorie éccording | t.o. general |
procedure [1]. Reduction of the ozonide using triethylamine (2
equiv.) at -78 ©°C was unsuccessful. The dzonide was isolated using
silica gel chromatography eluting with ethyl acetate to give a white

solid, 70 mg (14% yield), Rg 0.47 (EtOAc); Umax (CHCl3) 3590, 3400,
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3010, 2980, 1735, 1680 and 1430 cm-l;dy (200 MHz) 1.49 (9H, s, 7-,
8- and 9-H3), 2.04-2.17 (2H, m, 3-Hp), 3.23 (1H, br s, NH), 4.68 (lH,
dd, 2-H),-4.93-5.04 (2H, m, S5-Hp), 5.36-5.51 (1H, m, 4-H) and 8.23
(1H, s, 10-H); dc (50 MHz) 27.9 (C-7, -8 and -9), 31.1 (C-3), 46.7 (C-2),
67.3 (C-5), 82.6 (C-6), 91.2 (C-4), 161.0 (C-10) and 169.3 (C-1); m/z

146, 130, 100, 84, 72 and 57 (100%).

zonide (108) from deprotection of (107).

Trifluoroacetic acid (1 ml) was added to a solution of (107)
(15 mg, 0.06 mmol) in dichloromethane (0.5 ml) at -78 ©C with
stirring under a nitrogen atmosphere. The mixture was brought to 0O
°C with continued stirring for 1 h. Removﬁl of the solvent in vacuo
gave a yellow syrup, 6 mg (54% yield); Umax (thin film) 3400
(broad), 2940, 2500 (broad), 1725, 1660, 1435 and 1410 crh'l; e
(200 MHz) 2.10-2.41 (2H, m, 3-H;), 4.41-4.62 (1H, m, 2-H), 4.78-5.10
(2H, m, 5—H2), 5.23-5.34 (1H, m, 4-H) and 8.08 (1H, s, 6-H); m/z 129,
100, 84 and 55.
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DL- N-Acetylallylglycine ¢-Butyl Ester (102)146

NH-COCH,

/\)\ 10 1t
5/4 3 2 ?OﬁFs

2-Methylpropene (100 ml) was added to a stirred suspension
of DL-N-acetylallylglycine (3.1 g, 19.7 mmol) in dichloromethane
(100 ml) at -78 °C. Conc. sulphuric acid (2.2 ml) was added
dropwise to the mixture over 10 min. The mixture was stirred for
15 min at -78 °C then gradually warmed to room temperature and
stirred for 24 h. The resultant clear solution was carefully basified
to pH 8 with aq. sodium bicarbonate solution. @ The organic layer was
separated, washed with brine (2 x 20 ml), dried (Na3SQ4), filtered
and the solvent removed in vacuo to give a yellow oil.  Purification
was achieved on a silica gel column eluting with 15% ethyl acetate in
hexane to give an oil, 2.0 g (47% yield), Rp 0.2 (25% EtOAc / hexane);
Umax (KBr disc) 3440, 3280, 3080, 2975, 1735, 1650 and 1550 cml;
Oy (200 MHz) 1.41 (9H, s, 7-, 8- and 9-H3), 1.96 (3H, s, 11-H3), 2.47
(2H, m, 3-Hj), 4.52 (1H, m, 2-H), 5.06 2H, m, 5-Hy), 5.66 (1H, m,
4-H) and 6.15 (1H, br s, NH); d¢c (50 MHz) 23.1 (C-11), 27.9 (C-7, -8
and -9), 36.7 (C-3), 519 (C-2), 82.3 (C-6), 118.8 (C-5), 132.3 (C-4),
169.5 (C-10) and 1709 (C-1); m/z 213 (M*, 0.7%), 172, 157, 140,
116, 114, 112 (100%), 57 and 43. (Found: M*, 213.1354; C, 61.86; H,
8.70; N, 6.52. C;1H;9NO3 requires M, 213.1365; C, 61.97, H, 8.92; N,
6.57%).
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DL-N-Acetylaspartic Acid-f-semialdehvde ¢-Butyl Ester (105).

NH-COCH,
9 10

8
OHC4\3)2\ COﬁ}—ﬂ
1 6

A solution of compound (102) (1.00 g, 4.69 mmol) in
dichloromethane was saturated with ozone according to general

procedure [1]. Purification was achieved on a silica gel column

~ eluting with 10% ethyl acetate in ether to give a clear oil, 582 mg

(57% yield), Rg 0.17 (ether); vmax (CHCl3y 3430, 3000, 2980, 1730,
1670 and 1505 cmrl;dy (200 MHz) 1.41 (9H, s, 6-, 7- and 8-Hj),
1.97 3H, s, 10-H3z), 3.01 @H, m, 3-Hy), 4.68 (IH, m, 2-H), 648
(IH, brs, NH) and 9.68 (1H, s, 4-H); dc (50 MHz) 22.9 (C-10), 27.7
(C-6, -7 and -8), 45.8 (C-3), 47.9 (C-2), 829 (C-5), 169.6 (C-9),
170.0 (C-1) and 199.4 (C-4); m/z 200, 172, 158, 142, 130, 114, 88,
72, 57 and 43 (100%).

DL- N-Acetylaspartic Acid-B-semialdeh Hydr

HO NH-COCH,
5 6
HO™ " CoH

Compound (105) (18 mg, 0.86 mmol) was deprotected with
trfiluoroacetic acid according to general procedure [2] to give a
yellow oil, 110mg (72% vyield); vmax (KBr disc) 3400 (broad), 3080,
2980, 1775, 1730, 1650, 1540 and 1435 cml; dy (200 MHz) (D,0)
1.83 (3H, s, 6-H3), 1.91 (2H, m, 3-Hp), 4.28 (1H, dd, 2-H) and 4.93 (1H,

































